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Hardware Protec-
tion Key

Activating the
Hardware Key and
Personalizing the
Program

Changing Hard-
ware or Versions
of the MacOS

Installation

The application MacTempas and its associated files are installed
by double clicking on the installer package. After authorizing
the installer with the administrator password, the installer will
install MacTempas into a directory in your applications folder.
The driver for the hardware key will also be installed.

MacTempas uses a hardware copy protection key which must
be installed on your computer. If you already have installed a
key for use with CrystalKit, you do not need a second key to run
MacTempas and you can proceed to the next paragraph describ-
ing how to activate the key for running MacTempas. Just plug
the USB key into an open USB slot on your computer, keyboard
or display.

When MacTempas is run for the first time it will put up its
installation screen. Enter your name and affiliation as appropri-
ate together with the installation code for the hardware key. T

If you have just changed your computer or installed a new clean
version of the MacOS, you must ensure that the driver for the
USB key is installed. Run the installation program for MacTem-
pas once more to install the driver. Without the driver in place,
the program will not recognize the hardware key and MacTem-
pas will run in demonstration mode.
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Introduction to
Image Simulation

The best High Resolution Transmission Electron Microscopes
(HRTEM) have a resolution approaching 1 A which sometimes
leads to the erroneous conclusion that using an electron micro-
scope, all atoms in a structure can be resolved. However, it is
not the inter-atomic distances that matter, but rather the pro-
jected distances between atoms seen from the direction of the
incident electron. In order to obtain interpretable results, it is
necessary to orient the specimen such that atomic columns are
separated by distances that are of the order of the resolution of
the microscope or larger. This is a condition that very often is
difficult to satisfy and often limits the use of the HRTEM to
studies of crystals only in low order zone-axis orientations.
The HRTEM image is a complex function of the interaction
between the high energy electrons (typically 200keV - 1MeV)
with the electrostatic potential in the specimen and the magnetic
fields of the image forming lenses in the microscope. Although
images obtained from simple mono-atomic crystals often show
white dots separated by spacings that correspond to spacings
between atomic columns, these white dots fall on or between
atomic columns depending on the thickness of the specimen
and the focus setting of the objective lens (O’Keefe et al.,1989).
Fortunately, in many cases it is only necessary to see the general
pattern of image intensities to gain the desired knowledge.
However, in general, the image can be best thought of as a com-
plex interference pattern which has the symmetry of the pro-
jected atomic configuration, but otherwise has no one-to-one
correspondence to atomic positions in the specimen. It is
because of this lack of directly interpretable images that the
need for image simulation arose. Image simulation grew out of
an attempt to explain why electron microscope images of com-
plex oxides sometimes showed black dots in patterns corre-
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sponding to the patterns of heavy metal sites in complex oxides,
and yet other images sometimes showed white dots in the same
patterns (Allpress et al.,1972). This first application was there-
fore to characterize the experimental images, that is to relate the
image character (the patterns of light and dark dots) to known
features in the structure.

Most simulations today are carried out for similar reasons, or
even as a means of structure determination. Given a number of
possible models for the structure under investigation, images
are simulated from these models and compared with experimen-
tal images obtained on a high-resolution electron microscope.
In this way, some of the postulated models can be ruled out until
only one remains. If all possible models have been examined,
then the remaining model is the correct one for the structure.
For this process to produce a correct result, the investigator
must ensure that all possible models have been examined, and
compared with experimental images over a wide range of crys-
tal thickness and microscope defocus. It is also a good idea to
match simulations and experimental images for more than one
orientation.

The simulation programs can also be used to study the imaging
process itself. By simulating images for imaginary electron
microscopes, we can look for ways in which to improve the per-
formance of present-day instruments, or even find that the per-
formance of an existing electron microscope can be improved
significantly by minor changes in some instrumental parameter.
Alternatively, based on imaging requirements revealed by test
simulations, we can adjust the electron microscope to produce
suitable images of some particular specimen, or even of some
particular feature in a particular specimen.
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Describing the
Transmission
Electron Micro-
scope

In order to simulate an electron microscope image, we need
firstly to be able to describe the electron microscope in such a
way that we can model the manner in which it produces the
image. As a first step, we can consider the usual geometrical
optics depiction of the transmission electron microscope
(TEM).

Figure 1 shows such a diagram of a TEM operated in two dis-
tinct modes, set up for microscopy (a), and for diffraction (b). In
microscopy mode we see that the TEM consists of an electron
source producing a beam of electrons that are focused by a con-
denser lens onto the specimen; electrons passing through the
specimen are focused by the objective lens to form an image
called the first intermediate image (I1); this first intermediate
image forms the "object" for the next lens, the intermediate
lens, which produces a magnified image of it called the second
intermediate image (I2); in turn, this second intermediate
image becomes the "object" for the projector lens; the projector
lens forms the greatly-magnified final image on the viewing
screen of the microscope. In microscopy mode, electrons that
emerge from the same point on the specimen exit surface are
brought together at the same point in the final image.

At the focal plane of the objective lens, we see that electrons are
brought together that have left the specimen at different points
but at the same angle. The diffraction pattern that is formed at
the focal plane of the objective lens can be viewed on the view-
ing screen of the TEM by weakening the intermediate lens to
place the microscope in diffraction mode (b).
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Figure 1. Geometrical optics representation of the TEM in imaging mode (a), and
diffraction mode (b)
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Simplifying the
Description of the
Microscope

Consideration of the description of the electron microscope in
figure 1 shows that the projector lens and the intermediate lens
(or lenses) merely magnify the original image (I1) formed by
the objective lens. For the purposes of image simulation we can
reduce the TEM to three essential components; (1) an electron
beam that passes through (2) a specimen, and then through (3)
an objective lens (fig. 2).

Our next step in describing the electron microscope for image
simulation is to move from the geometrical optics description of
the TEM to a description based on wave optics. In this descrip-
tion of the microscope we examine the amplitude of the elec-
tron wavefield on various planes within the TEM, and attempt
to determine how the wavefield at the viewing screen comes to
contain an image of our specimen.

By treating the electrons as waves, and considering our simpli-
fied electron microscope (Figure 2), we see that there are three
planes in the TEM at which we need to be able to compute the
(complex) amplitude of the electron wavefield.

(1)The image plane:

Working backwards, we start at our desired information, the
electron wavefield at the image plane; this wavefield is derived
from the wavefield at the focal plane of the objective lens by
applying the effects of the objective aperture and the phase
changes introduced by the objective lens.

(2)The focal plane of the objective lens:

In turn, the electron wavefield at the focal plane of the lens is
derived from the wavefield at the exit surface of the specimen
by a simple Fourier transformation.

(3)The specimen exit surface:

In order to know the exit-surface wavefield, we must know with
which physical property of the specimen the wave interacts, and
describe that physical property of our particular specimen.
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The Reduced Electron Microscope
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Fig. 2. The simplified TEM (left) and the calculations required for the image

simulation (right). The three principal planes are marked.

Ch. 1 Introduction to Image Simulation - p.8




MacTempas User Manual

Simulating TEM
Images

Cowley and Moodie (1957) showed that the interaction of an
electron beam with a specimen could be described by the so-
called multislice approximation, in which electrons propagate
through the specimen and scatter from the crystal potential, the
electron scattering is described by the so-called phase-grating
function, a complex function of the potential, and the electron
propagation is computed with a propagation function dependent
on the electron wavelength. Since then there have been numer-
ous formulations of the multislice approximation derived from
the Schrodinger equation.

The problem of simulating images thus becomes a problem of
computing the electron wavefields (wavefunction) at three
microscope planes. Currently the best way to produce simulated
images is to divide the overall calculation into three parts:

(1)  Model the specimen structure to find its potential in the
direction of the electron beam.

(2) Produce the exit-surface wavefield by considering the
interaction of the incident electron wave on the speci-
men potential.

3) Compute the image-plane wavefield by imposing the
effects of the objective lens on the specimen exit surface
wave.

Each of these steps will be covered in the next sections. How-
ever, because of space constraints, it is impossible to cover
everything in great depth. For detailed derivation, the reader is
encouraged to read the many excellent texts on the subject.
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Modeling the
Specimen

Theory of Image
Simulation

The specimen is a three dimensional objects consisting of a
huge number of atoms. From a modeling point of view, it is nec-
essary to reduce the number of parameters to a more manage-
able number. For crystalline materials described by a repeat of
perfect unit cells this is easily accomplished. The unit cell in
this case is defined by the lattice parameters A,B and C where A
and B are in the plane the specimen perpendicular to the elec-
tron beam and C is in the main direction of the incoming elec-
trons. A,B and C are related to the normal lattice vectors a,b,
and ¢ depending on the orientation of the specimen. The speci-
men is thus reduced to M number of unit cells, where M*C is
equal to the thickness of the sample, giving in the end a 2D
image which covers the area given by A and B.

In the case of a defect structure which no longer can be modeled
as a small repeating structure, it is necessary to limit the extent
of the calculation by defining a supercell which contains the
defect. The resulting image obtained from the calculation will
contain artifacts which arise from limiting the structure at arbi-
trary boundaries and care must be taken to ensure that the image
gives a faithful representation of the area of interest.

The entire electrostatic potential of the specimen is now defined
by one unit cell with axes a b, and ¢, angles alpha, beta and
gamma, and N atoms with coordinates x,y,z. For simplicity, we
use the nomenclature of the crystallographic unit cell even
though we are referring to the transformed unit cell (A,B,C) as
described above.

The electrostatic potential in the crystal can be written

o) - [ar £ 1

& -]
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where p(r), the charge density is:

pr) = D p;r-r) 2
all
atoms i

with the sum extending over all atoms i at positions r;, each giv-
ing rise to a charge density

0:(x) = Z,ed (r) - ehp; ) 3

where Z; : atomic number, e: electronic charge, ¥ (r) : the
quantum mechanical many electron wavefunction for the atom.
The potential ¢(r) is described by its Fourier transform ®(u)
through the relationship

(P(r) = fq)(u)e—zm'u‘rdu = E (I)(H)e—hiHT A
H

since because of the periodicity of the unit cell, ®(u) is non-
zero only when u = H = ha*+kb*+Ic* , H being a reciprocal lat-
tice vector.
The potential ®(H) is given as a sum over all atoms in the unit
cell

el niwr, € Z — f*(H]/2) 2miur,
P = azzzﬁ (e ) 4n’e, allz H’ ‘

atoms i atoms i

5

where the electron scattering factors fiel and the x-ray scattering
factors f;* have been calculated from relativistic electron wave-
functions and parameterized. They can be found in various
tables (Doyle and Turner, 1968) and are in use by most image
simulation programs such as SHRLI (O’Keefe at al., 1978),
NCEMSS (Kilaas, 1987) and EMS (Stadelman, ).

Taking into account any deviation from full occupancy at a par-
ticular site and the thermal vibration of the atom, the Fourier
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Simulating the
Interaction
Between the Elec-
trons and the
Specimen

coefficients of the crystal potential from one unit cell is calcu-
lated as:

dH) = Efiel(H)OCC (ri)CXP[—BI- H2 kzmH'ri 6
unit cell
atoms i

B: Debye Waller factor; Occ(r;) : The occupancy at position r;

The interaction between an electron of energy E and the crystal
potential ¢(r) is given by the Schrodinger equation

2

o V- abON(r) = EWGr) 7

where m is the relativistic electron mass and h is Planck’s con-
stant.

Before entering the specimen, the electron is treated as a plane
wave with incident wavevector kg, ko =27/A, so that the inci-
dent electron wave is written

W, (r) = exp{i(wt - 21k, - 1)} 8

It is useful to define the quantity V(r) which will loosely be
referred to as the potential as:

8 2me

h2

V(r) = o) 9
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The Schrodinger equation above cannot be solved directly with-
out making various approximations. Depending on how the
problem is formulated, one can derive the most common solu-
tions to the electron wavefield at a position T within the speci-
men.

The Weak Phase Object Approximation

In the Phase Object Approximation (POA) (Cowley and lijima,
1972), the phase of the electron wavefunction after traversing a
specimen of thickness T is given as

W(x,y,z=T)=W(x,y,z =0) exp[-ioV, (x, y)T] 10

with

E
0=2nme7\[l+e—}/h2 11
mc

where V(x.,y) is the average potential per unit length. The speci-
men is considered thin enough so that electrons only scatter
once and are subject only to an average projected potential. In
the weak phase object approximation, the exponent is consid-
ered much less than one, so that the electron wavefunction
emerging from the specimen is:

w (xayaz = T) zw (-xayaz = O)(l —iOVp(x»)’)T) 12

The WPOA only applies to very thin specimens of the order of a
few tenths of A, depending on the atomic number of the atoms
in the structure (Gibson, 1994). The FT of the wavefunction

gives the amplitude and phase of scattered electrons and in the
WPOA one has:

WY(u) =9d(w) -ioV,(u)T 13
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where u is a spatial frequency.

Again, for periodic crystals, V(u) are non-zero only for fre-
quencies u=H where H is a reciprocal lattice vector in the crys-
tal.

We will now use V to mean V,. Thus for single electron scatter-
ing and when the Fourier coefficients V(H) are real (true for all
centro-symmetric zone axis), the WPOA illustrates clearly that:
1) Upon scattering, the electron undergoes a -90° phase shift.

i1) The amplitude of a scattered electron is proportional to the
Fourier coefficient of the crystal potential.

The Bloch Wave Approximation

In the BWA the electron wavefunction of an electron with
wavevector k is written as a linear combination of Bloch waves
b(k,r) with coefficients ¢ (Howie, 1963). Each Bloch wave is
itself expanded into a linear combinations of plane waves which
reflect the periodicity of the crystal potential.

P (r) = Es(j)b(j)(k,r) = E s(j)chgj) exp[—ZJci(k(Oj) +g8)rl 4
J J g

The formulation above gives rise to a set of linear equations
expressed as

ki - < + H)*1df + S VH iy =0 15
H

which needs to be solved. Detailed derivation of the Bloch

wave approximation can be found elsewhere.

Characteristics of the Bloch wave formulation are:

- Requires explicit specification of which reflections g are
included in the calculation.

- Easy to include reflections outside the zero order Laue zone.

- Very good for perfect crystals, not suited for calculating
images from defects.

- The solution is valid for a particular thickness of the speci-
men.
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- Allows rapid calculation of convergent beam electron dif-
fraction patterns.
- Includes dynamical scattering.

The Multislice Approximation

The multislice formulation (Goodman and Moodie, 1974 & Self
et al., 1983) i s by far, the most commonly used method of cal-
culating the electron wavefield emerging from the specimen.
Although it does not as easily include scattering outside the
zero order Laue zone as the BWA, the multislice formulation is
more versatile for use with structures containing any kind of
defects, either they be point-defects, stacking faults, interfacial
structures, etc. The multislice solution gives the approximate
solution to the electron wavefunction at a depth z+dz in the
crystal from the wavefunction at z. In the multislice approxima-
tion one has:

+d.
W (6.2 + d2) = expl—iodzV 3, 1+ expl=io [TVx 3.2 ) W (x..2)

16

Thus starting with the wavefunction at z=0, one can iteratively
calculate the wavefunction at a thickness n*dz, by applying the
multislice solution slice by slice, taking the output of one calcu-
lation as the input for the next. Equation 16 is solved in a two
step process.

The potential due to the atoms in a slice dz is projected onto the
plane t=z, giving rise to a scattered wavefield

‘Pl(x,y’Z + dZ)= exp[—iojjt/%zx,y,z' )dZ']lP (xsysz) = Q(st)‘P(xyy,Z)
17

The function q(x,y) is referred to as the phasegrating.
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Subsequently, the wavefield is propagated in vacuum to the
plane t=z+dz, according to

P (X, y,2 + dz) = exp[—iodiV s, 19 1(x,Y,2) 18

The last equation represents a convolution in real space and is
solved more efficiently in Fourier space (Ishizuka and Uyeda,
1977), where the equation transforms to

W(H,z +dz) = expl-inhdzH |- W(H,2) = pH.dz)- W, (H,z) 19

where W(H,z) are the Fourier coefficients of Y(x,y,z). p(H,dz) is
called the propagator.

The multislice formulation is a repeated use of the last two
equations and will give the wavefield at any arbitrary thickness
T of the specimen. If the slice-thickness is chosen as the repeat
distance of the crystal in the direction of the electron beam, only
the zero order Laue reflections are included in the calculation as
the unit cell content is projected along the direction of the elec-
tron beam. Three dimensional information which involves
including higher order Laue reflections can be included by
reducing the slice thickness (Kilaas et al, 1987).

Sampling Criteria

Any numeric calculation must be performed for a limited set of
data points (x,y) or reciprocal spatial frequencies u. Working
with periodically repeated structures; if the lateral dimensions
of the unit cell is a and b, which we for simplicity make orthog-
onal so that the axes are associated with an orthogonal x,y coor-
dinate system, then for a given sampling interval dx=dy, we
have

N = M=£ 20
dy

a
b
dx
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The Image For-
mation

defining the calculation to a grid of N*M points. The sampling
interval automatically restricts the calculation in reciprocal
space as well. The maximum reciprocal lattice vector for
orthogonal axes is given as

5 2 2
H} = [ * +hmab | = (2—1\;) + (%) 21

Because most implementations of the multislice formulation
makes use of Fourier transforms, the calculation grid N and M
is adjusted so that both are powers of 2. This is because Fourier
transform algorithms can be performed much faster for powers
of 2 rather than arbitrary dimensions. This results in uneven
sampling intervals dx,dy when a = b. In order to not impose an
arbitrary symmetry on the calculation, a circular aperture is
imposed on the propagator. In practice, this aperture is set to 1/2
of the minimum of (h,,,, k;,.x) as defined above in order to
avoid possible aliasing effects associated with digital Fourier
transforms. The sampling must be chosen such that the calcula-
tion includes all (or sufficiently enough) scattering that takes
place in the specimen.

After the electron wavefield emerge from the specimen, it is
subjected to the varies magnetic field of the lenses that form the
imaging and magnification part of the microscope. Of these
lenses, only the first lens, the objective lens, is considered in the
image formation calculation. Since the angle with which the
electron forms with the optic axis of the lens varies inversely
with the magnification, only the aberrations of the objective
lens are important. The remaining lenses serve to just magnify
the image formed by the objective lens. The effects of the lens
which normally are included in the calculation are spherical
aberration, chromatic aberration and lens defocus. Two-fold and
three-fold astigmatism, including axial coma, are considered
correctable by the operator although they can be included in the
equations.

Without any aberrations, no instabilities and with the specimen
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in the focal plane of the objective lens, the image observed in
the electron microscope would be am magnified version of

I(x,y) = hp (x,y,z = exitplane of specimen)|2 =1 . (x, y)q): (x,)
22

Objective Lens Defocus

Consider an electron traveling from the plane defined by the
exit surface of the specimen to the plane given as the plane of
focus for the objective lens. This distance is referred to as the
objective lens defocus Af.

Exit plane Object plane

Af/cosa

L4

Af

The electron traveling along the optic axis will have a path
length of Af while an electron that has been scattered an angle
a=HA, will travel a distance Af /cosa.. This can be expressed as
a phase difference

2n

N (Afcosoc - Af) ~ ThAM’ 23

Spherical Aberration
Electrons crossing the optic axis with an angle a at the focal
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plane of the objective lens should form parallel paths emerging
from the lens.

a 3(a)

f u
However, the spherical aberration of the lens causes a phase

shift relative to the path of the unscattered electron (a=0) which
is written as (Scherzer, 1949):

2n/rx1/4C.a’ = |2nC NV H? 24

If there were no other effects to consider, the image would be

obtained as follows:

- Calculate the wavefield emerging from the specimen
according to one of the approximations.

- Fourier transform the wavefield which gives the ampli-
tude and phase of scattered electrons.

- Add the phase shift introduced by the lens defocus and
the spherical aberration to the Fourier coefficients.

- Inverse Fourier transform to find the modified wave-
function.

- Calculate the image as the modulus square of the wave-
field.

However, there are two more effects that are usually consid-
ered. Variations in electron energy and direction.

Chromatic Aberration / Temporal Incoherence
Electrons do not all have exactly the same energy for various

Ch.2 Theory of Image Simulation - p.20



MacTempas User Manual

reasons. They emerge from the filament with a spread in energy
and the electron microscope accelerating voltage varies over the
time of exposure. The chromatic aberration in the objective lens
will cause electrons of different energies to focus at different
planes. Effectively this can be thought if as rather than having a
given defocus f;;, one has a spread in defocus values centered
around fj. The value f;, is what is normally referred to as Af as
indicating defocus. The images associated with different defo-
cus values add to make the final image. Assuming a Gaussian
spread in defocus of the form

2
D(f = fy) = expl- %} 25

gives:

1= [N/ - f)l DU = foddf = W(H) — W) e xpF 1/ 26 A0 )]

26

This states that each Fourier term (diffracted beam) is damped
according to the equation above].

Beam Divergence / Spatial Incoherence

The electron beam is not an entirely parallel beam of electrons,
but form rather a cone of an angle o.. This implies that electrons
instead of forming a point in the diffraction pattern form a disk
with a radius related to the spread in directions. As for a varia-
tion in energy, the images formed for different incoming angles
are summed up by integrating over the probability function for
the incoming direction. It turns out that this also leads to
another damping of the diffracted beam (Frank, 1973) so that:

I(r) = fhp(r,oc)|2D(oc)doc = WH) — W(H)exphohC,H*A? + Af)I .
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The Final Image

Equation 26 and equation 27 are only valid when the intensities
of the scattered beams are much smaller than the intensity of the
central beam. Thus the image results from scattered beams
interfering with the central beam, but not with each other. This
is referred to as linear imaging. Although the formulation is
slightly more complicated in the general case, the expressions
above give sufficient insight into the image formation. Image
simulation programs do however include the more general for-
mulation which include non-linear imaging terms (O’Keefe,
1979). Each Fourier component is damped by the spread in
energy and direction and the image is formed by adding this to
the recipe in section 4.2

The Contrast Transfer Function CTF

When reading about HRTEM, it is impossible not to encounter
the expression "Contrast Transfer Function". Loosely speaking,
the CTF of the microscope refers to the degree with which Fou-
rier components of the electron wavefunction (spatial frequen-
cies) are transferred by the microscope and contribute to the
Fourier transform of the image. Although the CTF only holds
for thin specimen and linear imaging, it is often generalized and
wrongly applied to all conditions. However, the CTF does pro-
vide insight into the nature of HRTEM images. In order to
derive the expression for the CTF, we start by calculating the
image intensity as given by the Weak Phase Object approxima-
tion. In the WPOA:

W(x,y,z=T)=1-ioV,(x,»)T 28
and
W(H) = 8(H) - ioV, ()T 29

Applying the phase shift due to the spherical aberration and the
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objective lens defocus which we will call x(H), we get that the
FT of the wavefunction is (for simplicity V = V)):

OH) =5 H) - ioV(H)e ™ AH) 30

where A(H) is the damping terms arising from partial coher-
ence.

The FT of the intensity is now given as

) = FTOp ") = 5 W W (H-H) -

3 (3(H) - icAMH )V H )™ )5 (H -H') - icAM - H)VH - H)e" W) -
H

S (H) +20AH)V (H)sin y(H)
31

The last result is very useful and it leads to the frequently used
concept of the Contrast Transfer Function (CTF). The CTF is
defined as A(H)-sinx(H) The equation above states that each
reflection H contributes to the image intensity spectrum with a
weight that is proportional to the CTF. Figure 3. shows a plot of
a CTF including siny and the damping curves. When siny, (H) =
-1 for a large range of frequencies H, which is the condition
referred to as Scherzer defocus[11], the image can be thought of
as:

I(x,y) =~1-20U(x,y) 32

where U(x,y) is a potential related to the original crystal poten-
tial, but keeping only the Fourier coefficients related to frequen-
cies transferred by the microscope. The equation above shows
the often used rule of thumb. For thin specimens, under
Scherzer imaging conditions, atoms are black.
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Figure 3. Plot of the Contrast Transfer Function for a 200kV
microscope with the parameters indicated.
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Chapter

The Three Simu-
lation Steps
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STEM Image...

Introduction to
Maclempas

Since the simulation of a HRTEM phase contrast image can be
subdivided into independent calculations involving the struc-
ture, the scattering process and the imaging process, MacTem-
pas allows one to invoke these independent calculations
separately through the “Calculate” menu.

Full Calculation
This command will start the calculation from the required start-
ing point and proceed to calculate final images.

Projected Potential

generates the crystal potential that produces electron scattering
from the structural data, unit cell dimensions, symmetries, and
atom positions, occupancies, and temperature factors.

Exit Wavefunctions(s)

generates the electron wavefield at the specimen exit surface; it
uses the projected potential combined with information about
the accelerating voltage of the electron microscope, the speci-
men thickness and tilt. The computation algorithm is the multi-
slice approximation.

Image(s) normal calculation

generates the image intensity at the microscope image plane;
the effects of the objective lens phase changes and resolution-
limiting aberrations are included via parameters like defocus,
spherical aberration, incident beam convergence, spread of
defocus, and the position and size of the objective aperture.

Image Plane Wavefunctions(s)- generates the electron wave-
function at the imaging plane in the microscope. This is equiva-
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lent to the application of the Contrast Transfer Function to the
Fourier transform of the electron wavefunction at the exit sur-
face of the specimen followed by an inverse Fourier transform.
The calculation of the image plane wavefunction is used for
comparing with the electron wavefunction found by the use of
electron holography. The remaining commands in the Calcu-
late menu will be covered under the Menus chapter.

Thus “Projected Potential’ calculation considers only the spec-
imen structure, “Exit Wavefunctions(s)” calculation treats the
interaction of the specimen with the electron wave, and the
“Image(s)” calculation simulates how the wave leaving the
specimen interacts with the lens system of the electron micro-
scope. Once a simulation has been made, any additional simula-
tion will usually not require a full re-calculation; any change in
microscope parameters will not affect the results of the “Pro-
Jjected Potential” and “ExitWavefunctions(s)” calculations, and
only Image(s) will need to be re-run; any change in microscope
voltage or in specimen thickness and tilt will not affect the out-
put of “Projected Potential’, but “Exit Wavefunctions(s)” and
“Image(s)” will need to be re-run. Of course, any change in the
specimen structure will require the re-running of all three sub-
programs.

Generated Files MacTerppas generates .and stores various files in the course of a

simulation. The 6 possible data files are:

(D) <structurename>.at stores all the structure and micro-
scope information needed to run the simulation. This
information is derived from user input and the supplied
data files. In particular, the string “structurename” is a
unique name for the structure, input by the user when
creating the structure file. This is an editable file of type
‘TEXT".

(2) <structurename>.pout is the result of running the pro-
jected potential routine from the information stored in
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3)

4

)

(6)

<structurename>.at; it contains the specimen potential
in the direction of the electron beam. This is a BINARY
file of type Real 4. The first 80 bytes consists of record
information and the data starts at byte 80. The first line
of data contains the data for the bottom line of the
“image” since the coordinate system for MacTempas is
at the lower left corner of the image/unit cell. Thus if the
data is imported into a program for viewing, the image
will appear flipped.

<structurename>.mout is the result of running the
multislice routine using the data in <structure-
name>.pout with those in <structurename>.at; it con-
tains the exit-surface wavefunction at one or more
selected specimen thicknesses. This is also a BINARY
file with the same structure as <structurename>.pout,
except for the fact that the data is complex, pairs of
numbers (real and imaginary). The data starts at byte 80
and the file can contain more than one exit wavefunc-
tion.

<structurename>.iout is the result of running the
image formation routine to apply the effects of the
microscope parameters in the <structurename>.at file
to the exit-surface wave; it contains one or more images
ready to be displayed. This again is a BINARY file with
data starting at byte 80 and the file can contain more
than one image. Data is Real 4

<structurename>.hout is the result of calculating the
image plane electron wavefunction(s) instead of calcu-
lating the simulated images. The data is complex, pairs
of numbers (real and imaginary). The data starts at byte
80 and the file can contain more than one image plane
exit wavefunction.

<structurename>.aout contains the complex ampli-
tudes of several diffracted beams at one-slice increments
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in specimen thickness. The beams are specified by the
user, and can be plotted as a function of specimen thick-
ness.

In addition, two “print” files are produced (but rarely printed)
just in case additional information about a computation is
required by the user. These files are:

(7) <structurename>.p_prnt contains information about
the way in which the “Projected Potential’ subprogram
processed the <structurename>.at data to produce the
specimen potential.

(8) <structurename>.m_prnt contains information about
the way in which the “Exit Wavefunctions(s)” subpro-
gram processed the <structurename>.pout data with
the <structurename>.at to produce the exit-surface
wave; that is, it contains information from the multislice
computation.
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Chapter

Generating an
Input Structure

Running Maclempas

The first step in running a simulation is generating the structure
input file. This is done through New Structure File... in the
FILE menu. This generates the input dialog window with val-
ues for a default cubic structure. Use this template to modify the

date to fit your structure..
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a,b,c,
alpha, beta, gamma

These are the unit cell dimensions in Angstr;zsm units, and the
unit cell angles in degrees. MacTempas will automatically set
the angles depending on the spacegroup, if possible. The pro-
gram will also automatically set lattice parameters depending
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on the spacegroup. Thus if the user chooses a cubic system, b
and c are set equal to a

Space group#

MacTempas generates symmetry operators for the any one of
the 230 space groups when selecting the number or the symbol
of the space group (as listed in the International Tables for Crys-
tallography). By clicking on the pop up menu “Space Group”
one can choose one of the 230 spacegroups by first selecting the
type of crystal-structure, i.e. hexagonal or cubic. The user can
choose one of the spacegroups by clicking on the symbol for the
spacegroup or by entering the number for the spacegroup.
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The input also allows for choosing the second setting for a spe-
cific spacegroup if one exists. If no space group is required, one
should use the space group P1 (1), in which case the only sym-
metry operator is x,y,z. Additional symmetry operators can be
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entered by opening the dialog displaying the symmetry opera-

tors.

Show (Basis atoms)

Use this button to bring up the dialog window that enables the
input of the atoms in the basis.
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Number of Atoms in the Basis

This value is the number of independent atom positions in the
basis or asymmetric unit of the cell. When operated on by the
symmetry operators, the basis generates all the atom positions
within the cell. This value is never modified by the user since
the program always recalculates this number depending on the
data entered.
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Show (Symmetry Operators)

The symmetry operators are automatically created by specify-
ing the spacegroup. By clicking on this button, a window dis-
playing the symmetry operators are shown.
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Show (Atoms in Unit Cell)

The atoms in the unit cell are automatically created by the oper-
ation of the symmetry operators on the atoms in the basis. The
number of atoms is given and by clicking on the button “Show”,
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a window displaying the atoms in the unit cell appears.
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Number of different atoms
This value is the number of different types of atoms in the spec-
imen structure; difference is due to a different atomic number or
a different Debye-Waller factor. The correct value is calculated

by MacTempas and displayed.

Zone Axis
Specimen orientation in relative real space axes units.

Number of slices per unit cell
For unit cells with large repeat distances in the beam direction,
moderate values of G,
approach the so-called pseudo upper-layer line that the multi-
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slice allows at the reciprocal of the chosen slice thickness. In
this case MacTempas will sub-divide the slice into two or more
subslices. How this is done depends upon the potential setting
chosen in the Option menu.If 2-D calculation is set and the
checkbox “sub-divide unit cell” is NOT checked, the projected
potential is calculated for the entire unit cell in the zone-axis
orientation and is used n times to cover the unit cell. If 2-D cal-
culation is set and the checkbox “sub-divide unit cell” is
checked, n-potentials are calculated from the atoms within each
sub-layer and used to cover the unit cell. If 3-D calculation is
set, n-potentials are calculated by appropriate integration of the
potential from all atoms in the unit cell.

Gmax

The maximum value (in reciprocal Angstrgm units) of any scat-
tering vector to be included in the multislice diffraction calcula-
tion. This value imposes an “aperture” on the diffracted beams
included in the dynamic scattering process. It should be large
enough to ensure that all significant beam interactions are
included. The default value is 2.0. MacTempas will compute
phase-grating coefficients out to twice G, in order to avoid
aliasing in the multislice calculations.

Specimen Thickness

The thickness of the specimen foil is entered as a beginning
thickness, an ending thickness and an incremental thickness. All
numbers are in Angstrgm units. A series of thicknesses repre-
sented by the upper and lower bounds and a thickness step; e.g.
100 50 250 will cause MacTempas to store the exit wavefield at
specimen thicknesses of 100A to 250A in steps of 50A (a total
of four thicknesses).

Store Ampl./Phases - Set...
Clicking this button allows a number of diffracted beams to be
selected for plotting of their intensity and phase variation as a
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function of specimen thickness. The reflections to be tracked
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are determined by entering the hkl values for the reflection.
Only 10 reflections can be tracked this way.

Center of the Laue Circle

Specimen tilt is specified by entering the center of the Laue cir-
cle in units of the h and k indices of the projected two-dimen-
sional reciprocal-space unit cell. Equivalently the tilt angle and
azimuthal angle can be specified instead. The new indices and
their relationship to the original reciprocal cell is found in the
data file <structurename>.p_prnt

Type of Absorption
Absorption can be included in the program by introducing an
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imaginary projected potential.

Simulation Parametess
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Career ) GO
Microscope

The type of electron microscope used to generate the imaging
parameters. Predefined microscopes are shown in the popup
menu together with one undefined microscope. If a predefined
microscope is used, MacTempas provides values for Cs, the
spherical aberration coefficient of the objective lens (in mm.);
Delta, the halfwidth of a Gaussian spread of focus due to chro-
matic aberration (in Angstrgm units); Theta., the semi-angle of
incident beam convergence (in milliradian). If the type of
microscope is unknown to MacTempas, the above values must
be entered separately (We will see later how to define a new
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microscope).
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Voltage
The electron microscope accelerating voltage in kilovolts.

Objective Lens Defocus

The defocus of the objective lens is entered in Angstrgm units
with a negative value representing underfocus (weakening of
the lens current). As for the speciment thickness parameter, the
input is a range specified by the upper and lower bounds and an
increment.

Min. Intensity in the lens

This specifies a cutoff in intensity for which a beam is included
in the calculation. Normally the default is adequate and saves
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computation time. However, for large structures containing
defects, diffuse scattered beams are very weak and a lower cut-
off may be needed in order to compute the correct contrast..

Strong Central Beam

If this box is checked, only linear terms to the image intensity
contribute. Normally both linear and non-linear terms are
included in the calculation..

Cs, Spherical Aberration
The spherical aberration of the objective lens in mm.

Convergence Angle

This is the spread in angle for the cone of incoming electrons
depending on the condenser lens aperture. The angle is given in
mrad.

Spread of Defocus

This is the effective spread in defocus which results from the
distribution of energies of the imaging electrons and the chro-
matic aberration of the objective lens. The unit is A.

Aperture Radius

The radius of the objective aperture is specified in Al

Both an inner aperture and an outer aperture can be specified.
Normally the inner aperture would be zero.

Center of objective Aperture

The center of the objective lens aperture is defined in units of h
and k of the two dimensional reciprocal space unit cell, as for
the Laue circle center. Again, tilt angle and azimuthal angle can
be specified instead.

Center of the Optic Axis

The center of the optic axis of the electron microscope is speci-
fied in terms of the h and k indices of the two-dimensional
reciprocal-space unit cell, just as for the Laue circle center and
the aperture center.
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Two-fold astigmatism
The two fold astigmatism of the objective lens and the angle
with the x-axis. The magnitude is given in A.

Three-fold astigmatism
The two fold astigmatism of the objective lens and the angle
with the x-axis. The magnitude is given in A.

Coma
The coma of the objective lens and the angle with the x-axis.
The magnitude is given in A.

Mechanical Vibration

This simulates the effect of a slight vibration of the microscope.
One finds that often the simulated images show details that are
not present in the experimental data regardless of other imaging
conditions. This may be due to image degradation caused by
microscope vibration or other effects not included and thus one
can introduce a slight mechanical vibration in an attempt to cre-
ate more realistic simulated images. It is possible to specify an
anisotropic vibration by introducing the amplitude in two per-
pendicular directions with the diagonal of the ellipse at an angle
with the a axis (as in the unit cell viewed in the zone axis orien-
tation).
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Chapter

Status Window

Atom Window

Windows

This chapter explains the windows of Mactempas, the informa-
tion presented in each and how one interacts with the contents
of the windows.

Status

IDLE

This window shows the current status of the program indicating
the number of phasegrating coefficients calculated, the current
slice number being calculated, the current image being calcu-
lated etc.

Atoms

Ca Sr Cu

o ||

This window shows which atoms are present in the structure,
the color the atom will be drawn in (if colored atoms are set)
and the relative sizes of the atoms to be drawn. To change the
color of an atom, choose the Color Picker tool from the Tools
Window, click on a color in the Color Bar in the Image Control
Window and deposit that color on an atom by clicking on the
colored circle representing the atom. The color of the atom will
be set to the new color.
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Image Control-

Window

Image Control

Invert

| Reset |1 log scale
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Max 255
Black |0
White 255
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To change the atomic radius, double-click on the chemical sym-

L IR R P T L1s |

bol. A dialog window will pop up and a new value for the
atomic radius can be entered (units in A).

This window is used primarily to control the appearance of
images. The active image can be the image in a image window
or the selected image in the MacTempas main window. The
black and white values of the current selected image is shown
and can be changed by typing in new values. The contrast and
brightness can be changed by using the appropriate sliders. An
image can be shown on a logarithmic scale which is the default
for images in frquency space (reciprocal space). The line in the
graph represents how input image values are mapped to output
display values. Thus an image can be pseudo colored by choos-
ing a color from the color bar with the color picker tool selected
and “depositing” this color in the vertical gray scale bar show-
ing the display vlaues. The histogram of the current image is
shown and black and white values can be chosen by clicking
and dragging to select a region of the histogram. To invert the
display, click in the “Invert” button. Similarily the image is reset
to the original values through the “Reset” button. This window
is also used to set the color of a particular atom species and the
color of lines and text. To choose a color, the Color Picker Tool
must have been chosen.
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The following tools are currently defined:

Tools Window
Pointer
Used for general moving around objects in the display window.
If an object is selected and the “Option” key is held down while
dragging an object, a copy is made of the object. In an image
window, the pointer tool will also act as a hand tool if nothing is
selected.

Text Tool

Clicking on this tool turns the cursor into an i-beam cursor
which can be used to select an insertion point for text. To set the
insertion point for text to be typed in the image window click
the mouse at the desired point. The Font, Size and style of the
text is determined from the menu bar. The text will be drawn in

the current foreground color and can be left, canter or right jus-
tified.

Magnifying Glass

When selected the cursor turns into a magnifying glass which

can be used to zoom in on a selected part of the display. Each

time the mouse is clicked in the image window, the image is

zoomed by a factor of two. By holding down the Option key

while clicking, the image will be zoomed out by a factor of 1/2
Tools for every click. Double-clicking the magnifying glass returns
—1| the image to normal.

Je)
/

Line Tool
This tool is used to draw lines on the display. If the Shift key is
down, only vertical or horizontal lines will be drawn.

o
e}
860
[ T ]
©)
%\ﬁ (%

Selection Tool

This tool is used to select a portion of the screen for several pos-
sible operations such as copying, cutting, histogram computa-
tion etc. To select an area, click at a point in the display and
drag the cursor while the mouse button is pressed. In the main
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MacTempas window, all objects intersecting the selection rect-
angle will be selected.

Trace Tool

This tool is used to get a line trace for the line drawn with the
Trace Tool being the current tool. The integration width can be
changed by double clicking on the trace-line or choosing “Edit
Object” when the line is selected.

Color Picker Tool

This tool when selected, allows the user to pick a color from the
Color Window and color atoms, selecting fore-/back-ground
colors and pseudo-color atoms. The selection of color is
described under Color Window above

Hand Tool
Use this tool to move images around in the image window.

Ruler Tool

Use this tool to measure distances in an image. An image can be
calibrated from the menu command under Process after a line is
drawn using the ruler tool..

Rotate Tool

This tool is used to rotate drawings of crystal structures. In
order for it to be active, the structure must be selected and the
mouse click must occur within an atom.

Masking Tools

The last 5 tools are masking tool normally used in reciprocal
space, but they can be used in real space as well. The masks are
a) Spot mask. A reflection and its conjugate is selected.

b) Lattice mask. A mask defined by two lattice vectors.

c) Band Pass mask. This mask is defined by an inner and an
outer circle.

d) Wedge mask. Defined by two lines.

e) Line mask. Defined by a line and a single lattice vector.

All these masks can be transparent or opaque, meaning they
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Info Window

Info

®=T1,y =295

val = 0.0000

Display Window
Display

Patential | Exit Wawve

Diffr. Patt

Image

FFT

#Cells 1

1

Magnification 1

Display

==File

Cancel

work on the region within or outside of the mask. The mask
parameters can be edited by double clicking on the mask or
selecting the mask and choosing “Edit Mask” from the “Pro-
cess” menu. The number of lattice spacings for the vector(s) for
the lattice mask and line mask can also be changed by clicking
in the end point of the vector with the “Option” key down. Each
click increments the number of lattice spacings to the endpoint
by one. Holding down the “Shift” key and the “Option” key
decreases the number of lattice spacings by one.

This window shows the current position of the cursor within the
image window and the intensity of the underlying pixel. When
dragging a rectangle, the dimensions of the rectangle are shown.
Line lengths and angles are also displayed. Image statistics is
displayed in this window when invoked through the “Statistics”
in the “Process” menu.

Use this window to define which part of the calculation to dis-
play. The choices are:

Projected Potential - Essentially the output of the projected
potential routine. There is a one to one correspondence between
the points in the projected potential and those in the image if
displayed under equivalent conditions.

Exit Wavefunction - This is the output of the multislice compo-
nent of the programand shows the distribution of electrons as
they emerge from the bottom of the specimen, or at a predefined
depth in the specimen. By holding down the Option key when
selecting the button, one can select to display either the magni-
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tude squared (default), the complex amplitude or the complex

Chooae what b0 o

# Complon

" Moduluz Squared detensityd
T Arngd g

i phaie

1 Rescdution limoted (050 [ A

ok )

phase of the electron wavefunction at the exit surface of the
specimen.

Diffraction Pattern - Select this option to display the diffrac-
tion pattern for one of the selected specimen thicknesses. This is
a dynamical diffraction pattern including multiple scattering in
the specimen.

Image - When selected, one of the calculated images becomes
the source of the operations defined by clicking in the Operand
Window. By holding down the Option key when selecting the

button, one can select to display either the image intensity

CFafatck e LTl 100 ORI Ll

& Complex
:__ Modubus Souared (ntensity)
. Amplitude

. PFhase
| Reselution limied  [0.50 |A

e

(magnitude squared, default), or if the image plane wavefunc-
tion(s) has been calculated, the complex amplitude or the com-
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plex phase of the electron wavefunction at the image.

FFT

Use this to perform a Fourier Transform on the selected source.
Operating on the Projected Potential will yield the structure fac-
tors, operating on the Exit Wavefield will yield the diffraction
pattern and operating on the image will give the Power spec-
trum of the image.

#Unit cells

Use this to specify the number of unit cells that should be dis-
played. The input determines the number of cells in the a-direc-
tion and b-direction.

Zoom

Use this selection to Zoom the object to either magnify the
object or to reduce the object. A zoom factor greater than 1.
magnifies and a zoom factor less than 1. reduces the object.

Display

Before the result of operating on a selected source is displayed
in the image window, Display must have been clicked. Choos-
ing the source and operations only selects the functions to be
performed. When Display gets activated, the functions get exe-
cuted.

->File

This will allow for output of the numeric values of images,
amplitudes and phases to a file. Options allow for writing the
data in ascii format or binary format. Images can also be written
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Main Display Win-
dow

Ch.5 Windows - p.50

as TIFF files in this fashion.
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Cancel:

Use this button in case the wrong sequence of commands was
chosen or anything else was entered wrong. This cancels the set
functions.

Main MacTempas Display Window

This is where most of the results of a calculation are displayed.
All objects such as images, diffraction patterns, unit cell drawi-
ings, etc in this window are all objects which can be manipu-
lated. Objects are moved with the pointer tool. If the Option key
is held down, a copy of the object will be created. The magnify-
ing tool operates on each object separately. Several objects can
be selected and copied onto the clipboard and can be pasted into
other applications. Images in this window if double-clicked will
open up in their own separate window. The selection tool will
select any object which intersects the selection rectangle. Each
object have different properties. An image can be scaled directly
by dragging its corner. A kinematical SAD pattern can be
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rotated by using the rotation tool when the object is selected and
the mouse-down event takes place in one of the diffraction
spots. A drawing of the atomic structure can be magnified and

(@) o la) Copper

rotated into different viewing directions.

Ch.5 Windows - p.51



MacTempas User Manual

Ch.5 Windows - p.52



Chapter

MacTempas User Manual

File Menu

Menus

Many of the functions in MacTempas are run from one of the
MacTempas menus, including the multislice calculation. In
addition, most options are set from one of the menus. This is a
list of the currently available menus and a description of their
function.

New Normal Structure... E
MNew Layered Structure... {r3N
Open Structure File... #0
Close E)
Save Structure IS
Save Structure As... i3S
Open Image... {30
MNew Image... 3N
Save Image S

Save Image As. Wi df

Import Pict File...
Save Window...

Page Setup... ir3EP
Print... P

This menu contains the following commands:
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New Normal Structure...
Create a new structure file. A

name is prompted for before input

is made. Enter a unique structure name, the program will
append the extension .at. Make sure that you do not add an
extension of the type .at in which case MacTempas will not
properly deal with the file later on. Also make sure the filename
does not have a period in it. This opens a new structure with
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the structure that you want to create

New Layered Structure...

Create a new layered simulation file. A name is prompted for
before input is made. Enter a unique structure name, the pro-
gram will append the extension .lay. A layered structure is char-
acterized by being made up of a sequence of pre-calculated
projected potantials. Thus a layered simulation file does not
contain atomic positions. The structure information in the input
dialog is replaced by .

Crparal PRrameaers

N TRE R alha [deg| ALIHI

A& A0 [T | POLH]

CIA] Wo Appdil.  Gamvena [deg] 2000
spchrg o g g

N (RS QFal g S1aikine Jasjispace
D Pt ings Caln by

Only A and B and Gamma have meaning for a layered “struc-
ture”. The buttons “Define PGratings” and “Define Stacking”
are used to choose the different projected potentials and to
define their sequence to make up the entire specimen.

Open Structure File...

Open an existing structure or a leyered file. The standard Mac-
intosh file open dialog is presented and only files of the type
“TEXT” with the extension “.at” or “lay” are displayed as
selectable. The name of the display window will change to
reflect the name of the current structure.

Close
Close the file, image or window currently selected

Save Structure
Save the current data for the structure file in use. The current

data will be written to the file, overwriting any old data.

Save Structure As...
Save the current structural information. Do not use a name with
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an extension if the file being saved is a structure file for later use
by MacTempas.

Open Image...

Open an image. Supported images are currently tiff files and
binary files. RGB tiff files and compressed tiff files are not sup-
ported. Binary files can be of integer or float types with differ-
ent length and byte order.

gt Faw i nage

repoae e 12
File Fibirreal
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New Image...
Create a new image of specified size and content..

Create Image

Mim Dimdass Prapidtas Hix
Width  [1Z2B Pinels ) Constant Real ik Imag. 0
Height 178 Pixel . —
g 128 gt _ Gaussian Height | Sigma 16
T
AEs ") Discrost Crid  DeltaX 10 Defta¥ 10
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T Conplan :_ Random

O Cancel ) B 0K }
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Save Image...
Saves the content of the image window into a file. MAL input

R
vy fr | R
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files are binary files used by the mal or Truelmage program for
exit wave reconstruction from a through focal series.

Save Image As...
Similar to “Save Image”.

Import PICT File...
Import a PICT file and display it in the MacTempas image win-

dow.

Save Window...
Saves the content of the image window as a PICT file..

Page Setup...
Set the options for the page to be printed.

Print...
Print the front window..
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Edit Menu
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Cut 2B X
Copy #C
Paste ab
Clear

Select All A
Fdit Object Nt
Arrange Object k

Undo
Undo / Redo the last operation. These operations do not cur-
rently work in MacTempas.

Cut
Cut the selected Object or the Selection made by the selection
tool.

Copy
Copy the selection or the selected object.

Paste

Paste the content of the paste buffer into the display window.
The source for the paste can be an image cut out from another
application or through the cut/copy commands of MacTempas.
If the object is an image, the image will be pasted into the dis-
play window if it is currently selected or into a separate image
window if not.

Clear
Clears the selected objects made by the selection tool

Select All
Select all objects in the display window or an entire image.



MacTempas User Manual

Edit Object...

Shows the information associated with a selected object if the
object is editable. The displayed dialog box will depend on the
object being edited,

Arrange Object
Will arrange objects in the main MacTempas window in terms
of their stacking order.
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Options Menu :

Live microscope Control...

¥ Automatic Erase 3E
Atom Overlay 3L
Montage... {+3EM

Intensity Scaling...
Magnification...

Diffraction patterns... FED
Slice Method...

Show Microscopes...
v Use Electron Parameter Fit
Edit Scartt. Fact. Parameters...

Unit Cell is Entire Specimen

Modify Specimen Bounds...

Live Microscope Control...

When a calculated image is selected, this command can be
invoked to bring up an interactive window for changing the cal-
culation parameters for this image. Changes in the parameters
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are reflected live as long as the calculation time is reasonable..

Automatic Erase
Toggles whether previous content in the MacTempas display
window is erased when a new object is displayed.

Atom Overlay

If set, the atom positions will be drawn in as circles on top of
images. The circles are scaled to the atomic radius and the color
is the color set for that atom species.

Montage...

Brings up a dialog box, allowing the user to select automatic
montage of a series of images, the position of the series of
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images and the number of pixels to leave between images.

Montage Options

_ [l Automatically montage images

Starting Location of the 0 0
Horizontal Separation of Images 0
Vertical Separation of Images 0

W Auto-scale when images do not fit

__ Layout options

%) Defocus Horizontal/ Thickness Vertical
() Thickness Horizontal/ Defocus Vertical

) User Defined Layout (Click to Display and Set)

": Cancel :" m

Intensity Scaling...

Brings up a dialog box, allowing the user to manually set the
intensity values to be mapped to black and white. The values
shown correspond to the last image displayed with automatic

scaling.
& sinareaic Sraleg of e mengiles
by g s D) BGCk WP A vabags
Wodpn s sy o0 0 e el T as] oo hs (daped
Waihse of Hadi 4 Walss ol 'White: 23
FCasiely (R
Magnification

Allows the user to set the magnification to a set value. The
magnification depends on a screen with a resolution of 72 dots/
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inch. If Auto-scaling is set, images will scale to fit the window.

Magnification options

_ Flxed Magnification
Magnification 0.0 mtillion

Erhl.ltn stale when images do ot fit

¢ Cancel w

CTF Scaling...

Brings up a dialog box, allowing the user to set the maximum
scale of the reciprocal axis during plotting of the Contrast
Transfer Function.

) Horizontally Scale the CTF automatically

[ J Use value below as Maximum Value for g

Maximum g-value LD i

{Cancel }  S0H)

Diffraction Pattern...

Displays a dialog box, allowing the user to select the position of
the diffraction pattern, the camera length and the minimum dif-
fracted intensity that can be displayed. The user can also choose
whether the objective lens aperture should be superimposed on
the diffraction pattern. The indices of the diffracted beams can
be superimposed on the diffraction pattern as well as the corre-
sponding real space distances. Selecting Circular Diffraction
spots instead of Gaussian Diffraction Spots results in solid cir-
cles. One can also set a cut-off such that diffracted beams with
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g-vectors larger than the cut-off will not be displayed.
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Min Lens Intensity...

Displays a dialog box, allowing the user to manually set the
minimum intensity required of a diffracted beam for inclusion
in the formation of the image.

Minimum Beam Intensity to
be considered =
in the Objective Lens: 10**- 8.0

f: Cancel \' E—GK—;’

Slice Method...
Allows the user to select the option to perform a three dimen-
sional calculation of the projected potential by summing over
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the third dimension (1) in reciprocal space.
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Show Microscopes...

Displays a dialog, showing the user which microscopes are
known to MacTempas. The default parameters associated with a
known microscope can be changed by the user and a new
microscope may be made known to MacTempas. MacTempas

currently only allows a maximum of 10 microscopes to be made
known

Enoven Microsoopas

Dalined Microsomis

ERIE=]
2ET
ERH
200K
200 OFE
CM30]

voRkv] Cslmm| Cwimrad] DeilA]

400
240
[==ell]
2490
241
300

2.E5 20
2.50 50 M e
& BS 10 ICrgscope Parameters
[=] ]
'E,s égt __ Mixroscope Parameters
15 n
Whrroacooe Mame Unticled
Edit... : Accelerating Voltage (W) -.'_‘-{Il:- ]

Spherical Abberation Constant dmen) 1.2
TCacet® @ Soresd of Defocus (A) 5]

Drvergence Angle (half-wigrha imradh .5

n. ¢ I:a-.cel_ 1 m

Use Fit For Electron Scattering Factors / Use Fit For X-Ray
Scattering Factors

MacTempas can use either the 8 parameter fit for the Electron
Scattering Factors or the 9 parameter fit for the X-Ray Scatter-
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ing factors. The menu item text will reflect the current setting.

Edit Scattering Factor Parameters...

Brings up a table of the fitting parameters. Double clicking in
the value -field brings up a dialog box prompting for a new
value. See next page.

Unit Cell is Entire Specimen

When this option is set, the calculation treats the unit cell as a
non-repeating structure such that the entire specimen is repre-
sented by a single unit cell with the thickness of the specimen as
the thickness of the unit cell.

Modify Specimen Bounds

When the unit cell is the entire specimen, this will allow the
user to trim the bouning volume for the cell in the specified
zone axis orientation..

Chnge Boarding Valims
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Commands Menu
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Eraze Display LME
Drrawe Atomic Madel... ®U
[hrawe CTF = Sin{iChab
[rrawd 20 CTF

1
Slice Unir Call

Erase Display
Erases the MacTempas display window.

Draw Atomic Model...

Displays a dialog box, from which the user can select to display
the original or transformed unit cell from any direction, includ-
ing perspective view. The transformed cell corresponds to the
unit cell that MacTempas uses in the multislice calculation. To
view the cell as “seen” by the electrons, the transformed (new)
unit cell should be viewed in the 001 orientation. It should be
noted that the viewing direction is in units of the real space unit
cell axes. One can also view a cross-section of the material in a
given direction. A dialog box allows the user to specify the
field of view in A for the two directions.

Draw Atomiscic Model

Typee of View

o Ohrbgeeal Uinde Cafl

'ETri:'slu-umd Lisan Call ¢ 201 is Elecmon Bearn Direcnon)
") Extended View  Width |30 Haight 20

Weew Opphions

Wieveing Direction 1LY 1] n 1

Inftia! Scaling Factor o be used fos
Displaying The Unit Celis (% of Wirdow)

{Ganeel ) (0RSS)



MacTempas User Manual

Draw CTF -Sin (chi)

Draws the Contrast Transfer Function for the current micro-
scope values. The original microscope values are taken from the
structure data, but the user is free to change the values associ-
ated with the CTF independent of the values used in calculating
the image. Clicking in the CTF will show a bar with the values

85 Conirast Tramsfer Function

COHTRAST TRANSFER FUNCTIOH Sren
g RN Ty 0 e Tof s 3008 KDl s W00 A ire 80 and

: il |n!'|i IlwI ||I ! 'ﬁ"n Yk :.5— fﬁ":;—
T

| |.|| . 10. j 30.00
1m0 TR 3 '.'-:-l:-:u..:ell-'.-ll
Hcatiring Veck [A ] 10. == 3np
i' Dwrwy Ervedoge Fusctean 088 el Harza el anis i -§
™ Owvarw Ciid JEad H1E4 2 TR B
i Draw Zare Axin G-Yeoors i =l E

of the CTF and the resolution. The bar moves with the mouse.

Draw 2D CTF...
Draw various representations of the 2D contrast transfer func-
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tion, for both linear and non-linear imaging.

& 0 Ceontratn Trapsfer Fumction
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OiTheeioid 1 CEa
[ Coma r Ora

Non-linear image contributions can be examined in detail
through the non-linear analysis button.
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e o

Draw Pendellgssung Plots...

In case the user has selected to store a set of diffracted beams
for plotting of amplitudes and phases as a function of specimen
thickness, this brings up a dialog box allowing the user to set
the plotting conditions. One can choose to have the amplitudes
or the intensities plotted as well as the phases of the diffracted
beams. Each reflection can be plotted by itself, or several
reflections can be superimposed on the same plot. Instead of
plotting the values, the values can also be written to a file for

further manipulation or inspection.

Amplitude/Intensity as a function of thickness

QoD

[ 202
YO TFEeL

i Pl

\‘\-.
\KR
H-\-\_\_\_‘_\-\_. _'_'_‘__H_'_H__'_,_,—-'—'_"
7 o e - —_—
0o -
0.0 100
Thickness A

Define Projected Potentials...

__Plot

(<=
B RO
L i ] .
o Y S

| (0 -1

o ptions

E} Amplitude
) Intensity
[ Plot Phases

’i Save As File... \

This allows the user to specify which potentials to be used in a

layered structure.
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Stack Potentials...

This allows the user to specify the sequence of potentials that
should be used in the multislice calculation. This applies only to
layered structures. See Chapter 9 for a more detailed instruc-
tion on how to create a layered structure.

Defined Phasegratings

# Mama Az # Mame Az F Mame Az #  Blame Az
Il chlslc_ 0 3,00
2 chBlalc 1 300
WE sk X 3.00
Mo chisic 3 3.00

Specimen ) = =
T 1,23,4,1,2,3,4 P wihs s
= insem

" ®opear

[ W

Rasat

4.0

Slice Unit Cell...

Use this option to subdivide a structure into separate layers for
use in a layered structure calculation. The direction perpendicu-
lar to the slices and the number of slices must be specified.
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LHeng options

= L3 o
Fone axi for shicing | 0 a 1
Mumbar of separan layers 1

_ Lalculate Ench Projected Potential
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Main Parameters...

Parameters

Main Parameters...
Atom Basis...
Symmetry Operators...
Atom Coordinates...

Parameters Menu

This brings up a dialog box showing the current conditions for

the simulation. The values are taken from the input given to the
Simularion Parameners

Crpsl Paramefers Eg_l_:p'!r. pf:l'l:lﬂl-“lrl -
— — Fane-awn prrii| E=lfidin
ald)  3@1a0 alpiha [ideq ] ap T ST b o b o
E[&]  =@ldD Bera oeg.] G A TN s - e
C[A  =ns200 Caiima jdeg.| ETe S—— S
spavegrosg # (nt, Tobles) Pk Gampaendl] | 4 o F
£ of atams in Rasls 9 F aw ‘ Shore fesd iPhiases i | [T
e Kip: L o show -3 Cust. of Lo Circli bofoon | oo
& off arees tn LICall ik Ir P 1. Eq. Tilr [meat] & Gndln* |:|.|:||:|. UI:'
# of difsemnt atoma &
e o
MECTORCEEe and Lesm Pars reierd
Micascope N SRR T
Vokage i 00 Ci[mml 060 Mag. o s
Comergessn eeqgle [mrad)] ‘nz0 Prase Plane Then el n 0.0
spread of detocas (A a0 opon | w  Thresfold 0 0.0
Dafacus i g it andi Al -3500 30 -E3ED Loz u a.0
Ohy, apert. rad, [A-1]: Ineer QL0000 outer - 1.250 Mkearical Vibination )
Misimum besenaity 1o be incluced inche Lena: 10 4.0 5'”"“ of (o bi nan a.00
_| Srang central eam h K EoE  Anphke” .
e L Angh with k-axis ['] 0.0
Crnd, of Oty Lena Agrt. 001 000 00 A
Ciaat: of tha Opric Ak o0 000 | o0d 0
Char-rcs caloulsion st
Wk Tar re-calldanion | Projected Prieniial | Enli: Wasefunciion _! Image
ok 43 caloulated | Progeced Podential | Enit WaseTuncoon _! lmage

[ Cancel ) 0

New... command in the FILE menu. The parameters can be
changed as to bring about a new simulation.
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Atomic Basis...

Brings up the list of all the atoms forming the set of basis atoms
for the current structure. The atomic coordinates etc. can be
edited and atoms can be added to or deleted from the list.

Afpme in the MogifiEpsis

r HMame  x-coced. y-roord. z-coord. dw-fact. O,
{ 2 |omoomn 000mon 0000 EE0000 |1 (o0mn
a i DOm0 0o0moD  0L0etM A0 |1 0000D
3 [ TDoaooan 00ODIDD | 0302200 |3 G0AD0d | DEFODAD
a B DOODID  0o0m0n  0IESLi0 A0 | D300
5 u Y T R T T T L R T
B =] OLEInEn _HIT:I.JWDD DL L] 03 [ [T :I_EIJEIJ?
7 0 DMO0mM0 00D 037000 360000 | 1000000
B0 DOm0 0omen 0205000 A0 100000
1 a DEADMD  QO0MOD 02500 34000 00SS0D
¢ Dewe. fCancar ) (0N

Symmetry Operators...
This brings up the list of symmetry operators either associated
by the space group or entered manually by the user. The sym-
metry operators can be edited, and new ones may be added to
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the list or existing ones deleted.

STy CRpRr alars
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Atomic Coordinates...

This shows all the atoms within the unit cell. This list of atoms
are generated by applying the symmetry operators on to the set
of basis atoms above. This list can not be changed, the changes
must take place in the atomic basis or the symmetry operators.
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The active commands in this men nds on the current sta-
Calculate Menu r“-h— e co ds in this menu depends on the current st
--. LRARAL

Full Calculation
Frojected Potential

1 18§ SEILT I
Irnagels) dncoherent summatian)...
Image(s} (frozen phononsk...

Wweak Phase Object Images...

Ring Fatcern, .,

Kinematical 540 Parern...
Integrated Diffraction Pattern...
Kinematical CBED Patterr...
CBED Patrern...

STEM Image._..

tus of the calculation. If the simulation has already been carried
out for the current set of parameters, then no commands will be
active. If a change has been made or the file is a newly created
structure file, the commands showing which subprograms needs
to be run are shown active.

Full Calculation

Use this command if you would like the program to run the
multislice calculation to its end starting from the point required
by the last change made to the simulation parameters.

Projected Potential
Only calculate the projected potential(s)

Exit Wavefunctions(s)
Only calculate the exit wave-functions(s)

Image(s) (normal calculation)
Calculates the image by using using partial coherence envelope
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functions and the lens contrast transfer function.

Image-Plane Wavefunctions(s)
Calculates the wave-function at the image plane. This would be
equivalent to what would be reconstructed using holography.

Image(s) (incoherent summation)...

Calculates the image(s), but sums up incoherent images pro-
duced by electrons from different incoming directions and dif-
ferent energy.

Inchaerent Surnrmation of Images

Parkseiers

Mumber of sampling points across beam spread radius T

Kurnber of sarmpling paincs Aroass energy spread 10

( Cancel ) Caleulare )

Image(s) (frozen phonons)...
Calculates the image by summing over images calculated from
different atomic configurations consistent with random dis-

placements of atoms according to their debye-waller factors..
Frozen Phonons

Dprons Tor Frozen Phonon Calcularean

Mumiber of specimen configurations LG

T Show average potential for configueatian
__ Show potential for each slice

i Cancel - Calculate -

Weak Phase Object Images
is a separate module that allows the calculation of images that
would be produced in the case of an ideal Scherzer lens and
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validity of the weak phase object approximation. The “wpo”
calculation is discussed more in detail elsewhere.

Resolution Opioss

Weak Phase Object Calculation

Srasting Resoligion (&) | 300

Enchng Resalution

(1] 106

9 Ao Decremer Besalution

) fiwed Decramienis = staps of 0.2

Viewing Optioas

Mu mbsar of Unit Cells pe display & &Y 1 L

L2006 FAcner 1o e Lsed in Dispaying images 2.0

Ring Pattern...

{ Carcol ) (SN

calculates the diffraction pattern by adding up the intensities for
each tilt angle within the cone of incident electron directions.

Ring Pattern Options

Basic Setting

Indexing & Ring Type

Camera Length (mm) : 150

Maximum G-Vector [1/A] 1.500

E Draw Center-spot

[l Line Color

[l Text Color

™ Mo Text Background
C ‘White Text Background

| Draw Partial Circles
f Arcs
_J Semi-Circles

=! Right side
L) Laft side

"l Index Diffraction Rings

| Show d-spacings
f In real units [A]

_/ In reciprocal units [A-1]

( Cancel) f—@&'—)

s
A
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[1,1,5]
[2,2,4]
(7,3,%1
[@,@,4]
[2,2.2]
Ligla2]
[@,2,2]
[@,8,2]
[1,1,11]
| >

Kinematical SAD Pattern...
calculates the diffraction pattern by adding up the intensities for
each tilt angle within the cone of incident electron directions.
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SAD Pattern Options

) Initial Settings Current Settings
Zone Axis [uvw] 0 0 1 Zone Axis [uvw] [0,0,1]
-axis [hkl - m n
X i 1 1 0 [ Reset to Initial Settings )
Initial Rotation [Degrees)
aboutx 0.000  abouty 0.000 B spot Color [ Kikuchi Line Color
B Text Color
_{‘ i Settings
# Index Diffraction Spots Camera Length (mm) : 150

] Show d-spacings Microscope Voltage [kV] 800

=) In real units [A] Divergence Angle (mrad) : 0.850

Sdsallns Bt Mac Excitation Error [1/A] |0.025

E Draw Kikuchi Lines

E Include Higher Order Zones
! Index Kikuchi Lines Minimum Structure Factor (0.100

\i
< 228

Maximum G-Vector [1/A]  2.000

((Cancel ) 0K

A
2@@/
-2B L

| Juu]
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Integrated Diffraction Pattern
calculates the diffraction pattern by adding up the intensities for
each tilt angle within the cone of incident electron directions.

Diffraction Faitam

Thickress (4] w0 | Gemanfied) zon

Dich Size fecad] (002D

mags Soa Wdih 51: ; Height =z

Canoel ) S Cukule )

Kinematical CBED Pattern...
Will calculate the CBED pattern for the given input parameters
using the Bloch-Wave approximation.

Kinematical CBED Pattern Options

Initial Settings Current Settings

Zone Axis [uvw] 1 1 1 Zone Axis [uvw] [Elet i)

x-axis [hkl] 2 0 -2

f.: Reset to Initial Settings |
Initial Rotation [Degrees|

aboutx 0.000  abouty 0.000 B Spot Color [ Kikuchi Line Color
I CBED Line Color [ Text Color
Options Settings
] Index Diffraction Spats Camera Length (mm) : 363

[ Show d-spacings
‘,-' In real units [A]

_- In reciprocal units [A-1]
[} Index HOLZ Lines
E Draw Kikuchi Lines

1 Index Kikuchi Lines
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Microscope Voltage [kV] T
Disk Radius [1/A] 0.269
Mac Excitation Error [1/A] 0.025 |
Maximum G-Vector [1/A] '4.000 |

Minimum Structure Factor 0.100

E: Cance| ) &%—)
A
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CBED Pattern...
Will calculate the dynamical CBED pattern for the given input
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parameters using the Bloch-Wave approximation.

LELD PararrwHirs

Zaan A 1 1 1
i RE FiTRal 1 1 KL
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Snecime ni Thickremu L& L5 O |
METoacags ki kY el ] | ,
Aad el wl digh i puesle (1]
ik Bire | I
:l & Sean w0 senl dilanc
g ey
:l ;ﬂ:ﬁ::i:;ﬁliizz;s +| L) prman oo gy 1,44 R

_Cocel | (O

The x-axis of the pattern can be set by dragging the green selec-
tion rectangle of the x-axis arrow to a diffraction spot. The pat-

tern will rotate so that the “selected” spot is along the x-axis of

the pattern. The part of the pattern that will be shown in the cal-
culated image is that which is within the red “Image” rectangle

which can be sized and dragged around. The spot-size (conver-

gence angle) is modified by changing the size of the central

disk.
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STEM Image...
Will calculate the STEM image for the given input parameters
using the by doing a multislice simulation for each position of
the electron probe. The image intensity for that position is the
integrated intensity that falls within the annular detector.

Iy

y [ B B ing LTS

Pararraxiers {LeftiRight feroew beys ad jesish

) Microscess Focus [&] | -200
2.130
ZEE
150

Fraba Samaling DA ux]
@ Sampling Poincs [pe]
_ Seni-dung e [imrad]
Cefecinr
=00

Fnner Aperie [ 0L A

L repie Probe Image

STEM Farameners

Proise Prabie Spapamen | 5Lan Area
W W
.- !
«.\____.-f"ll IIL'\__.F/I llq"\-a_d-"
i II/,#" I/f" e
) |
H.____p""ll "\‘__ I'\__ |
an 4 an
! -
| 1
A M | F W N
e ad 128 @ are Scan | Lira Scan [jl M
Estigmaiim [A] | Cara Specmen
HMag :“::I.I Scan increse st rl::.i'l A !
I & fam LB L .
bl Irdagee Samiphieg u L]
; : - FroFen Phanon Mosge
i Thres dold 0 3o um Lo
Coma 1] &3]
STIM image
# Calls H 1
Outer Aperiere [mrad] 20000 006 & SR P 2
mage Size 36 vy b

Cancel

- Calculwre
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Tables

Reciprocal Space info...
Spacing & Angle Cadculator.

Seanch Tor Areghe, .,
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Tables Menu
The current operations in this menu are:

Reciprocal Space Info...

Displays information about reciprocal space data for the current
structure. The data can be sorted on the reciprocal vector or the
structure factor/extinction distance.

e ——

_E“Em__'ﬂfl_ﬁi;l Eﬁace Data

FTE T POV LT |m
o0 0oD 117896 L0 .

== =i=lg Qg | QIS 3=
P |l ] | |= | =l

*-FHGHH-P-FHEFFHFHH'—F-FINE

B === olg 2
Bl | B3 B 3 e g | B

=4 LN
[T

Seaech for Angle...

One cacn search for reflections which satisfy a search criteria
based on the ratio of the length of the vectors and/or the angle
between the measured reflections. This can be used when trying
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to index diffraction patterns. One can give aan accepted toler-

angle Szarch
Search for specified angle

Angle Berw. reffections |45.00 | °  Toleance - 5.00
E Exclule Kinemahically Forbidden Redflectons

Searsh Meikad

4 Segrch Only Based on Desired Angle

) Uss Anole & Ratio o R
Measorad d=spacimg Ratio  1.50 Tolarance 500 A

_lUss Anghe & Measured W ahees
Measured d-zspacing 1 200 & Tolerance

Meaygred d-spacipg & 200 A Tolergnee 200 ®

anse for the ratio, the measured spacings and the measured
angle.

Spacing and Angle Calculator...

Shows the lengths and d-spacing for a type/family of reflec-
tions. Two reflections can be displayed and the zone in which a
set of reflection exist and the angle between them is shown in
the right part of the window.The reflections can be typed in and

85 angla  Plasa Calculatar

: MkE  IhKA  Angle Zore
i e § 1,00 I:I.1.l:|]I 000 a,0,1]

& = 1.oa 01,0 apao  |a.a.-1]
e o | O e = C R RS S
A _3_?29 Plame Specing 22140 1=t.0.01 Lo=1 .01 10.0.11
g 38140

........ | heflection 2
€ 30 —

Lesgtin [E4A]  DVZERZZ

Angles [') & 1 0 E
Aipha  [90.08 Fiame Spacing | ZE140
[ I~ Undate Lariioe parameters -3

2 Bl Cabruate /Upcate Angles
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Quantitative Menu

Ch.6 Menus - p.88

when the “Calculate?Update Angles” button is clicked, the
angls between the family of reflections and the zone in which
they occur will show to the right. The length of the vectors and
the corresponging plane spacing is updated live when typing in
a new reflection. The lattice parameters can be changed and
invoked through the “Update Lattice Parameter” such that the
calculator can be used for structures different from the one that
is loaded.

This is the menu for quantitative comparison between experi-
mental images and exit wavefunctions with calculated data.
Structure refinement and imaging parameter refinement is also

Load Experimental image. ..
Load Standard Deviaton bmage

Compare Image with Simelatan
Campare X Armplitude with Simuotabion...
Compare KW Fhase with Simudation.,

Eefine Paramerars, .,
Refime Structure..

Symrmebry Transform Calculafor. ..

kake Frant Image the Experimental Image

invoked from this menu.
Operating The Routines
All the routines except for the “Symmetry Transform Calcula-
tor” requires the presence of an image that is considered the
experimental image. The purpose of this package is to provide
the user with tools that permit the following attempts:

Q
Quantitative comparison of experimental images with those
simulated from a structure model

A
Automatic refinement of parameters such as the thickness of the
specimen, the defocus of the objective lens, crystal tilt, aberra-
tions, etc..
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A
Automatic refinement of structural parameters such as atomic
positions, debye- waller factors and occupancy factors for
selected atoms in the structure.

The experimental image can be compared with the computed
images using a number of goodness of fit criteria. A sub-area of
the experimental image can also be compared to a sub-area of
the simulated image. For more information on quantitative com-
parison methods and structure refinement see the chapter on
“Introduction to Quantitative Comparison of simulated HRTEM
images with experiment”.

Note: All the procedures expect that the experimental image
covers the exact area of that of the unit cell used in the calcula-
tion. Thus it is up to the user to make sure that the unit cell
motif is extracted from the experimental data prior to usage.
The term Unit Cell is loosely used since it only refers to the size
of the model used in the simulation. The experimental image
does not need to be sampled equal to the simulation, since the
routines will resample the experimental data to fit that of the
simulation.

For parameter refinement and structure refinement, there are a
number of algorithms that attempt to look for the “one” solution
of parameters that maximize the fit between the experiment and
the simulation. This plug-in uses an algorithm based on simu-
lated thermal annealing which is described further in the chap-
ter at the end of this manual. No claims are made as to the
effectiveness of this method and there is no guarantee that the
final solution represents the global maximum/minimum in the
goodness-of-fit parameter. The effectiveness of optimization
routines depend on the starting parameters. There is no recipe
for setting the initial starting condition and it is necessary to
develop some experience using the optimizing routine in this
program. Some trial and error is a definitive part of the parame-
ter/structure refinement. Suffice it to say, “good hunting”.
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Load Experimental Image

Load Experimental Image is the starting point for loading in the
image to be used in the comparison. The command will bring
up a standard File Open dialog with a look that depend on the
version of the MacOS you are using and what else of Finder
utilities you have loaded.

Chiexia 2 Fils
Frem fPhae (3=1 |
ol 457 1Dl asylBle |=|

L ARTHAF LS L Ee S E

AT MRS arer
AN CUEHMgAST . al Ij 1 Ij
] AC P WA e
S b b 101
A O GRS mar
O AHCUE WG p_pie
T AT T T pal & Kiret Documesnd
5 AU MRS Sl ' e 1 WB

LR

Ak 1o Favnrites cancel Fm"

The dialog will show you all files and it is up to you to select an
appropriate file to read in. Currently, two distinct types of files
are supported. These are

1) Binary Files

The data can be Real 4 or Integer 1,24 byte

2) TIFF

Real 4, Integer 1,2 .4 byte

If the routine recognizes the file as a TIFF file, it will just open
the file and display the image.

For Binary files, you will need to specify the data type, the
width and the height of the image. Byte swapping is also sup-
ported. If the program does not recognize the file as type TIFF it
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will bring up the following dialog

it Raw imags

= pert froer: 12
File Fimiitial
LEigLE Fodt i L F
Dl Tpet
Ineger I Byaes Sgred B
il ) B
we: [ 1000 A le Lot
Mg | 1024 32 o Bt
Sisadation Sampling
Witkh 250 Meight 12 Angle SO0
CCacat | [SER

Although the dialog box indicates that the program supports
input of text files, this is currently unsupported.

The dimensions of the simulated image are shown at the bottom
of the dialog box for binary files.

Once the routine has read in the file, it will display the image in

0

8

a separate window.
Load Standard Deviation Image

This command allows you to read in a standard deviation image
to be used together with the average experimental image for
comparison with simulated images. The standard deviation
image will be used in conjunction with the average image for
computing c-square deviations between the experimental data
and the computed data. Otherwise the input works exactly as for
the loading of the average experimental image. Again, the
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image will show up in its own window after it has been loaded.

Fi=n =

Note: If the windows are covered by other windows, it may be
necessary to move these to bring the “experimental” image and
the “standard deviation” image to the foreground since there is
no command to bring these automatically to the front.

Compare Experiment With Simulation

This brings up a dialog window which shows the loaded experi-
mental image and the standard deviation image (if loaded). The
name of the experimental image together with the dimensions
are shown to the left of the image.

Lomsa e mage
Experimenial image | Standasd Deyiation
M
Tearidl . bEiay 148

Wkb:  BL
Hughi. 144

300

Compare

Cosnpaikon Method

1 Saphinical C s Cormelatian Coedfucizni [Read Soare)
Snaritical Cross Coemelaran Coefhcint (Faurises Spacdl

ek - Snuare

I Rop Mian Sodan Oifesc
[ifferenre lmpgs

| Firsixioea | Mean Abdoduta Difliranco

inf

Cance Y (RO
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When comparing images, the experimental image will be resa-
mpled such that the sampling corresponds to the sampling of
the calculated image.

The example used here will be that of a set of simulated images
of Silicon in the [110] zone axis orientation

The simulated images for a range of thickness and defocus are
shown below.

HHNNNNXXXXX

Tools

Pointer Tool

Used essentially to ensure that no other tool is active

Selection Tool

Use this to mark an area in the image which will be used for
comparison. It is okay to go outside the image, since the selec-
tion will be cropped to the actual image.

Hand Tool

Use this tool to move the image within the display area.
Magnification Tool

Use this tool to magnify the image. Holding down the Option
key when clicking within the image will reduce the magnifica-
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_F-H-ﬂ!
Sl U 1O e ﬂ
Wimth; S
| Hebghn 37 -EI
ME
B s Wi ﬂ

| SetrCnimmare Sebectson

tion. Holding down the shift key when clicking will increase/
decrease the magnification by a factor of 2.

Reset View
Click here to reset the view/pan/zoom of the image.

Selecting an area for comparison
The user choose to compare the entire image region or only a
selection of the image.

Two radio buttons are provided:

Compare Entire Image

By clicking on this radio button, the selection area will automat-
ically be set to be that of the entire image. The comparison area
is shown as a red rectangle.

Set/Compare Selection

The user must first use the selection tool to mark a region of the
image. Upon clicking on the radio button, the selection will be
marked in red and this area will be used for comparing images.
For changing an already defined regions, mark a new one and
click again in the radio button.

- Expeirissenda lisage # STandard Dessation

& Comgars Enfies lBsags

—fimamt s

Cemparios Matkod - —— —
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Note: The selection does not work for the Difference Image
which automatically compares the entire image.

Selecting a method of comparison

The method of comparison or goodness of fit criteria is chosen

by a set of radio buttons and the choices and the corresponding
description and output is given below. The goodness of fit crite-
ria is computed for each image that is compared and displayed

in a table. This table can be saved in a text file for further use.

Statistical cross correlation coefficient (CCC):

A note about the cross correlation coefficient:

The cross correlation coefficient measures similarity in the pat-
tern between the experimental image and the computed image.
Since the images to be compared are set to a mean level of 0 and
normalized, any scaling of the type I(exp) = a * I(calc) + b
would give a cross correlation coefficient of 1. Exact fit is given
as CCC =1 and a reverse contrast gives CCC = -1.

Real Space

g rimestal |peipe ¢ Dianieed Deviation

Hame:
Sl Lt O | ol .
Widis: 53
Halai: a7
& FOHE
et i i -ij

23 Comgers Enbra Imaps
& SetCempare Sebechon

Comparisps bizteg

i Ak sl Crass Coevaberese CoafMiciant (Feesl Spacep
3 Stamstical Drgss Corredation CpeMcient (Fearier Sgacn )

= Fasrt ey msilitanos Fulmase ks §hes

120 Ol = Sgliaie

(1 B ol Sqpuiare HiTeresd e

3 Defference Imaps

O Fraciinesd bdean &b vedeie [HiTeresce

) =]

This is a straight calculation of the normalized cross correlation
coefficient between the experiment and the calculated image(s).
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For it to give meaningful results, the origin of the experimental
image neeeds to coincide with the calculated image.
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Reciprocal Space

There are two options for calculating the cross correlation in
reciprocal space.

The first is an exact calculation which is equivalent to the real
space CCC. The entire Fourier transform of the experimental
image is compared with the Fourier transform of the simulated
image and the CCC is just the reciprocal space equivalent of the
calculation in real space. Thus the reciprocal space CCC is
equal to the real space CCC.

Exact
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This calculates the CCC based only on the Fourier amplitudes
and (optionally) the program will try to estimate the shift
between the experimental and the calculated image. This can be
very useful for aligning images and to compare images when
the origin of the experimental image is not known. The numbers
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given are the shift of the origin that should be attempted to be

made on the experimental image before the experimental data is

compared to the simulation using the exact formulation.
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Chi-Square
This computes the chi-square deviation between the calculated
image(s) and the experimental images, optionally using the
standard deviation image for obtaining the uncertainty associ-
ated with the average pixel value.
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If no standard deviation image is given, the uncertainty in the
pixel value is set to 10% of the intensity in the pixel. The Chi-
square goodness of fit criteria is sensitive to the mean level of
the images and the scales the calculated images so that they
have the same mean as the experiment before computing chi-
square. Lower values indicate better fit, with a value of 1 mean-
ing that the experiment and simulation agree within the uncer-

tainty of the experimental values.
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This calculates the root mean square difference between the
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experiment and the simulation. Lower values indicate better fit
with 0 being exact fit between experiment and simulation. Since
the values depend on the mean level of the images that are com-
pared, the simulation is scaled to have the same mean as the
experiment.
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The table below shows the result from the RMSD comparison.

== pMfmi——_H|
= Sjiuif -350 -400 450 =500 i) G600 650 =700 750 800 350 900 -a50 -1000  |-1050 |-1100 =)
=3 06512 0.6889 07110 0.7239 0.7195 0.6468 0.4129 0.1257 0.2806 0.4421 0.4808 0.4461 0.3627 0.2737 0.2292 02835 0.5240
24 0.6452 06812 0.7035 0.7162 0.7018 057386 0.3091 0.0771 0.2536 0.4256 0.4670 0.4249 0.3309 0.2427 0.2064 0.2674 0.4945
40 0.6391 0.6723 0.6939 0.7054 0.6768 0.4975 0.2382 0.0488 0.2312 0.4085 0.4527 0.4040 0.3002 0.2146 0.1859 0.2467 0.4672
56 06326 0.6610 0.6792 0.6564 0.6327 04025 0.1815 0.0264 0.2137 0.3895 0.4348 0.3779 0.2645 0.1852 0.1656 0.2253 0.4430
T2 0.6244 0.6435 0.6516 0.6436 0.5414 0.2938 0.1319 0.0114 02026 0.3691 0.4032 0.3373 02114 0.1473 0.1429 02018 0.4182
[ls] 0.6157 0.6223 0.6128 0.57a2 0.4411 0.2344 0.1039 0.0220 0.2047 0.3608 03874 0.2972 0.1535 0.1106 0.1255 01870 0.3997
104 0.6038 0.5900 0.5525 0.4597 0.3578 0.1967 0.0901 0.0409 0.2245 03714 0.3845 0.2600 0.1090 0.0503 0.1159 0.1860 0.3648
120 0.5808 0.5253 0.4540 0.3916 0.2951 0.1797 0.0935 0.0687 0.2764 0.4107 04164 0.3324 0.1867 0.1236 0.1369 0.2154 0.3743
136 05455 0.4353 0.3630 0.3327 0.2702 01801 01110 0.0997 0.3420 0.4545 04568 0.4027 0.3076& 0.2351 0.2156 02737 0.3729
152 0.4738 0.3362 0.3073 0.2963 0.2551 01830 0.1370 0.1392 0.4153 0.4951 0.4927 0.4608 0.4096 0.3645 0.3410 0.3551 0.3779
168 0.3787 0.2801 0.2756 0.2756 0.2481 0.z005 0.1687 0.1882 0.4527 0.5276 0.5209 0.5031 0.4812 0.4698 0.4670 0.4405 0.3597 [~|
4 [l 7
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Difference Image
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There are two calculations performed in this case. One gives a
difference image(s) which are pseudo colored such that where
the experiment and simulation agree within one standard devia-
tion, the pixel is black, less than 1.5 standard deviations,

the pixel is colored green, and outside the pixels are shown in

5] e [ =

= ....._..|_..|. “ni=r .i ..'.

shades of red or blue
depending on whether the values in the simulation are lower or
higher than those in the experiment.

In addition to the difference image(s), the chi-squared value is
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also computed for each image and shown in its own table.

SSjla] -350 -400 -450 -500 i) -B00 -6B50 =700 750 800 -350 900 -a50 -1000  |-1050 |-1100 =i
g 06512 0.6869 07110 0.7239 0.7195 0.6468 0.4129 0.1257 0.2606 0.4421 0.4308 0.4461 0.3627 0.2737 0.2292 0.2885 0.5240
24 06452 06812 0.7035 07162 07018 05738 0.2091 0.0771 0.2536 0.4258 0.4670 0.4249 0.3309 0.2427 0.2064 0.2674 0.4045
40 0.6391 0.6723 0.6939 0.7054 06768 0.4976 0.2382 0.0488 02312 0.4085 0.4527 0.4040 0.3002 0.2146 0.1859 0.2467 0.4672
56 0.6326 06610 0.6792 06864 06327 0.4025 01815 0.0264 02137 0.3895 0.4346 03779 0.2645 0.1852 01656 0.2253 0.4430
72 0.6244 0.6435 0.6516 0.6436 0.5414 0.2988 0.1319 0.0114 :0.2026 0.3691 0.4082 0.3373 0.2114 0.1473 0.1429 0.z016 0.4182
58 06157 0.6223 0.6125 0.5782 0.4411 0.2344 0.1039 0.0220 0.2047 0.3608 03874 0.2972 0.1535 0.1108 0.1255 01870 0.3997
104 06036 0.5900 0.5525 0.4897 0.3578 01967 0.0901 0.0409 0.2245 03714 03845 0.2800 0.1090 0.0803 0.1159 01860 0.3848
120 0.5808 0.5253 0.4540 03916 0.2981 0.1797 0.0935 0.0687 0.2764 0.4107 04164 0.3324 0.1867 0.1236 0.1389 0.2154 0.3743
136 0.5455 0.4353 0.36380 03327 0.2702 0.1&01 o.1110 0.0997 0.2420 0.4545 0.4566 0.4027 0.3076 0.2351 0.2156 0.2737 0.3729
158 0.4788 0.3362 0.3073 0.2963 0.2551 0.1880 01370 0.1392 04153 0.4951 0.4927 0.4608 0.4096 03645 03410 0.3551 03779
168 0.3787 0.2801 0.2756 0.2756 0.2481 0.z2005 0.1687 0.1882 0.4527 0.5276 0.5209 0.5031 0.4812 0.4698 0.4670 0.4405 0.3697 [~
4 [l 7

Fractional Mean Absolute Difference
This calculates the fractional mean absolute difference between
the experimental data and the simulated data.
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Compare XW Amplitue/Phase with simulation works as with
images, but the experimental data is compared with the exit
wave-function (either amplitude or phase)

Refine Parameters

Refine Parameters... will attempt to find the image simulation
parameters that produce a simulated image that gives the “best”
fit between the experiment and the theory. The search routine is
based on the concept of “Simulated Thermal Annealing” and
requires a starting configuration of parameters, a starting tem-
perature and an ending temperature, a maximum change in
parameters and a goodness of fit criteria that measures the
“Energy” of the system. For further explanation of Simulated
Thermal Annealing, see the last chapter in this manual.
Invoking the command brings up the following dialog which is
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used to give the input parameters to the algorithm.
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Setting Image Comparison region
The area to be used for the comparison is set using the button
“Set Image Comparison Region”
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Selecting the image region is done in the same fashion as under
comparing images in the previous section.

Running the parameter refinement

After selecting the area (not needed if the entire image is com-
pared, which is the default) and selecting the parameters to be
refined and clicking OK, a progress window for the parameter
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refinement appears. If the refinement is not progressing in a sat-
isfactory way, the computation can be canceled by hitting the
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log file can be written so that the “energy” as a function of time/
temperature can be plotted and also a Movie can be produced
and played back. The number of frames/second for output can
be set.

At the end of the run, the dialog box can be just dismissed and
the final configuration of parameters will be discarded, or the
parameters can be saved in the form of a new structure/simula-
tion file.

Refine Structure

The structure refinement works in the same way as the parame-
ter refinement. However, in this case it is the structure that is
being varied, notably the coordinates of selected atoms and pos-
sibly debye-waller factors and occupancy. After invoking the
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command, the following dialog box appears.

Simulated Thermal fsnealing Pasametars
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There are several options associated with the structure refine-
ment, such as which elements are active, which coordinates to
be varied, etc.. The standard parameters for the simulated ther-
mal annealing need to be specified, together with the goodness
of fit parameter. Output options such as a log file and movie are
identical to that under parameter refinement. In addition, it is
possible to include in the calculation of the “Configuration
Energy” terms that depend on selected bond distances and
selected bond valence sum.

Set Active Elements

brings up the following dialog. By default all elements are
active. Selecting an active element and clicking on the “Make
inactive” button will move the selected element to the Inactive
list. Just because an element is listed under active elements does
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not mean that one of its types will be used in the refinement pro-

Deefine Achive Abom

Adtiie Ralfhadminl A Do

Irartive ACive
& Ga
=]
i
(i)
¥ Carval F-__-ﬂ&*—_ K _'-]

cedure. It is necessary to specify the area used for comparison
and which atoms are to be optimized before the simulated ther-
mal annealing is carried out.

Set Are to Compare & Active Atoms
is used to set the image comparison region (as previously

explained) and to select atoms for refinement. The following
window appears.
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Area used for comparison

Selection

Sets the comparison region to the selection rectangle.
Entire Image

Sets the comparison region to the entire image.

Atoms to optimize

Add Selection
Includes in the list of atoms the ones that fall within the selec-
tion rectangle set in the model window.

Add/Group Selection

Adds the atoms to the refinement list, but constrains all the
atoms in this list to move as a unit.
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Atoms Within the Comparison rectangle
Sets the refinement list to include the atoms that lie within the
rectangle set for comparing images.

Optimize...

Specifies which properties of the selected atoms (those in the
refinement list) that are varied. The following window appears.
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Normally varying the z-coordinate will not have any effect
since the image simulation procedure uses a 2d projection of the
atoms in the unit cell. However, in the case where symmetry
operators are used, changing he z-position may result in
changes in x and y for symmetry related atoms.

Each time an atom (or group) is varied, a new set of parameters
for this atom/group is created and tested. If “Test each variable
separately” is checked, each try will only vary one parameter.
Thus if x and y are checked above, both x and y for an atom are
changed at the same time unless “Test each....” is checked, in
which case one time x is varied and another time y is varied.

Deselect All Atoms

clears the refinement list and allows the user to start all over,
defining the set of atoms to optimize.
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Show only symmetry related atoms/Use Symmetry elements
If the structure is a perfect crystal defined by a set of basis
atoms and a set of symmetry operators, it is possible to refine
positions of the atoms in the basis and to move symmetry
related atoms accordingly such as to preserve the crystalline
spacegroup.

Checking this options will result in only atoms in the basis to be
visible in the model. Thus the atoms to be refined is selected
from the basis and any change in the basis is reflected in the
entire structure.
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Set Chemical Constraints
brings up the following window.
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which can be used to specify a configuration energy that
includes terms that depend on bond distances. It is possible to
specify the optimum bond distance between two atoms, whether
it is a 2d or 3d constraint, and to specify the weight of the term
in the energy calculation. Even though bond distances have
been defined, the inclusion of a bond-distance energy term can
be turned off/on from the main “Refine Structure” window.

Include Bond Valence Sum Optimization

This allows the bond valence sum to be used to measure the
energy of the configuration. It brings up the following window
in which the active bonds are specified, the maximum distance
between atoms for calculating the bond valence sum, the
valence of the first atom in the atom-pair and the bond constant.
Each “bond” has its own weight and the entire bond-valence
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energy terms has an overall weight.
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Running the Refinement

Once the parameters are set and OK has been clicked, a
progress window appears. The current atomic configuration is
shown together with the corresponding simulated energy. The
energy as a function of “time/temperature” is shown in its own
window and can be monitored to ensure that the system moves
in a desirable fashion. It is important to understand that no spe-
cific recipe can be given to ensure that the system finds a mean-
ingful minimum in the configuration energy. The success of the
optimization depends on how far the starting configuration is
from the “solution” and the choice of annealing parameters. It is
not a straight forward, just run and you get the correct answer,
black box approach. An understanding of the system, a good
feel for choosing a reasonable starting structure and some expe-
rience in choosing “annealing parameters” is definitely a
requirement in order to have confidence in the resulting ending
configuration. Experimenting with different input parameters is
advised.

As with refining simulation parameters, it is possible to save a
log file or to produce a movie of the annealing process. Saving a
movie can be very useful when the refinement takes hours/days
and it is necessary to see how the system varied over time. It is
important to realize that a movie file grows quickly in size and
that the number of frames/second should be chosen appropri-
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ately if the movie is to cover a period of many hours.
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At the end of the run, the final structure can be dismissed or
saved as a structure file for later use. The run can also be
aborted by the normal “Apple + Period” key combination.

Symmetry Transform Calculator

Choosing the “Symmetry Transform Calculator” brings up a
modal dialog window that can help the user find another set of
symmetry operators and basis atom positions in the case of a
change in axis and origin of the unit cell. Input is the original
symmetry operators which come from the spacegroup that is in
use together with the original basis atoms. The new unit cell
axes a’,b’ and ¢’ are given by the transformation matrix T such
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Original Operators

that

a Ty Ty Tl
b'| = |Ty Ty Tos)|b
¢ T3 T3 Tl
together with a translation of the origin specified in the old unit

cell system (fractional coordinates).
Invoking the command brings up the following window.
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This list shows the symmetry operators of the current space-
group. Initially these are those of the crystal in use, but the
spacegroup can be changed by the command “Switch Space-

group”.
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Original Basis
The basis atoms are the atoms of the current crystal.

Original Unit Cell Atoms
This list gives the atoms that are produce by the operation of the

symmetry operators of the spacegroup in use on the original
basis atoms.

New Operators
These operators are the result of applying the transformation

operations that are given by the change in coordinate system
together with a translation of the origin to the generators of the
original spacegroup.

New Basis
This is the transformed basis.

Original Unit Cell Atoms
This list gives the atoms that are produced by the operation of

the new symmetry operators of the spacegroup used on the new
set of basis atoms.

Convert

Clicking on this button initiates the computation of the trans-
formed set of symmetry operators, the transformed basis and
the new atomic positions.
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Original Operators
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It is important to realize that arbitrary input does not result in a
symmetry which still can be presented by the same spacegroup
with a change in symmetry operators.

Export New Set

Allows the user to export the new basis and the symmetry oper-

ators as a new structure file.
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The Process menu is the largest menu and is the source of all
image processing functions. There are menu sub-menus as well.

Process

Process Menu

Image Calculator {+¥C
FFT dEF
Hanning Masked FFT 1{r3EF
Soft Circular Masked FFT  “Cir 3F
Inverse FFT 3|
Power Spectrum

Edit Mask... M
Apply Mask(s) HEM
Fourier Filters >
Spatial Filters [
Invert

Repeat...

Transform b
Statistics [ 4
Calibrate... WO
Extract From Complex >
Correlation / Convolution 3
Azimuthal Average b

Template Matching...

Peak /Lattice Analysis 3

Change Image Origin...

Geometric Phase Analysis...

Cryst. Image Processing...

Focus Determination | 2

v Always Create New Image
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Image Calculator
Perform polish notation (HP style calculator).mathematics on
images and numbers

86 C Image Calculator
__ Stack
- Image Selector : | Al : untitled B [ New |
FFT Min Mean Med Real X4y =X =X iy
3: EFT? || Max Sty Phase || Imag wal¥ ||ceiling || floor
Inten. Conj.
Create Window
2 u e " 9, Rnd Raoll +- | [P
i L ylim 1ix ® Swap by Deg
L L7z 18 ]| s | [+ |[ac] [sin][cos|[ 7an |
L [ s e | [ - 1l c] [sn]cos|[rar]
] [ llow] felle]ie
= Lo Il Jlee | [ 7 |[ener] [1oc J[ 2 |[ & |
FFT

Perform a Fourier transform on a 2-dimensional image. Unlike
many implementations, the image is not required fo have
dimensions that are powers of two. However, the image must be
square.

Hanning Masked FFT

Perform a Fourier transform on a 2-dimensional image. The
image is first maksed with a circular 2-dimensional Hanning
mask.

Soft Circular Masked FFT
Perform a Fourier transform on a 2-dimensional image. The
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image is first maksed with a circular 2-dimensional mask.

Inverse FFT

Perform an Inverse Fourier transform on a 2-dimensional
image. Unlike many implementations, the image is not required
fo have dimensions that are powers of two. However, the image
must be square.

Power Spectrum
Computes the Power spectrum of a rreal square image.

Edit Mask...
Allows the specific settings associated with a mask of a given
type. Example of the properties of a lattice mask is shown

below.
Mask Paramabars
Wl soft eclge of widsh |0 | Pikels
T PR T
B Humber of Lattice Yectors 1
B HNumber of Lattice Vectors 1
[ Cancel } (SSDRSS

Apply Mask(s)

Applies the defined maks(s) on the image.

Fourier Filters
Contains the following filters

Wiener Filter LW

GCaussian Low Pass Filter,
Gaussian High Pass Filver...

Annular Low Pass Filter...
Annular High Pass Filter
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The Wiener filter is an automatic filter that tries to determine the
power spectrum of the “noise” and the creates an optimal filter
based on the estimate of noise and signal.

Spatial Filters
Contains the following filters

Convolution...

Sharpen
Smooth
Laplacian
Sobel

Remove CCD Defects

Convolution...
brings up the following dialog for defining the kernel. Pre-

Comsolutiss Kamolo

T LGt s 1]

Lesw Pasa Lighe 1= £

[}
£

Bt poelRchends as needed
BE Cibals Four Giam kel

Carncl E-_ Apply |

defined kernels are defined for your convenience, but you can
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modify the coefficients as you please.

....... e T Licey Pass Medium 323

F 4 ? Lo Pags Hieavwy Ted

— Lewy Pass Light 555
L Pasy Medium 525
Lo Pass Hisawy Sxk

High Pasas Light 3w3
High Pass Wedurs 333
Hisgh Piss Hagvy 55
Hiagh Pass Light S5
High Pass Mednm 535
Hag Pass Hoagwy 555

Laptacian Ini
Laplacian xi

Invert
Inverts the image.

Repeat...
Allow the current image to be repeated n by m times.

Extend bmage

Fiepeat imane

nis In X direction (2 1]

UMics in o elirestion 2
(Cancel ) (ERepems)

Transform
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Contains the following operations

Scale...
Rotate...

Pad...

Flip Horizontal
Flip Vertical
Rotate Right
Rotate Left

Scale...
Scale the current image

Zeale Image
rale in Poe . )
wiedth (206 | piaets
Feight 22 Pimly
fealw in Parcent
Wid th 10000
Height 1000
E Ecsp Azpect Rahio
Cancel ) (-E0me)

Rotate...
Rotate the current image

Rotate bmage

Rotate; | D.04 ' [ieg,

) Anti Clockwise
) Clockwise

l:-i'fa}nr..;el'_ f Eﬁ!}
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Pad...
Pad the current image
Hesw Image
SHze ol Hew image
Width  |758 | Pixels
Height 32 Prieds
Tk
= geal Real Walue | 0.00

Complex  Imag, Value | 000

 cancel | 0N

Statistics
Contains the following operations

Min & Max

Mean & 5td. Dev.
All

The data is shown in the Info window.

Calibrate...
When a length have been marked by the Ruler tool, the image
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can be calibrated. If there is no line drawn, the menu command

Calibrate Distance
Line Length Limig

Length w pizels 17901 i B g
For ineerse units, onter the

Cefres gondifg nof-imerse length - 1/Fixel
Calibirated length 175.01 — Angsiraer
Irverse length 0. SEEE = 1/Angstren
 nanamerss
Calibration [unit/pixe(] W T 1 manameter

-_.'Eancel | m

is inactive. The image can also be calibrated through the “Edit
Object...” menu command. In that case no line needs to be
drawn.

Extract From Complex
If the front image is complex, images can be created from vari-
ous component of the complex values.

Real Part
Imaginary Part
Modulus
Modulus Squared
Phase

Correlation / Convolution
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Contains the following operations

Auto Correlation
Cross Correlation...
Phase Correlation...

Convolute...
Deconvolute. ..

Align...

Auto Correlation

operates on a single image and calculates the auto-correlation
function of the image.

Cross Correlation...
calculates the cross correlation image for two images.

Irmags Croes Lorralation

Choose image # 1

A1 - Bogon. 3. 3 0] 52 £

Choose fmage # ¢
42 1 beseo 9304152 £l

Cancal | FDE !

Phase Correlation...
calculates the correlation function based on the phases of the
two images disregarding the amplitude of the Fourier compo-
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nents.
iHage Phasd Coinalation
koo Imaga ¥ 0
A1 basio, 330k 52 X3!
CRons ka1
A : boso, 9 MHAYESZ b
Fragueey Cu-sf D2 mas e freguaesy
{ £1]1 f 2T
{ Carcel ) (ORS)
Convolute...

will calcululate the convolution image from two images.

-

Emmh.lr.i:!'l_.' D st hitian
Cheose Emage # 1
(AL bewoddbdbyisz )

Chesnge Emage & 2 (Point Spraad Fundisnl
|82+ besco 8_i0aby]152 )

_\Shift center of Image 2 kooongin o, 0)

Deconvolute...
will produce a third image which is the first image deconvoluted
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with the second image.

Comvahitian | Deconus hition

Choose bmage # 1
['A1 - besco_3_B04by152 £}

Chesnse Fmage & 2 (Point Spraad Functisal
|82 ' besgo_6_i04ky152 o

] Shift center of iImage 2 tooongin 00,01

(o) G

Align...
will try to align two images by either the cross correlation
image or the phase correlation image.

At Imvges
Choose image & 1
Al : besco_3_304byl52 3
Choose Image & 7
A2 - beseo_8_304by 152 3

B Align by cross correlansan
£ Align by phase correlation
Fraguancy Cet-off 0.2 s Image Frequihty

o & 30D ¥

{ Cancel ) (FRERSS)

Azimuthal Average
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Contains the following operations

1D Image
2D Image Split Plane
2D Image

1D Image
calculates the azimuthal average and siplays it as a one-dimen-
sion trace.

2D Image Split Plane
will display the original left half of the image and replace the
right half with the 2D azimuthal average.

2D Image
will create a 2D image from the azimuthal average.

Template Matching...

will calculate an image containing the cross correlation coeffi-
cient for the template as a function of its position in the image.
The cross correlation coefficient is calculated for each pixel
position in the original image.

Find Occurrences of Template in Image

if a selection exists on the front image, it is used as the
template if the front image is chosen as the source of the
template

Choose template | AD : stair rod 512 | :']

[ Normalize each instance by subtracting mean of image

( cancel ) €0k

Peak/Lattice Analysis

Ch.6 Menus - p.129



MacTempas User Manual

Contains the following operations

Find Peaks...

Edit Lattice...

Fit Lattice...

Analyse Displacements...

Find Peaks...
Finds all the peaks in the image which satisfy the criteria speci-
fied in the following dialog.

Find Peaks in Current Front image

Peak Firdirng Crivena

= Find Maxima "] Save Peaks 1o File
_ Find Minima _|Binary peak image
Lower Threshold 0,350 Est. Min. = 0,000
Upper Threshold |1.000 Esr Max. = 1.000
Eliminam Peaks within 0 pixels from adges

— Radius for Center of Mass Refinement
= (Rarves ac an inital exclusion radiusy

Min. Distance between Befined Feaks
iUse Extreme Peak Within Exclusion Radius)

0 Pixels

] Pixels

{ Cancel } 0=

The peaks will be marked on the image. Changing the criteria
and refinding peaks will mark a new set of peaks, replacing the
old. The peaks can be selectedm as a whole and deleted as for
an object. The peaks can also be copied and pasted into another
image (preferably of the same size). A list of peaks can be used
in a displacement analysis in conjunction with an associated lat-
tice that can be refined through a set of peak positions.

Edit Lattice..
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will allow the editing of the parameters for the lattice.

Laticw Parameters

TR LaThcE Paia reeti

u W Lariige Civigin
da%;  BRTR 22,82 K |IFass
dy;  -0no2 E2.4E ¥ |22243

B Humber of lanke wooe (9
W Mumber of lattice veciore €

| Cancal | i ﬂl'_. 1

Fit Lattice..

will provide the refinement of a lattice based on a least square
refinement procedure using the list of peaks associated with the
image in which the lattice is defined.

Refing Lattice Pararmotors

Initial Estimati fod Laltice

(1] W
@ (11094 3.8l X [172.85
dy: |-0.00 10,41 Y 223.93

Talerance in distance away from
lattice point (Fraction of Kttice
constant) for peak to be used: 0.13

Cancel ) 06D

The lattice needs to be created with the Lattice Tool. The origin
of the lattice should be placed on/near a peaks in the “center” of
the peaks. The lattice is movable and the lattice vectors are
adjustable. Don’t move a lattice after it has been refined. A lat-
tice is an object and thus can be copied and pasted into another
image.

If a selection rectangle exists in the image, only peaks within
the selection rectangle are used to refine the lattice.

Ch.6 Menus - p.131



MacTempas User Manual

Analyze Displacements...

Allows for the analysis of displacements. The displacements are
relative to a reference lattice which normally come from a
refined lattice.

Disglavcement Analysiz
l:l.'lull!'l I:l||.|'.l_i:lrru_r|l:|. Haesd ar Lattics Paramsisrs
u Y Cirkgin
dx LTu::a:_ -55"_' X: _]';'3'35_ Max. Fracries of Lanice Paramerar
Deviation from Lattice Paint to be -
by 0.0 18,49 ¥ | 223,27 included in the Caloalation oz
¥ Craans I mage Showing Displacemisans
Fioe & Ao Headk
E Disiatiam Frod Lartica Poddns Wagrification |_5.\,|:|.
| Ayerage Deviabion From Laitice Plares M. 00 LR}
T} dwirane Derivathe Dissation of Plases Maw, 100 |10

¥ Save Displacements

_ Inyer Y-coordinate for export to Spyglass Transfom
ieclude Derlwations oF Ataraged Displaosments

¥ Awerage long Planes
_ Wowizomepd Displacement ) Mang a,n {mscons, “honzostal
i Vertical Displacement O Mang B r=canst, erice’

(Cancrl) (S

Geometric Phase Analysis...
allows for displacement analysis from variations around spatial
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frequencies..

[ & Gepmetnc Phase Anaksis

Crnain Maw bruvgs

Cusrens Displaged mags
A IIIE ] 2

ala| [ASTRE

Hwe Lo, G-Weinr

@ gy [ (a0 | 5

Cx 458 Gy 15.E

e

EF R4 BT 4005312

Cabridore MW f e

The geometric phase calculation is described in more detail in
Chapter 11.

Cryst. Image Processing...(Crystallographic Image Process-

ing...)
Can be invoked on a real space image which is square or has a
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square selection. In order to get started, the Hanning Masked
‘86 Crystallographic Image Processing 3

fls ( Hanning Masked FFT )

— Set Reciprocal lattice __

h k
Bc 1 ]
ol so 1/px
a*t= = 1/Px
b*= - 1/Px
ga*t= - Deg.
Refine Lattice
Real lattice ——
a= - Px ga=
b= - Px -

B | Show Lattice
Delete Lattice

— Info
Amplitude

Phase

Find Motif...

Fourier transform need to be calculated. Once the Fourier trans-
form has been calculated, the reciprocal space lattice needs to
be set using the a* and b* tools and clicking on two consecutive
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reflections that defines the reciprocal space. The number of

80 Crystallographic Image Processing

{anning Masked FFT

Set Reciprocal lattice _

B[ 0

B o |7

8] 207 1/ex
at= - 1/Px
b* = - 1/Px
ga*= - Deg.

{ Refine Lattice )
Real lattice —

a= - Px ga=
b= - Px -

_ Info

| Amplitude
Bl 13 10
13 6 s
H 5 1
Phase
116 |64 155
a7 -102 |s8
138 |-79 81

reflections used in the lattice refinement and information extrac-
tion can be limited by the circular aperture tool. Once the lattice
reflections have been marked, the next action is to invoke the
command “Refine Lattice”.

‘86 Crystallographic Image Processing

{anning Masked FFT

Set Reciprocal lattice

h K
B 1o |
Bl 1[4
Bl 207 1px

a*=22.44 1/Px
b* = 22.39 1/Px
ga* = 60.00 Deg.

Refine Lattice

Real lattice ——
a= 2635 Px ga=
b= 26.41 Px 120.00

¥ show Lartice

{ Delete Lattice )

_Info
Amplitude
7 1 14
9 13 16
] 7 6
Phase
76 17 s
33 7% 100
29 159 81
Find Motif...
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After the lattice has been refined, click on “Find Motif”. This
will extract all the phases and amplitudes from the Fourier
transform at the lattice points and one can test for possible sym-
metries of the motif.

- T T

Pl re G e Surresereiaed bage Bt kil Map

P (Sl a ChpmelireiCal Duskrs b o s

T Crmmnwap. ' e o e =

Each symmetry can be tested and imposed on the reflections to
form a new unit cell motif. The origin of the unit cell motif is
dhown on the right and can be changed.

a8 Symeeaeed ot
P T Symmennized ma g Benial Man
pl ul u}
Be 3333
N.' -
(2]
cm
pmm
Py
FGG
<
]
pdm - T
P 5 - -
g2 3117
B3m 3535
E;nm 0.2 _
1 B S b CHICKE e ) Chck Dsbirss B O gn
{7 S Cusvenc Dimgin o Doqin M1 %
Al Furs Gicw E Show i Ra. ]
f [ B Uk sa Caparerannd image

Once a solution has been chosen, a new image can be created
with the imposed symmetry and can be used as an image to
compare with simulation.
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Focus Determination
Contains the following operations

Find Focus From Image.
Find Focus Preferences...

Finding focus from a HRTEM image is outlined in more detail
in chapter 12

Always Create New Image

Determins whether an operation on an image always should
produce another image instead of modifying the original image.
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This menu determines the appearance of text drawn in the

Text Menu : . : .
MacTempas image window. The following text attributes can be
set:

Font E
Slre [
Style F

3

Align

Use this menu to bring a window to the top of the screen in case
it has been completely covered by another window.

Minimize HM

Windows Menu

Arrange in Fromt

AlM2

AD © Experiment-43Half tif-
o Image Calculataor

Al - untithed
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Input File Format

The structure file created by New... in the File Menu is a file of
type “TEXT’ and can be produced by a text editor. At times it is
desirable to edit the file directly, rather than using MacTempas
to create this file. In fact the user may sometimes want to write a
program to generate the data in the structure file. For that pur-
pose in particular, the format of the structure file <structure-

name>.at is given below:
Line # Parameter(s)
1 Title

2 SpaceGroupNumber

3 abcabg

4 Gmax

5 U 1v 1w

6 NSymops Nslices
(13d)

Meaning
Arbitrary description of this
structure

Just as is says, one of the 230
spacegroups, (1-230).

The lattice parameters and angles

The maximum reciprocal lattice
vector in the multislice calcula-
tion. The potential is evaluated
out to twice this value, units A-1.

The direction of the electron
beam in units of the real space
crystal lattice vectors.

Number of symmetry operators,
number of slices per unit cell,
and a flag indicating 2d (0) or 3d
(1) potential calculation only if
Nslices is different from 1.
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Line # Parameter(s)

7 NBasis Ntypes

8 itsymbxyz
dw occf

Meaning

The number of atoms in the basis,
the number of different types of
atoms. A different type is associ-
ated with a different chemical
symbol or a different Debye-
Waller factor.

The type of atoms (a number
from 1 - NTypes), Chemical sym-
bol, x-,y-,z coordinates in relative
units of the lattice vectors,
Debye-Waller factor and occu-
pancy factor.

9 The same as line 8 for atom number 2.

10 The same as line 8 for atom number 3.

8+NBasis

MicName Cs Del Th The name of the microscope, the

9+NBasis
Voltage

10+NBasis
Lh Lk

spherical aberration (mm), the
spread of defocus (A) and semi-
angle of divergence (mrad).

Accelerating voltage (kVolt).

The center of the Laue circle in
units of the h and k of the trans-
formed reciprocal unit cell. (Real
numbers).
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Line # Parameter(s)

11+NBasis
Thickness

12+NBasis
IPlot

13+NBasis
ih ik il

Defocus
D1.D2.DD

14+NBasis
+NAmp
ApertureRad.

15+NBasis
+NAmp
Ah Ak

16+NBasis
+Namp
Oh Ok

Meaning

The specimen thickness or
T1,T2 DT First thickness, last
thickness, increm. The commas
are required.

Amplitudes to be stored as for
possible plotting, (YES/NO).

The indices of the reflection to be
stored, or if IPlot == NO then :
Objective lens defocus or

First defocus, last defocus, incre-
ment. The commas are required.

Radius of the objective lens
Aperture in units of A-1.

The center of the objective lens
aperture in units of h.k of the
transformed reciprocal unit cell.

The center of the optic axes in the
same units as Ah,Ak.
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Line # Parameter(s)

17+NBasis
+Namp
sl,s2,83

17+NBasis

+Namp

+NSymop
istat

18+NBasis

+Namp

+NSymop
Vibration

Meaning

Symmetry operator number 1. An
example is x+1/3,y+5/6,z+1/3.
The commas are required.

The calculation status of this
structure. For a new structure this
should be 1

Halfwidth of mechanical Vibra-
tion in A.

Note: If different wordprocessing software is used, Microsoft
Word, Write Now etc., make sure that the text file is saved at the

end as type TEXT.
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The Structure

Sample Calculation

As an example of a calculation using MacTempas we consider a
BCSCO super-conductor structure. Using the structure deter-
mined by Tarascon et al (1988), we show the steps necessary to
input the model structure, examine it, compute the diffraction
pattern and simulated images, and display and print them.

As published by Tarascon et al in Phys. Rev. B 37 (1988)
p-9382-9389, the tetragonal structure has the following parame-
ters -

Space group: [4/mmm

Cell parameters: a=b=3.814A, c=30.52A, a=b=g=90

with nine atom positions in the basis:

Atom Wyckoff notation X y z Occupancy
Ca 2a 0 0 0 1

Sr 4e 0 0 0.1097 1

Bi 4e 0 0 03022 0.87

Bi 4e 0 0 0.2681 0.13

Cu  4e 0 0 04456 1

o) 8g 05 O 0.446 1

O0(2) 4e 0 0 0.375 1

O@3) 4e 0 0 0.205 1

0O@4) 4d 05 O 0.25 0.065

Isotropic thermal parameters for all atoms are fixed at 3.6 A2,
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To enter a new structure into MacTempas, we first go to the
FILE menu (Section 3.3), and select New Structure File...
After entering a filename in the New File dialog, MacTempas
will put up a dialog into which the relevant information must be
entered. Note that the program shows a default cubic structure.
We need to change the data to reflect that of our structure.

Entering the
Structure

Filename BCSCO
Specify a filename under which to file the input data. It should
be descriptive enough to be easily remembered when you need
to open it later. Make sure you use no extension.

S 1 i el PR

Cryaiald Fasarreiers Smezurer Feamrmiers

w1 | it ER
afh] | 32T g ibak Mg & (=) o 1 a o 1.0
R:I'II 18140 B2 'd,h.“ ﬁ-l]- ISR !.‘.ﬁl-lt}l."l' el -:. :
Clh] J0ESM  Camma[dep| 9008 firuse k=11 0
Spacegroup § del Tazbni E Thick. ibeg inc gl 200 | D 2
# of doomy in Ravs B ! Shew Taare Amod, ML -~ k| ag
# of Jpmen, i EE 1 Com of LsimCiecls (001 000
#of sivrain Ubell 38 2P By, Toll frovadd & amade” 001 A
#of o Fherssm e 5

Ty of Sasarmion ENE |

Hiresccpe and Leas Faramrarar:
Lingmaksn ] Cems

L e Ly " r'-i-:r:é. - e

Mohage (K9] 200 0 Copremil 0150 Py [

Cormergencs angle frrrad] 0,15 Prias i PEaag Ter Fpdd 3 [ 14:]

Spread of defreun [4] m apy w | Theemiole d oo

Do ite i Weg ool el GA] U | 2L Larw 100 8-}

S e wpari. el A1 LSS e bt i i A

Srvoe i DI eais b i By Argh”

. i - o

Ceal of Oy v AR .00 DLO0 00 DL il L,

Crmi, of the Dot A (940 D00 D0 [ A ke wiih - wda 7]

Cregr-rice ulculatiss sinmun

Wk faf dp-cabCuda1EE | Peapetid Podeniial | Eei Wi rclisR | Iidapa

Hsk = cdculaed Mo rag] Fraermial M Eak Wasstarsiian _imags
Space group # 139

From the structure information, we know that the cell is tetrago-
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nal with a space group [4/mmm. From Table 6.2.1 of the Inter-
national Tables for Crystallography, we find that the space
group number for [4/mmm is 139. Choose the correct space-
group from the popup menu.

a 3.814
Enter the correct value for the lattice parameter a. In this exam-
ple MacTempas knows that b is equal to a for the tetragonal
space group #139, and so enters b automatically once a has
been set. Similarly, MacTempas puts in the correct unit cell
angles, since they are defined by the space group (in this partic-
ular example). Note that cell parameters are input in A, not in
nm.

c 30.52
The value of the C cell parameter is input in A.

Gmax (default=2)
Gmax is the size of the “multislice aperture” and defines how
far out in reciprocal space the diffraction calculation will
extend. The value of G, is automatically set to 2.0 reciprocal
Angstrgm units, so that MacTempas will compute all of the
dynamically-diffracted scattered beams out to this value, by
considering all their interactions with phase-grating coeffi-
cients out to twice G, (a default of 4.0 reciprocal Angstrgm
units). Note that these default values (2 for the multislice and 4
for the phase-grating) are normally large enough to ensure that
all significant contributions to the dynamic scattering are
included; however G, is displayed in the MacTempas menu
so that it can be set to a larger value if greater precision is
required with a structure that includes heavy atoms.

Zone Axis 0,1,0
The correct response is the set of three integers that defines the
direction of the electron beam with respect to the specimen (or
the specimen orientation with respect to the incident electron
beam direction). In this example we choose to enter 0,1,0 in
order to image the specimen down the b-axis.
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Number of slices per unit cell (default=1)
This value will be computed by MacTempas from the repeat
distance of the structure in the beam direction and the current
value of G,,x. This number can be changed if desired (as, of
course, can all the parameters entered in response to the
prompts listed in this chapter).

Show (Basis) 9
Click on the command to bring up the dialog box for entering
the information regarding the number of atoms in the basis. We
enter the nine different atom positions listed for the basis atoms.
For each of the atoms in the basis, MacTempas requires the
chemical symbol, x,y,z coordinates, DW factor and occupancy
factor. From the information given above, we use the following
information for the nine atoms that are given in the structural
basis.

Chemical Symbol Ca
X,Y,Z 0,00
Debye-Waller Factor 3.6
Occupancy 1

The data for the first atom include the chemical symbol for cal-
cium (used by MacTempas to select the correct scattering factor
table), the atom coordinates, the temperature factor (or Debye-
Waller factor), and the occupancy factor.

The second atom position is entered in the same way with
responses of -

Chemical Symbol Sr
X,y,Z 0,0,0.1097
Debye-Waller Factor 3.6
Occupancy 1

The third atom position is similar, except that the occupancy is
set at 0.87 -

Chemical Symbol: Bi
X,y,Z: 0,0,0.3022



MacTempas User Manual

B Factor: 3.6
Occupancy: 0.87

After all nine atom positions have been entered, MacTempas
will need the parameters of the electron microscope for which
to compute the simulation.

Abois b the Mot Basks

¢ Mame k-ceoen.  yogoord, z-coond ch-fact e
1 [ OO0 DDIDMD | GODIDaD 1 Ga0an 100 0oa
2 ir ODODODD | DDIDMOD | GipeTan | amiein | LOCaood)
1 L1} 00, o o 0D e InzAin AAMn 2370 ()
4 i 00, [0 e Do 0 (0D 6:5—3100 EE-T ] LEREfin]
5 [ 00, o (i 0 0O DasEin A0 L e Da2m)
£ o [SIID0 LOIDMD | O44GDaD 1 G0 100 000
7 o DMmE0 | DmO0mMD | | GamoI0  dGmon | LOpaood)
e [ [ 0 aOman o IrmOan 150D 1 A0 0oa
5 0 DEAMIDD | DOODDOD  DISDOD  3AMMD  |40esee

T D, Y { Cancel ¥ 00T

Microscope 4000EX

If the input microscope name is listed in MacTempas’s micro-
scope file, various operating parameters will be set automati-
cally. If the entered name is unknown to MacTempas, values
will need to be given for each of the operating parameters. In
this example, we use 4000EX, and find that MacTempas sets the
spherical aberration coefficient to 1.0mm, the Gaussian half-
width of depth of focus to 80A, and the semi-angle of beam
convergence to 0.5milliradian.

Specimen Thickness 40 20 80
The foil thickness response may be in one of two forms, either a
single value in Angstrgz)m units, or a construction combining a
starting and ending thickness with an incremental value. The
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construct that we have entered requests MacTempas to store dif-
fraction results for thicknesses starting at 40A and continuing
through 80A in steps of 20A. That is, at specimen thicknesses
of 40A, 60A and 80A.

Store Ampl./Phases No
As well as storing all the beam amplitudes at specified speci-
men thicknesses, MacTempas can store a selected few beam
amplitudes at each single-slice increment in thickness, then plot
amplitude (or intensity) and phase as a function of thickness for
any of the stored beams. To store beams for plotting, click on
the command to enter the indices for the reflections that will be
stored. In this starting example we will not be entering any
information here.

Voltage (400)
The voltage would need to be entered if an unknown micro-
scope type were selected. Since we have selected a 4000ex,
MacTempas will choose a value of 400keV .

Center of the Laue Circle 0,0
The pair of values specified as the Laue circle center are used by
MacTempas to define the direction and amount by which the
specimen is tilted from the exact zone-axis orientation specified
above, and, in fact, specify the center of the Laue circle in units
of the h and k coordinates in the diffraction plane. Note that the
values supplied need not be integers, but should not define a tilt
of more than a few degrees. The default values of 0,0 specify
exact zone-axis orientation.

Objective Lens Defocus -200 -200-800

So far, we have supplied all the information MacTempas
requires to carry out the dynamical diffraction part of the simu-
lation; now we input the imaging conditions. The first imaging-
condition prompt is for the objective lens defocus. We choose to
enter four values of defocus by specifying defocus values from -
200A to -800A in steps of -200A. Note that a negative value
denotes an objective lens weakened from the Gaussian condi-
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Verifying the
Input

Running the Cal-
culation

tion; that is, underfocus is negative.

Aperture Radius 0.67
The value for the radius of the objective aperture should corre-
spond to the radius in reciprocal Angstrgm units, as measured
from a diffraction pattern exposed with the aperture superim-
posed. We will enter 0.67 to represent a typical value.

Center of the Objective Aperture 00

In order to simulate dark-field images, MacTempas provides for
an objective aperture displaced from the center of the diffrac-
tion pattern. As for the Laue circle center, the aperture center is
defined in units of h and k. We leave the default values of 0,0.

Center of the Optic Axis 00
To provide for microscope misalignment, or for conditions of
tilted-beam imaging, the coordinates of the diffraction pattern at
which the optic axis lies can be specified in the same manner as
the center of the aperture. Again, we use default values of 0,0.

To display the input information click on the "Main Parameters"
in the Parameters menu. At this stage any desired changes can
be made by just modifying the input field.

When all the data in the top field are satisfactory, we go to
"Atomic Basis" in the parameters menu to check that all atom
parameters have been entered correctly. At this stage it is also
worthwhile getting MacTempas to display a model of the struc-
ture by.going to the Commands menu and clicking on "Draw
the Unit Cell".

When we are satisfied that all data are correct, we run the simu-
lation by .clicking on "Full Calculation" in the calculate menu.
Note that MacTempas displays the current status of the calcula-
tion in the Status Window. First, MacTempas computes the
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Displaying the
Results
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phase-grating for the structure (the status window shows the
number of coefficients generated so far), then the dynamical
diffraction for each slice of the specimen (current slice number
is shown in the Status Window), then four images are computed
at each of the three specimen thicknesses that we specified (the
image number is shown in the window).

Once MacTempas has finished the computation, the results (dif-
fraction patterns, images and diffractograms) can be displayed.
(Also beam amplitude and phase plots if any of these has been
stored).

To display the images, we.go to the Display Window and select
"IMAGE", then "DISPLAY". MacTempas will ask which of
the 12 images is to be displayed, then display the requested
image in the center of the screen. The image can be moved
around with the pointer tool

To get all 12 images onto the display screen simultaneously,
select the options menu and the "Montage" option. Back in the
source window, set "ZOOM" to 0.5 (to reduce the image mag-
nification in order to fit all 12 images on the screen), then "DIS-
PLAY".

Now go back to the montage option and deselect "Montage".

To display the projected potential for comparison with images,
select "PROJ.POT" in the source window, then "DISPLAY".

To display the diffraction patterns at the stored specimen thick-
nesses, select "DIFFR.PATT" in the source window, then "DIS-
PLAY". To change the size of the patterns, choose "Diffr. Patt".
from the Options Menu and choose a different camera length.
The size of the diffraction spots also depend on the divergence
angle set in the main parameters. It may be necessary to adjust
both the camera length and the divergence angle to get a suit-
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able display of the diffraction pattern.

To display the power spectrum of one of the images, we choose
"IMAGE" from the source window. Respond by answering
which image and then choose "FFT" from the operand window.
Finally click on "DISPLAY" to view the power spectrum. The
options for the power spectrum are the same as those for display
of diffraction patterns. The circle drawn in diffraction patterns
and power spectra corresponds to the objective aperture and can
be turned off from the diffraction option.
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Chapter

Wavefunction
Approximations

Ideal Scherzer
Lens

The Weak Phase
Object Approxima-
tion

The Weak Phase Object (WPO) approximation is a useful tool
to find out what kind of information about a specific structure
may be revealed at different levels of resolution.

The WPO approximation has already been described earlier,
and some of that information is repeated here.There are two
important assumptions that are made in the WPO approxima-
tion.

The wavefunction of the electron can be written as

Y(x,y) = 1 —iotd(x,y)

where W(x,y) is the electron wavefunction at a point (x,y) and
d(x,y) is the projected electrostatic potential at the same point.
Sigma is the interaction parameter between the electron and the
potential of the atoms and t is the specimen thickness. This first
approximation is good for very thin specimens containing light
atoms.

An ideal Scherzer lens is a lens that transfers all diffracted
beams with a g-vector that is less or equal to 1/resolution, and
blocks all diffracted beams with a larger g-vector. In addition it
adds a phaseshift of 90 degrees (relative to the central beam) to
all beams passing through the lens. This in addition to the 90
degree phaseshift introduced by the scattering event itself (the
‘i’ in the equation for W(X, y) above) causes all scattered
beams that pass through the lens to be 180 degrees out of phase
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with the central beam.

Under the two assumptions above, the image intensity in the
WPO approximation can be written as

lp(xa Y) =1 —i()'t(I)(X, Y)

such that the image intensity is low in areas of high electrostatic
potential, the location of atoms. Atoms of higher atomic num-
ber show up as larger and darker regions in the image. This
type of image will often be similar in appearance to images cal-
culated by a full multislice calculation for equivalent resolution
for a thin specimen for Scherzer defocus.

The WPO approximation is invoked from the menu bar in the
same fashion as the multislice calculation. The input to the
WPO calculation is a starting resolution in A and an ending
resolution. The steps in resolution can be fixed (user deter-
mined) or automatic. When automatic steps are chosen, the
program will calculate the first image corresponding to the
reflections that lie within 1/BeginningResolution and each new
image will be calculated for the next set of reflections corre-
sponding to a higher resolution until the end resolution is

reached.
¥ Wiak Fhase Ciyect Calcubnion
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Creating a Layered
Structure

A layered Structure is a special type of “structure” where the
composition varies in the direction of the electron beam. An
example of this would be a crystalline material having surface
layers of amorphous material. Another example would be a
crystalline structure where the repeat distance in the electron
beam direction is too large for the repeat to be used as the slice-
thickness and the unit cell must be sub-divided into several

Lawd,

LawE

I Points
Lawz

—

A[E] W Foints
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slices with different atomic content. As an example we will
work with three layers which we will call LayA,

LayB and LayC. Each of these “layers” are what we would call
a “single” structure. That means they are defined as a unit cell
with lattice parameters and atomic content. The one thing they
have in common is that the lattice parameters A and B with
respect to the electron beam are the same and that we will use
identical sampling in each case, see figure above.

The idea of the layered structure is that the 3 layers can be
arranged in any chosen sequence to make up the total structure.
The steps in creating and calculating the image for a “layered”
structure are as follows.

1) Define the 3 layers LayA, LayB and LayC as single
structures with the same unit cell dimensions perpendicular to

the electron beam (A and B).

2) Calculate the phasegrating for each structure LayA,
LayB and LayC using the same value for Gmax.

3) Now create a “New” Structure in MacTempas using the
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option “Layered Structure”. You will be asked to fill out infor-

Simulation Parameters

Crystal Parameters Specimen Parameters

A[A] .4.0000 Alpha [deg.] 90.00 Zone-axis [uvw] 0 0 1
BIA]  4.0000 Beta [deg.] R Total defined thickness [A] 0
C[A] NotApplic. Gamma [deg.] 90.00 Gmax [A-1] >00
Stacking of phasegratings Thick. (beg,inc,end) 100 1] 100

Store Ampl./Phases  ser ) [Mo
# of phase gratings Stacking sequence .
0 Cent. of Laue Circle h 000 || 0.00

* " Foee 1 P

I'_r Define PGratings L] ._’ Define Stacking T' Egdibimradl &and'e &:00 0:0

Microscope and Lens Parameters

Microscope Name 2000EX Astigmatism [A] / Coma

Angle ['5’]
Voltage [kV] 400 Cs [mm] 1.00 Mag. w/horiz.
Convergence angle [mrad] [055 | Phase Plate Two fold 0 0o
Spread of defocus [A] an 000 | w Threefold 0 0.0
Defocus (beg,inc,end) [A] -&00 il -&00 Coma ] 0.0
Obj. apert. rad. [A-1]: Inner 000 Outer 070 Mechanical Vibration [A]
r\in;:num lnte:ﬂ:vbw be mclude: in th: !.erlsl\:q 10 ‘“‘A— Isoo Sigma of (a,6) oo doon |

rong central beam L

C_em, of gbj, Lens Aprt. W 0.00 ;gg ;E - Aglenitioeads [ e
Cent. of the Optic Axis ‘oo0 [ooo | [ooo (oo

Owver-ride calculation status

Mark for re-calculation 1 Exit Wavefunction Image

Mark as calculated ] Exit Wavefunction

Image

( Cancel )

mation regarding the lattice parameters A and B etc. There are
no input for atoms, because a layered structure has no atom
information per se. Even though you are asked to fill out a
specimen thickness, this value has no meaning at this time,
because the content of the structure has not been defined. The

values of A and B come from the structures LayA, LayB and
Pl a0 v 4

Dl Praus g v

taa_. | | Duwix Sharw....

Cancel | lﬂl: =)
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LayC. When you create the layered structure, a default value of
2 A+ is supplied and you must change it in the main parameters
if a different value was used in calculating the phase-gratings
for LayA, LayB and LayC.

4) Once the information in 3) has been filled out, the file is
created and you must define the “structural” or “phasegrating”
content of the layered structure. This is done by going to the
Command Menu and executing the command “Stack Phaseg-
ratings”. If this is a new file, there will be no phasegratings
listed and the command “New”” must be used to define the lay-
ers. By invoking “New”, you get a list of the available phaseg-

perm
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A Lar MK
s Ermigd 177]%,120
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§ bws 1 ETTT
e H
S el |~
Niwan Frodciar Carral | FosDpmas)

rating files (— .pout). Double Click on LayA .pout and fill in
the value for the slice-thickness that was used in the calculation
of LayA.pout. Continue and do the same for LayB and LayC.

Phasegrating Inta

Mame of thes layar  Thickness {A)
inp 2, 0000

I Cancel | ook )

Now the program has information as to which phase-gratings it
can use and the final part is to define the sequence of these pha-
segratings up to the desired thickness. Use “Stack” and the
sequence can be defined in different ways. One way is to type
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in the sequence as

1,1,1,1,1,122222233333,1,1,1 where 1 stands for LayA,
2 for LayB and 3 for LayC. One can also use the commands to
define the sequence. At all times the specimen is drawn as a
colored bar at the left. Once this is done, you have defined the
structure.

Defined Phasegratings

& Mame Ar # Mame Az ¥ Mame Fit3 ¥ Mame Fit¥3
WL ino ER
B2 Copper 304
W3 Au .04
Lpeomen
TR R e ':'Eﬂ'l:l"si'l_
TR P AR et —
Ingesy
Repai
Redag
7.0
E—“:}

5)Now check the Main Parameters to see that everything is cor-
rect and finally run the calculation. The calculation will begin
with multislice.
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Chapter  T'he Geometric

11 Phase

Background

The Geometric phase routines attempt to determine displace-
ment and strain relative to a reference lattice by analyzing the
the variations around specific reciprocal lattice frequencies.
Many of the routines will be illustrated using an example of a
HRTEM image of a stair rod calculation.

Invoke the “Geometric Phase Analysis” from the menu with the
image to be analyzed as the front window.

.l--oap;..-‘;q‘........,..-"_ﬂl*ln-.i--d‘-ntlbt T TR
A AL AL AN SESARELAAN AP sssditadasrdonidinin
"O“*#-l..—-.-iﬂ-ﬁ.qlg.lq.qqff“""“%""".‘hlihlti.-1
T L L L O ™ i s ol o i st
-.1‘3.‘-1..‘:.L‘.a.-‘t"'""‘."‘.“..'"H*Q-#
RS B hed B A SRR gA YRRV P AR AT EAR S AR
e RS adAra st bdabdanl SRl viidistbotbabspdrsbonn
Aegbastdinssniatisgdapa gae S AFARSrEd ey WAy e
-qt-t.-q.vmto-#eanl-oio-tqol"'.'"_"‘*OO-G'*--O'-nf--
I T I sttt e i e Al
u--.“.i...ynnn-o-cn-....;"--4 T L Tl
cawtdhadaraavesda .g.‘;‘.gaxi"'kﬂil“ll.-oa.tq....
.*".*“_‘“.p“.“-‘..t‘."~‘*."‘.‘.ﬁ.-.“..n...l - .
Mlt-t.ﬁahntuiioalnbnﬁioii,—""'ﬂ"‘i.**‘-lnonmt
oAb APARMBREAABA IRt e b At s dap P St AvARTA QAL nRadaE
[ L N R L e R N ‘J‘ PR LB AR A A
L L L T L o L i it s i S L
-b.ht“‘.tb.lni.ldnit;tgu.._f...l-o- R e L
D o L e b e e b L s st it
R L T e it it M
4-04-1.-«-&..4-4--41.-«uq-n-q.n-as.;‘-l"-tt--bt-ao.-g.
.-‘.."....r-“‘-&.&l&sllQQ"‘."““'.b.“l.“
- .nb.a.q.g.t.qfluut&sn..-tm-n,ﬂ"-Oé-O*ﬂ-*‘ila.la.l
hddr el tbsA At b Sl s had e bl AP ARE RS e
et bbbsrio nbsblddatitdsar JT P rdasdennsnnna
B A il IR N R Y
el e e BN Gl TR RPN BB R AT FRAT e EAS e
.“'“..—d‘.l‘.“IQ...I."“'lI.‘.’“*..‘.il.--l#
e NAARS At sabt ek bt bddn s Aansr rnnn FRELSLAARATIES s
-‘_“W-Ma-.o“’--.4-44i-4-a.¢--u4-h s Bhrnnanus o bhbes

i e P e g B B P B ke WRERE LG A A wa
B O R N T L o N o i ol b
B N e T T e R L e S S
N e L T L L T e T LS L R LT L Py
‘.“h‘.“ﬂ-C‘th.‘:.‘hl“‘.‘I...“i“-ﬁ-}.ilw.‘ -
L L L L L T e R R L it b
R T L T T N o O o it
N Y L s TR TR T R N R Rt kb i e e R

e Y T T T T T T T e e e e b T o
R L A e R R R i LR

B N Y N T T R T e L R
e L L L T T N S L
e e T e e AL L LR ]

A A - B N N R L R Y]
r-.ﬂltbb“nﬂ-m ShGELBAgdrgebhad b A AP Rda b u

i

Ch. 11 The Geometric Phase - p.163



MacTempas User Manual

= oy .
Gi O Gy O
- ol .
L oo
Note:
1) The image must be square and the dimensions must be pow-
ers of 2.

Alternatively, a selection satisfying the criteria above must exist

Leomairic Phase Amakisis
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for the image to be analyzed.

2) By default the program automatically computes the Fourier
transform of the image and sets it as the “Current Displayed
Image”. The original image can be shown by selecting it from
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Create Phase Image

the pull down menu “Current Displayed Image”.

This routine calculates the geometric phase and other images
associated with the chosen reflection.

The calculation performed is the inverse Fourier transform of
the masked Fourier transform of the original image. The mask
in question is a mask of the type defined below and centered on
the reciprocal spatial frequency g.

F_I(Masked F(Image))= A(r)exp{2mig-r +dg(r) r]}

A(r)exp{2m[g-r +g-ou(r)]}
giving rise to an
amplitude image A(r)
and a
phase image P(r) = -2ng.du(r)
The term 2mg.r has been subtracted from the phase, which is
equivalent to moving the origin to the position of the reflection
g.
du(r) is the displacement field with respect to the lattice planes
defined by the frequency g.
For calculating the local value of everywhere, this is done as:
g(r)=-d/orP(r)+g

Usage:

1) A G-vector must have been chosen using either the G1 or G2
tool for the Calculate Phase Image button to be activate. By
clicking on a reflection a circle will be drawn around the chosen
reflection, The size of the mask will be determined by the radius
of the drawn circle which can be changed by its handles or by
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typing in the desired radius and clicking the “set” button.

N Y Groamsant Phasis drabpls

2) Invoke the menu command Calculate Phase Image...
3) A dialog will give you the options available or creating the
phase image.
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Options:
Mask
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The following choices to the type of mask can be made
-A sharp circular mask,
M=1,r<=R,M=0,r>R

-A soft circular mask, using a Gaussian edge
with a halfwidth of 1/5 of the radius
M=1,r<0.8R;

M = exp{- (r-0.8R)*/sigma’}

for r >=0.8R, sigma = 0.2R

-A Gaussian mask, exp(—rz/ sigmaz)

Output

Keep the geometric phase image(default). Normally this is what
you want.

Calculate and display the local g-vector.

This calculates two images containing the X and y components
of g(r) at each point in the image.

Keep and display the amplitude image.

Keep and display the masked FT from which the amplitude and
phase images are calculated.

The resulting phase image is calculated by subtracting out the
term

Py = 2ngy-r

where g, is given by the value returned from finding the posi-
tion for the peak intensity in the power spectrum.
The resulting images are by default named Phase Image &
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Note:

1) After the phase image is calculated the next operation is to
refine the local g vector. This is performed by selecting an area
in the phase image over which the lattice spacing are considered
constant and invoking the menu-command Find local average g-
vector. This implies that the spacings found this way becomes a
reference to which subsequent calculations are related.

2) Before calculating displacements and strain, two non-colin-
ear frequencies g; g, must be defined.

3) After refining g, the next step would be to set g, using the

G2 tool in the same fashion as the previous step, refining the
local vector for the same area as when refining g,.
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Refine local g-vector

Background:

In order to calculate displacements or strain one needs a refer-
ence lattice. The vector g that is found when creating the phase
image in the previous command is the one with the highest
amplitude and is not necessarily the one that one would like to
choose for the reference lattice. In order to further refine the
vector g one chooses an area with the selection tool that is the
area that is to become the reference area from which to calcu-
late an average lattice-spacing. In order to define a reference lat-
tice one needs two vectors g; and g, which both will need to be
refined with respect to the same area.

Usage:

Mark an area with the selection tool where you want to find the
average g-vector.

Run the command “Find local average g-vector”. The command
will determine if there is a residual ramp 2mwdg.r within the
selected area that should be subtracted out. The correction dg is
added to the vector g that was found during “Calculate phase
image...”. The routine can be used iteratively to refine the vector
g, by using successively larger selections if the first selection
needs to be small because of phase-jumps.
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The images below show the original phase image with a selec-

A2 : Phase image 1
- ="

L1

tion marking the area which will be used to find the average
local g-vector. To the right, is displayed the result of the opera-
tion.

Note:
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Create Moiré

As mentioned above, two vectors g; and g, are used for defin-
ing a reference lattice. Thus normally this command is used for
each vector g from which a phase image is calculated before the
phase image is referred to as phase image #1,2.

Add Phase

Add Phase

This routine adds a constant phase to the image “Phase Image”.
Under normal operation this command is not used. It can be
used to remove discontinuities associated with wrap around
effects as the phase crosses 2m

Usage:

Use this routine to create a Moiré image calculated from the
image “Phase Image” It is equivalent to moving the origin for
the reciprocal space inverse FFT to the point Igl/M along the
line from the origin to the spatial frequency g. Mathematically,
the Moiré image becomes

P(r) = 2ng.r/M -2ng.ou(r) where M is the magnification chosen
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in the dialog box.

Emter Moiré Magnification
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M -> « gives the geometric phase image calculated in the “Cal-
culate phase image(s)” command.

Calculate Displacements

Executing this command produces two images ux and uy which
are the local x,y displacements with respect to the lattice
defined by g; & g,.

The command requires that the two images “Phase Image 1”
and “Phase Image 2” exist together with the associated values

Ch. 11 The Geometric Phase - p.172



MacTempas User Manual

for g, and g,.

A% Phase Image 1

A% ; Phase Image 2
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Invoking the command brings up the following dialog box.
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producing the following output as the result of the operation.
‘ana A -

Prerequisite:

Both g; and g, including the associated images ‘“Phase Image
1” & “Phase Image 2 must exist prior to executing this com-
mand.

Note:
MacTempas currently has no capability of displaying the dis-
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placements as a vector plot. The following section demonstrates
how the program Spyglass Transform may be used to display
the data for the displacements.

The user is free to represent the displacements in any form he/
she chooses.

The first step is to export/save the displacements as binary files.
Then open the files from within Spyglass Transform and fill in
the required data so that the program knows how to interpret the

file.
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Below is shown a vector plot using the x-displacements as the
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length of the x-component of the vector and the y-displacement
as the y-component of the vector.
The data can also be shown as a surface plot depicting the mag-
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nitude of the displacement.
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Alternatively the magnitude of the displacement can be shown
as a contour map as illustrated below.
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Calculate Strain

This command calculates the strain with respect to the reference
lattice defined by g; & g,.

Prerequisite:
The two phase images “Phase Image 1” and “Phase Image 2”
must have been calculated.

Calculate and show the following images

" | Deformation Matrix D, (a'.b") = Di{a,b)
@wmmetric Strain Matrix E (exx,exy,eyy)
" | Rotation angle B (R = cosh,sink,-sink,cosh)

| Principal strain components el,e2

f'\'Eancel:} ( OK }

Results:

Depending on the requested output, the result will be one or
more of the following

a) the Deformation Matrix

b) the Symmetric Strain Matrix

c) the Rotation Angle

d) the Principal Strain Components

The images on the next page illustrate the output produced by
choosing to calculate and display the principal strain compo-
nents e; and e,. Four images are produced, the x and y compo-
nents of e; and the x and y components of e,.
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Procedure:
The program first calculates the deformation matrix

D - €rx €y

€yx Cyy
which relates the positions of a point r' (x',y') to its unstrained
location r (x,y) through the relationship

r'=(1+D)r = Sr

The matrix S is then decomposed into a symmetric matrix S'
and a rotation matrix W
3 l+e, ¢ vy

1 !
€'\ 1+eyy

W = cosd sind
—sind cosd

with
cosd = 1

. 1
sind = d = E(exy —eyx)

Thus we have the symmetric strain matrix

which is calculated and the three components are shown as
images.

The strain can also be represented as two principal strain com-
ponents along the principal strain directions. The two compo-
nents are represented as the two vectors e, and e,. These are
also calculated and the images e.¢y and 5, and e, are dis-
played. These are the x,y components of the two principal strain
vectors respectively.
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Contour map of the magnitude of one of the principal strain

row

components.
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Pseudo colored image of the magnitude of a principal strain

row

component.

Calculate Local Lattice

This command is used to calculate the local lattice parameters a
and b at different points in the image. It uses the local values for
g, and g, at each point together with the Miller indices of the

two reflections to refer to a lattice given by the vectors a and b.
Not that the y-coordinate can either refer to picture coordinates
(0,0 top left) or a normal coordinate system (x,y) depending on
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what is set under Preferences.

Calculate local lattice parameters

This calculates the lattice parameters a and b
[y coordinaves) at every position in the
image. The vectors a and b are given by the
miller indices of g1 and g2

Miller indices of the reciprocal vectors
heol1 h: 0

gl: S e M-
k|0 s

Prerequisite:

Both vectors g; and g, together with the respective phase
images Phase Image 1 and Phase Image 2 must have been set.

Example

The images shown on the next page illustrate the use of the rou-
tine on a HRTEM image of a quantum well in In(Ga)N. Left
image is the HRTEM image and the right image shows the
power spectrum and one of the reflections used for calculating
the lattice. The third image at the bottom is a surface plot of the
a-lattice parameter as a function of position in the image.
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Unwrap Phase (x,y)

Unwrap Phase (y,x)

The command “Unwrap Phase(x,y)” will try to unwrap the
phase in the image “Phase Image”.

The user is prompted for a starting position which is assigned
the phase at that point. The routine then moves first along each
row, trying to preserve continuity in the phase value. Instead of
making a jump from -9 to -7+, the phase will take on the
value t+0 and continue to increase or decrease when crossing
phase jumps.

This command first does the rows and then the columns of the
image.

The command “Unwrap Phase(y,x)” will try to unwrap the
phase in the image “Phase Image”.

The user is prompted for a starting position which is assigned
the phase at that point. The routine then moves first along each
column, trying to preserve continuity in the phase value. Instead
of making a jump from m-9 to -7+, the phase will take on the
value 7t+0 and continue to increase or decrease when crossing
phase jumps.

This command first does the columns and then the rows of the
image.
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Background

where

Finding Focus from a
HRTEM Image

The amount of defocus in a HRTEM image can be determined
from its power spectrum if sufficient amount of amorphous
material is present. Under these conditions it assumed that the
weak phase object approximation can be applied to describe the
features in the power spectrum that derives from the effect of
the objective lens on the scattered electrons passing through a
thin amorphous material. Under the weak phase object approxi-
mation, the power spectrum for a HRTEM image is propor-
tional to:

sin®y (u,Cs .\, f, ,Af 00)

5 =reciprocal lattice vector
Cs = spherical aberration coefficient
A\ =electron wavelength
fo = objective lens defocus
Af = spread of focus
o = convergence angle
In the absence of any astigmatism and ignoring the effect of the

spread of focus (temporal incoherence) and convergence (spa-
tial incoherence), the intensity in the power spectrum is approx-
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imately proportional to

sin”y (u.C.. M. f,)

where

y = %(qﬁu‘* —2Mu?)

This shows that there will be maxima in the power spectrum
whenever

- %(qﬁu“ —OMu?) = n%
for n=odd integer

Thus if the spherical aberration is known, the focus can be
determined by finding the locations of the maxima in the power
spectrum, assigning indices (n) to the various maxima (rings)
and solving for focus (fj).

With several rings in the power spectrum, the value for focus
obtained from each ring will vary and the focus is expressed as
the average value together with a standard deviation.

Before you do anything with these routines, you will need to
specify the microscope parameters that are used in the calcula-
tion of the focus from the HRTEM image. The parameters that
you will need to set are “Microscope Voltage” and “Objective
Lens Spherical Aberration Constant™.

In addition, there are a number of parameters used by the pro-
gram in its search for rings in the image power spectrum and the
assignment of ring indices. It is recommended that you first
accept the default parameters until a better understanding of the
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influence of the parameters is gained by use of the program.

Find Focus Search Perameters

MELrOSCOpE Parameners

Accelerating Voltage [kv] 32X, 0

Sphencal Aberraricn Cogfficient [mm] LGS

Spread of Defocus tehramatic aberr.s [A] 30

Peak Finding Crrera

Minirmurn distance berwean peaks [A-1] |0.040

™ Use center of mass refinement
Center of mass radius [&=1] 0020

_ | Report data on all peaks found and excluded

Elecoron beam convergence angle [mrad] 015

Image Scabe if uncalibrated |A/ pixel] oL2n

Defocws Determination Criterin

W always exnclude inner peak iringk

When possible use maximum 3 peaks {rings)

Far assisting Im the assigrimen af riry indicies,
indicate the range of pxpocted defoous [4]:

Smallest defocuys —-B00 | Largecst defofus | -2000

[ Cancel | oK }

Microscope Parameters

Voltage

This is the accelerating voltage of the microscope in kV. It is
used in determining the contrast transfer function for the micro-

scope.

Spherical Aberration

This is the spherical aberration coefficient of the objective lens
in mm. It is used in determining the contrast transfer function
for the microscope.

Spread of Defocus

This is the effective spread of defocus which is a due to of the
chromatic aberration of the objective lens in conjunction with
fluctuations in accelerating voltage, lens current and the energy
of the electrons emerging from the filament. It is given in A and
is used in determining the contrast transfer function for the
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microscope.

Convergence Angle

This is the half angle for the cone of incoming electrons onto
the specimen in mradians. It is used in determining the contrast
transfer function for the microscope.

Peak Finding Criteria

When search for ring maxima in the power spectrum, the pro-
gram uses adjustable parameters in order to exclude spurious
peaks and to determine the “exact” position of a ring.

Minimum distance between peaks
If two peaks are closer than the specified distance in Al the
smaller of the two are discarded.

Use center of mass (Intensity) within given distance.

If the option is to use center of mass, the peak position will be
refined by using the intensities within the given distance in Al
to obtain a new position for the peak.

Report all peaks found
If this option is set, the program outputs data on all the peaks
that it finds.

Focus Determination Criteria

In assigning the ring indices, the first maxima will be assigned
the index 1 provided that the first ring gives a focus that lies
within the range of acceptable focus values. If it doesn’t, the
program will move to the next maximum in the power spec-
trum. Following rings are given indices 3,5,7, etc.. Generally
the first ring has a large uncertainty associated with the location
of its maximum and the program will not use the focus value
obtained from the first ring if that option is set (default).

Exclude the first ring

This makes the program not include the focus calculated from
the first ring when it finds the average focus value.
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Find Focus from Image

LEUTHELNIL Flid>e AlldlYy31s...

Cryst. Image Processing...
Exit Wave Reconstruction [ 2
Shiske Filter Restoration...

v Always Create New Image

Focus Determination

Use maximum # rings

The program might find many maxima which increasing uncer-
tainty with respect to whether they should be included in the
focus determination. The program will not use any more than
the number specified.

Focus Range

The program will use this range to help the algorithm determine
if certain peaks are spurious and should not be used in assigning
ring indices.

Find Focus From Image...
Find Focus Preferences...

This will attempt to find the focus value from a single HRTEM
image. The accuracy to which the focus can be determined
depends on many factors; the resolution of the image, the size
of the Fourier transformed region (the resolution in reciprocal
space), the number of rings in the power spectrum (the value of
the focus) and the amount of amorphous material present in the
image.
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Procedure:
You will first need to calibrate the image you are working on.

Tools

AlG N
P A |8 [
O %

Lo |
1
Lod

[
[aTT]
[=lals]
[=]=]o]

Use the line Ruler tool to create a line of known dimension in
the HRTEM image.
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and calibrate the line.
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Cabbratd Mgl

| Transterm
Statistics ] -,
e s
| g WTwErSE WS, EIET he 178l
Exrract From Con O S 0 O = | A Tl [N i i
| - et
Calihrsted segth 11748 =} Enguinem
Irsmres lmegih CL0EETE 1/ Ang=irar
- E D DT
Cabhryion fandEfpicel| 0153358 _ 1/ asnomakar

i Carcel- | D

The calibration should be in A or nm for the routine to work.

Once this is done, select an area that is square with dimensions
being powers of 2 (hold down the Option key when you select
the area) that contains some amorphous region. In this example,
the area is a 512 square region of a 1024 image. If no selection
is set, the routine will use the entire image. In this particular
example, choosing a 256 square region would give insufficient
sampling in reciprocal space to give good results.
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Before you execute the command “Find Focus from Image”,
make sure that there is only one selection set in the image.

Executing the command brings up the following result window.
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8o Focus Control for ™ !
Dafcas = -10204, g
i ca ok =) o Seep Defocus [A]
2 §{-102d |
: : Cs ]
\ ( | e.01 Eoss |
| II [ 3 p S g Dty [mrad]
H ] \ — 0.0 (Eio1s [
. [ Del 14
| -& |50 Ei=zeo [H
¥ : [ Hr , .-"rl :: wislrage (kv
# . b 5 o NIV (ECCI -
T L] L] ] ] I_F.-_\. I- e
0o .1 0z 0 0.4 0.3 05 o7
Semtbering wecior [ 18] : 5
A Make CTF follow ring markers i Print - {?IHIHTE}

The program attempts to calculate the power-spectrum associ-
ated with the amorphous content as a function of the radius
(reciprocal distance). This is calculated by producing the
median value for the magnitude of the power spectrum for each
radius. The median is plotted in blue-green and corresponds to
the experimental data. The peaks in the one dimensional data
set are found and assigned ring indices. The focus is calculated
from each ring and the mean value for focus (defocus) is used to
calculate the hypothetical Contrast Transfer Function CTF
which is plotted as

.2 1
sin” % (u,Cs,\, fy ,Af o)
based on the values that are listed.
The maxima for the CTF are shown by their vertical markers
which can be dragged by the mouse. Click on a marker, hold

down the mouse and the location of the maximum can be
changed. All the maxima changes and the corresponding value
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for focus is shown. As an inset, the experimental power-spec-
trum is shown with a region showing the average data that the
program uses for finding the rings. Superimposed on the experi-
mental data are the rings corresponding to the current value for
the focus. By moving the markers, the rings change position and
the user can manually try to obtain the best fit for the value of
focus.
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HOLZ Interactions
& Sub-slicing

With suitable algorithms, it is possible to include in the diffrac-
tion calculation the effects of out-of-zone scatterings, or non-
zero (or higher-order) Laue zone (HOLZ) interactions. Basi-
cally, there are four ways to produce the set of phasegratings (or
projected potentials) that describe the “multisliced” crystal. For
structures with short repeat distances in the beam direction, the
simplest method is to use one slice per unit cell. For structures
with large repeats in the beam direction, several methods may
be used, three of which rely on sub-dividing the slice into “sub-
slices”. Any of the four methods can be used in MacTempas.

Identical slices with only one sub-slice per unit cell repeat
distance

A multislice computation in which every slice is identical con-
tains no information about the variation in structure along the
incident beam direction, and includes scattering interactions
with only the zero-order Laue zone (ZOLZ) layers. For struc-
tures with short repeat distances in the beam direction such a
computation is adequate, since the Ewald sphere will not
approach the (relatively distant) high-order zones.

Identical sub-slices with n sub-slices per unit cell repeat dis-
tance
For structures with large repeats in the beam direction, a

method of sub-dividing the slice is required in order to compute
the electron scattering with sufficient accuracy. The simplest,
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but most approximate method, is to compute the projected
potential for the full repeat period then use 1/n of the projected
potential to form a phase-grating function that can be applied n
times to complete the slice. This method avoids interaction
with any “pseudo-upper-layer-line” (Goodman and Moodie,
1974), but ignores real HOLZ layers.

Sub-slices based on atom positions

An improvement on sub-dividing the projected potential is to
sub-divide the unit cell atom positions. In this procedure the list
of atom positions within the unit cell is divided into n groups
depending upon the atom position in the incident beam direc-
tion. From these sub-sliced groups, different projected poten-
tials are produced to form n different phase-gratings, which are
applied successively to produce the scattering from the full
slice.

Sub-slices based on the three-dimensional potential

A further improvement on sub-dividing the atom positions, is to
sub-divide the three-dimensional potential of the full slice,
since an atom with a position within one sub-slice can have a
potential field that extends into the next sub-slice. Rather than
compute a full three-dimensional potential and then integrate
over appropriate sub-slices (a 128x128x128 potential would
require over two million samples to be stored), it is possible to
derive an analytical expression for the potential within the sub-
slice z( + dz projected onto the plane at 7, (Self et al., 1983). It
is possible to apply this method routinely to structures with
large repeats in the beam direction, thus generating several dif-
ferent phase-gratings for successive application, and even to
structures (perhaps with defects) that are aperiodic in the beam
direction and require a large number of individual non-repeat-
ing phase-gratings (Kilaas et al., 1987).
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MacTempas sub-slicing

While ensuring that the calculation remains sufficiently accu-
rate, MacTempas will normally choose the simplest (and quick-
est) method of specifying how slices are defined for any
particular combination of specimen, zone axis, accelerating
voltage, and maximum g. To this end, the user can choose to
neglect HOLZ interactions if these are judged to be unimpor-
tant. If HOLZ interactions are important, then the user should
select the “3D-Potential Calculation” radiobutton in the Options
menu, rather than “2D-Potential Calculation™.

30 caloulston i= limifed and depends on
available BAM. Sub-slicing & using a
leyersd structare |15 generally essier.

Cadid ariory Sptians

¥ 20 Penenrial caleulatien
30 Petential Calculation

Cancel f )8 TI

When a two-dimensional calculation is selected, MacTempas
will use one slice per cell if the cell repeat distance in the beam
direction is small. If the repeat distance is too large for one
slice per unit cell, MacTempas will avoid pseudo-upper-layer-
lines by producing n identical sub-slices.

When a three-dimensional calculation is selected, (3D-Potential
Calculation activated), MacTempas uses a sub-divided three-
dimensional potential when the repeat distance is large, and
defaults to one slice per cell if the distance is small enough.
Note that the number of sub-slices per unit cell can be forced to
be greater than one by setting it explicitly in the Parameter
menu; this will ensure that any HOLZ interactions are included
even for small repeat distances. Of course, if the repeat distance
is very small, leading to a distant HOLZ in reciprocal space,
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both the calculation and the experiment it is modeling will
interact only very weakly with the HOLZ reflections.

Use of the Layered Structure option to produce the scattering
from a structure that is layered or aperiodic in the incident beam
direction is effectively an application of the method of sub-slic-
ing based on atom positions. Thus the user could create a num-
ber of sub-slices by assigning selected atoms to different
structure files, then forming a phasegrating for each sub-slice,
and using the Stack Phasegratings command to specify how the
sub-slices are to be used to describe the specimen structure.
This is the suggested method to try first if upper Laue layers are
to be included or 3-dimensional effects are important as it is
much faster than using a complete 3D calculation.

Other methods

Van Dyck has proposed other methods to include the effects of
HOLZ layers, including the second-order multislice with poten-
tial eccentricity (Van Dyck, 1980) and the improved phase-grat-
ing method (Van Dyck, 1983). Tests of these procedures show
that the extra computation involved in using potential eccentric-
ity may be worthwhile, but that the improved phase-grating
method diverges too easily to be useful.

Goodman P, Moodie AF (1974) Numerical evaluation of N-
beam wave functions in electron scattering by the multislice
method. Acta Cryst. A30, 322-324.

Kilaas R, O’Keefe MA, Krishnan KM (1987) On the inclusion
of upper Laue layers in computational methods in high resolu-

tion transmission electron microscopy. Ultramicroscopy 21,
47-62.

Self PG, O’Keefe MA, Buseck PR, Spargo AEC (1983) Practi-
cal computation of amplitudes and phases in electron diffrac-
tion. Ultramicroscopy 11, 35-52.
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Van Dyck D (1980) Fast computational procedures for the sim-
ulation of structure images in complex or disordered crystals: A
new approach. J. Microscopy 119, 141-152.

Van Dyck D (1983) High-speed computation techniques for the

simulation of high resolution electron micrographs. J. Micros-
copy 132,31-42.
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Structure Refine-
ment Through
Matching of Experi-
mental and Simu-
lated HRTEM

Images

Introduction

The goal of performing simulation of HRTEM images is to
compare these with the experimental data in order to determine
the structure. In practice this means that various models are pro-
posed and that images are calculated until a match is found. At
that point, the structure is presumed to be known (atomic posi-
tions and atomic numbers) with some given uncertainty. Alter-
natively, one starts with a given model and varies the model in a
systematic fashion searching for a global maximum in the fit
between experiment and simulation. This entails that one needs
an efficient method to compare the experimental and the calcu-
lated image. It also requires knowledge of the uncertainty in the
measurement (image intensities in the experimental image) and
a way to relate this uncertainty to the uncertainty in chemical
composition and atomic positions. This area of quantitative
electron microscopy is fairly new and most images are still
compared visually. However, it is an active area of research and
many techniques from statistics are just now beginning to be
used in HRTEM.
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Acquiring quantitative data

In order to extract quantitative information from electron micro-
graphs, the data must be represented by a set of numbers. Usu-
ally, images from TEMs are brought into a digital
representation by one of the following methods.

i)Recording the image on a photographic plate and using a
scanner to convert the film density into numbers which are
stored in a computer.

ii)Recording the image on an image plate.

iii)Recording the image on a slow scan CCD camera with read-
out of deposited charge into a computer.

The first approach yields data that is not directly comparable to
computer calculations because of the non-linear response of the
film. It is however possible to calibrate the response of the film
based upon a sequence of controlled exposures using varying
exposure times and mapping the resulting scan values versus
electron dosage[1]. The image plate and the CCD camera both
yield numbers that are linear with respect to the electron dosage
and only require a scaling of the data in order to compare to
computed values[2]. There has been much discussion about the
relative merits of the various recording media above and each
has its own advantage. The CCD camera is currently limited to
2K by 2K pixels, although it may be possible to go to 6K by 6K
by using multiple chips in the near future. Since its Modulation
Transfer Function (MTF) can be characterized, it is straight for-
ward to use deconvolution to compensate for the drop in high
frequency response due to spread of electrons and due to spill
over of charge to neighboring cells[3]. The image plate has
many of the advantages of the CCD camera and covers a larger
image area. However, the imaging plate is not gaining as much
popularity as the CCD camera. Many laboratories are now start-
ing to do much of the recording on CCD cameras, while still
retaining the use of film.
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Pre-processing of data

Once the image data has been converted to numbers, any neces-
sary processing or transformation of the data can take place.
The required pre-processing of the data depends on the nature
of the information that is sought and thus there is no one opti-
mal method, but rather a number of possible options.

Sampling and resampling of data

If the image is distorted over the image field of view, either by
the action of the imaging system or the recording system, the
data can be re-transformed by a warping transformation of the
image. This can be done if the transformation can be deter-
mined by imaging a perfectly crystalline material and noting
deviations from where the atoms are known to be and where
they are imaged[4]. On some systems, i.e. the Gatan Imaging
Filter, the distortions are measured by recording the image of a
square grid of circular holes.

An image of a crystalline material can be resampled onto lattice
relative coordinates, such that the unit cell dimensions are rep-
resented by an integer number of pixels and commensurate with
the dimensions of the final image. This will eliminate streaking
in the Fourier transform of the image which is due to the trunca-
tion of the image by the edges on boundaries that do not repre-
sent a periodic continuation of the image. Streaking can be
reduced by multiplying the image with a circular mask. The
mask is represented by a circle of pixels with value 1 up to a
specified radius and then falling off gradually to O within 5 to 10
pixels close to the borders of the image. A side-effect of mask-
ing is the increase in noise in the Fourier transform which is dis-
cussed below.
If only the image of a single unit cell of the crystalline material
need to be determined and compared with the image obtained
through an image simulation calculation, the image of the unit
cell can be resampled onto the coordinate system and sampling
interval used in the computation. This is equivalent to determin-
ing the matrix M defined through the equations

a, = Ma, 1)
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b, = Mb,

Two steps are necessary; the rotation /scaling required to make
the lattice base vectors identical; and secondly the determina-
tion of a common origin.

Finding the common origin between experimental and calcu-
lated image is determined by cross-correlation between the sim-
ulated and the experimental image[5].

Fourier transforms and masking

The Fourier transform of HRTEM images of crystalline materi-
als provides useful information about lattice spacings and can
also be used to compare experimental Fourier amplitudes with
theoretical calculations. Because the image being transformed
is rarely a periodic function in W (width) and H (height), the
Fourier transform of the image of a pure crystalline material is
the convolution of the Fourier transform of a perfectly periodic
signal (the crystal) with the transform of a window the size of
the image dimensions, making a Bragg peak take on the shape
of the transform of the window.

Table 1:
rel.
name window function transform peak profile falloff noise
level
T sin(rtk) N l
none = cos( E} yd \\ Ccofiftk) ﬁ \ KL 1
: 22— 2+ L LN =i _ ] 7
cosine o sin(rtk) ij 1 1.23
+=—costrx) / L i —
Von / ) k(1 -k") K’ 1.5
Hann

The use of a mask changes the transform of the window and can
be used to make the peak profiles decay faster, but at the
expense of increasing the noise level. This is illustrated above,
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showing the effects of employing masks on a 1-dimensional
signal[6]. This also has an effect on locating peak positions in
order to determine lattice spacings and on the estimate of the
amplitude of the Fourier component. The standard error in both
estimates increases as a function of applying a mask, with the
cosine window being a good compromise.

Noise reduction

In addition to reducing noise, it is also important to have an esti-
mate for amount of noise present and to quote a signal to noise
ratio. From two equivalent regions, the noise can be estimated
from obtaining the cross-correlation coefficient for two regions.
Given a cross-correlation coefficient ccf, the signal to noise
ratio can be estimated as

S/, = _CCr 2)
1- CCF
In order to reduce noise and to obtain a statistical average of the
image of a single unit cell (motif), the positions of individual
motifs can be determined by cross-correlation. Once these are
found, statistically equivalent regions can be averaged to find
the average motif and to determine the signal to noise ratio
associated with individual pixels as a function of position
within the unit cell. This determines a standard deviation for
each pixel i and can be used to set confidence levels associated
with matching of the experimentally averaged image with a cal-
culated image[7].

M
02 === Y (B0 -} 3)
j=l

where M is the number of equivalent regions being averaged.
Using a low pass filter to perform a smoothing of the image
may be effective depending on the noise level present, particu-
larly when averaging over statistically equivalent regions can
not be performed. Smoothing helps the eye see features more
clearly; but has the disadvantage that it causes correlation
between image pixels, which may distort the significance
threshold of simulation mismatch criteria.
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Averaging can also be performed through symmetrization
which is to average the motif with copies of itself to which sym-
metry operations known to be present are performed. This will
reduce noise levels by a further factor of 1/¥/M when M sym-
metry related copies are averaged, but may also just disguise
defects in imaging conditions.

Matching experimental and simulated images

There are a number of various ways to measure similarity or
mismatch between two images. Below are a few of these[8].
The mean square difference:

1
D2=<(11 ‘12)2>=ﬁ2(l‘ -y 4)

The Root Mean Square Difference:

Drms = ‘/E >)

The mean modulus difference:

1
Dya =41 - L]} = N 2'11 - 6)
i

The Cross-correlation Coefficient:
> @)= 1) () = 1)
CCF = ——& - - 7
Z(h(i)—mz (I(0) - 1)’

The brackefS <> all indicate the mean of the enclosed quantity.
In each of these equations, the sum is over all the pixels i in the
image and N is the total number of pixels. The cross-correlation
coefficient above is a normalized coefficient where the images
are normalized to zero mean.

The CCF (which measures similarity rather than difference) can
also be interpreted as the cross-product between two n-dimen-
sional vectors (n being the number of pixels in the image). In
that case, one can associate an angle with the CCF,

CCF = cos?¥ , in the general interpretation of an inner product
between two vectors as [, ¢ [, =|I||,|cos® Wwith the angle

Ch. 14 Structure Refinement Through Matching of Experimental and Simulated HRTEM Images - p.212



MacTempas User Manual

being = cos™' (CCF) .This angle is zero for identical images. If
the images are normalized to zero mean and unit length as in the
definition of the normalized cross-correlation coefficient above,
the angle is 180 deg. for a reversal in contrast between the two
images I; and I,.

Significance and Noise
Each of the above criteria must be tested for the significance of
the measured value.

D* canbe compared to the mean square intensity (or inten-
sity deviation due to noise) in either image.

D,,s can be compared with standard deviation of the inten-
sity in either image

A good way to test for the mismatch between two images, is to
use a statistical measure for the probability of two images being
equal given knowledge of the noise in the images. If one
assumes Gaussian uncorrelated noise for each pixel in the
experimental image, the optimum statistical measure is given by

i = _12 (4G) - Iz(i))z

N o2 (i) 8)

where N is the number of pixels in the image[9]. The value

o’ (i) 1s the standard deviation associated with the pixel i and
can be found as described above from a number of equivalent
regions. If an experimental image I, is compared to a calculated
image I. and there are M adjustable parameters in the calcula-
tion, the equivalent expression becomes[7]

2 _ 1 E (Ie(i) - Ic(i))2 9)
S (N-M) SHO

A mismatch by one standard deviation adds one to the sum in
the expressions above and a value of x2 of 1 implies that the two
images are identical within the uncertainty given by the noise.
The expected value for statistically equivalent images consist-
ing of N points is 1 and random deviations from this value by
more than 7 ;/y are considered unlikely.

X
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Writing

, 1o lh-Lo)
X =52 o 2(i)

leads to the definition of a Residual Image f(l ) [10]

which is used to visualize and to quantify the (mis)match
between two images. It has the advantage that instead of pre-
senting a single number for how well two images match, it is a
two-dimensional mapping of the local fit. Thus a difference
image will more clearly reveal areas of greater mismatch. The
optimum match is still defined by minimizing X2_

It is important to note that the fitting parameters can also be
applied to the Fourier transforms of the images which some-
times will lead to a reduction in the number of the data-points to
be compared[11]. In the case of images of crystalline material
containing no defects, the Fourier components will be non-zero
only for frequencies corresponding to Bragg-reflections of the
lattice, although this is strictly only true if the motif has been
averaged over many repeating regions and resampled onto lat-
tice coordinates such that streaking due to discontinuities at the
boundaries is eliminated. The complex values for the Fourier
coefficients take the place of the image intensities.

It is interesting to note that the use of different matching criteria
can lead to slightly different values for optimized parame-
ters[12].

-~3F0 10

Adjusting for different means and contrast levels

Since absolute values for image intensities are not known and
an experimental image may be linearly related to a calculated
image, a useful way of normalizing the image intensities is to
subtract the mean and divide by the standard deviation. This
ensures that D? = 0 for linearly related images and a value of
around 2 for unrelated data.

Similarly, the Cross-correlation coefficient will lie in the range
from -1 to 1, taking the extreme values when the two images are
linearly related and being near O for unrelated data.

Another approach is to scale the images to the same mean. This
is done as follows
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I, Ic
Leate = llca \ <Iexp> 11)
\"calc/

where the calculated image is scaled to the mean of the experi-
mental image.

In order to understand how the mean value, contrast and image
pattern affect the image matching criteria, it is useful to con-
sider how the Root Mean Squared Difference p,_ =~ canbe
separated into three terms[13].

D, = fl5 - 2} = (1) - 412)° +[o1 02T +20 = proos

12)
where
2
O12 = J(Il,zz )— (11,2) 13)
and
~ Ly - Kb 14)
0,0,

The first term measures the difference in the mean of the two
images and vanishes if both images are normalized to the same
mean value. The second term measures the difference in con-
trast between the two images, while the third term (where is the
same as the normalized cross correlation coefficient) measures
the difference (similarity) in the pattern of the two images. Thus
it is important to note that the normalized cross correlation
coefficient CCF only measures similarity in patterns and
ignores variation in contrast and differences in mean levels. It is
generally found that most of the mismatch between experimen-
tal and computer simulated images is due to the difference in
contrast[14]. The difference in contrast can be an order of mag-
nitude and the cause is generally attributed to the following fac-
tors.

misalignment

specimen vibration

inelastic scattering
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specimen damage

There is however an ongoing debate as to the nature of the dis-
crepancy in contrast as calculations indicate that the factors
above are not sufficient to resolve the disparity. A possible
explanation is that there is a general background in experimen-
tal images that is not accounted for.

Effect of noise on matching criteria

In order for two images to be considered equal, we need to con-
sider the effect of the uncertainty or error in the matching crite-
ria due to noise and the parameters determining the image.

A study of the effect of noise on the cross-correlation factor
reveals that in the presence of noise, the cross-correlation coef-
ficient CCF for the two images I and I+, where 1) represent
random noise superimposed on image I, can be written as[13]

2
CCF(II,Iz,n)=CCF(I],12)/ 1+ 2 o) i 02

2
15) o (k)
with
2 o’(m)
ﬁn =02(1) 16)

The effect on the hyper-angle 9 = cos™'(CCF) is in the small
angle approximation

(L 1y.m) =07 (I .1) + 9y 17)

If two images are identical except for a small error in one of the
image-formation parameters (defocus, thickness, etc.) the error
in the angle @ is proportional to the parameter error. The error
in the angle due to independent parameter errors is

0= ‘/E ﬁ,-2 18)

Ch. 14 Structure Refinement Through Matching of Experimental and Simulated HRTEM Images - p.216



MacTempas User Manual

Typical mismatches in CCF (pattern matching) due to parame-
ter errors are

Table 2:
Parametet Error theta(mrad)
Noise 0.06
Composition +0.03 0.02
Thickness +2nm 0.2
Defocus +15nm 04
Beam Tilt <1.5mrad 0.8
Astigmatism <15nm 0.2
Crystal Tilt <2mrad 0.6
Beam Diverg. <0.3mrad 0.1
Focal Spread <5nm 0.15
Vibration <0.04nm 0.2

Chi-Square or Chi-based criteria

Although all the methods above measure either the match or
mismatch between two images, the important questions is not to
what degree do they match, but how well do they match given
systematic and non-systematic errors. Thus the fitting parameter
must take into account the statistical nature of the data and the
accuracy to which we know the data-points. Thus the fitting
parameter should depend on a maximum-likelihood (probabil-
ity) model and be a measure of the probability that A is equal to
B, given knowledge of the probability distribution of the data-
points. In the presence of Gaussian distribution of uncorrelated
noise, each data point has a Gaussian probability distribution
with the noise in one pixel uncorrelated to the noise in adjacent
pixels, which leads to a XZ criteria. The criteria takes into
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account the number of adjustable parameters and the error in
each data point.

As mentioned above, any data point lying one sigma away from
the expected value will add 1 to the sum in x>

Similarly, any data point which has only 1% probability of
being measured given A = B, adds a value of 6.63 to the sum in
Xz. Thus values of X2 greater than about 6 states that there is
less than 1% probability that A is equal to B.

The fitting parameter depends on the model of the distribution
of data-points due to statistical noise with a Gaussian distribu-
tion of uncorrelated noise leading to the criteria. However, it is
important to determine the statistical nature of the noise in the
image. This can be done by examining the noise distribution
determined from a large number of image regions considered to
be equivalent except for noise. A non-Gaussian distribution will
lead to a modified criteria, but still based upon [7].

Structure determination

In order to determine the "unknown" structure, it is necessary to
perform a comparison between calculated images, exit wave-
functions or diffraction patterns and experimentally obtained
data. As described above the comparison can be done using dif-
ferent matching/mismatching criteria. Ideally, the determination
of the structure is done by modifying the structure until the mis-
match between the experimental and calculated data is within
the error in the experimental data. In principle the imaging
parameters themselves can be allowed to vary together with the
atomic coordinates. However, in practice the imaging parame-
ters are optimized separately if possible. This reduces the com-
plexity of the problem and reduces the number of steps involved
in the search for a solution which optimizes the matching crite-
ria. In cases involving unknown defects in the presence of a
"known" structure, the imaging parameters and specimen thick-
ness are first determined from the known structure.
Determination of an unknown set of input parameters requires
the following

1)An image (in real or reciprocal space) obtained from the
experimental data.
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2)A computational method yielding an image to be compared to
the 1).

3)A method for comparing 1) and 2)

4)A criteria based upon 3) for when 1) and 2) are statistically
equivalent.

5)An initial set of adjustable input parameters which are to be
optimized so that the final configuration results in satisfying 4)
6)A method for varying the adjustable parameters so that the
final configuration is found within finite time.

There is an essential assumption being made above, which
states that the computational method used in 2) will produce the
image in 1) given the correct choice of input parameters. This is
a separate issue which will not be addressed here. The validity
of this assumption can be debated and it is acknowledged that
computational methods are in need of further refinement. How-
ever, in what follows, the assumption is presumed to be valid.

Matching Images or Exit Wavefunctions

In order to compare calculation with experiment, one can com-
pare either images or diffraction patterns. For perfect structures
it may be beneficial to compare diffraction patterns since the
number of data points to compare are given by the possible
Bragg reflections of the structure[11]. However, for defect
structures, the information that describes the defect is located in
the diffuse scattering between Bragg spots, and it is more effi-
cient to compare images. The entire discussion relates to both
real space and reciprocal space, although only real space images
will be referred to.

Simulated Thermal Annealing

Simulated thermal annealing is a relatively new technique for
finding the global minimum of a multivariate function[15]. The
algorithm is based upon assigning an energy to the system
which is a function of the parameters being varied, with the
optimum configuration of the system being the minimum
energy state, the ground state. A temperature is also assigned to
the system and the temperature is slowly being reduced as the
configuration is changed. From the initial configuration
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Ey(xq.X5,....X,), the parameters are varied in a random fashion
and for each variation the new energy Ej(x{ X;,....X,) is calcu-
lated. The new configuration is always accepted if AE =
Ei(x1X2,...Xp) - Ej.1(X1.X2,...Xp) <0. Otherwise the new config-
uration has a probability P of being accepted, where

- &
p=c '/ 19)

E and T being dimensionless quantities.

For each temperature, the system undergoes a given number of
variations, accepting or rejecting the new configuration based
upon the above criteria. When a specified number of successful
transitions have taken place, the temperature is lowered by a
certain amount, and the parameters are changed again. As a
function of iterations, the energy of the system decreases
towards what is hoped to be the minimum energy configuration
and the process is terminated when either no more successful
variations are made for a given number of attempts or the tem-
perature reaches a lower limit.

When comparing calculated and experimental images, the
energy of the system can be chosen to be Xz or any of the other
quantities that measures image-mismatch. When basing the
comparison on the cross-correlation coefficient, the energy can
be taken as 1-CCF.

Simulated thermal annealing is a straight forward technique that
has proven to be very powerful for finding global minimum
without getting trapped in local minima. It is sensitive to the
starting conditions and the choice of starting temperature and
some experimentation may be required. Near the minimum, it
tends to be less optimal than search techniques based upon gra-
dient methods and switching to a different search algorithm
may be an alternative once the simulated annealing algorithm
has terminated.

Simulated Evolution

Simulated evolution is another technique for obtaining the glo-
bal minima which is modeled after Darwin’s principle of "sur-
vival of the fittest"[16] It starts with an initial configuration of
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all the variables to be fitted and produces a number of sets 1
from the initial set using a random generator (mutation genera-
tor). This set | represents the first generation of children. The
algorithm proceeds in the following way:

i)Evaluate a quality function Q (goodness of fit) for all 1 chil-
dren.

ii)Select a subset (4 < 1) of survivors which will be he parents of
the next generation.

ii1)Create a new generation by applying the random generator,
after selecting and mixing a part of the parent’s parameter vec-
tors.

iv)Loop back to 1) until one of the following criteria are met: a)
a maximum number of generations have been reached or b) a
critical goodness-of-fit has been reached.

Other Techniques

There are other ways to do the refinement which is based upon
changing the input parameters so that the system moves in a
path where the gradient with respect to the fit is the largest[17].
Each method has its advantages. Simulated thermal annealing
and simulated evolution are good techniques for getting close to
the optimum fit. Once close to the minimum, gradient methods
may be used for further refinement until the match is within the
uncertainty of the measurement.
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