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Introduction

In this lab you will simulate HRTEM images using the Cerius molecular modeling and image simulation software from Molecular Simulations Inc. on a Silicon Graphics R4000/Elan Unix workstation. Cerius is a high-end, relatively expensive commercial product. There are several other image simulation packages on the market; some of them are even free. The general theory of operation for these programs is similar; however, specific details of operation will vary. For further information please see the list of references at the end of this document.

Purpose

There are several reasons why one might wish to simulate HRTEM images:

Pre-experimental

Images and diffraction patterns of a sample with a known structure may be simulated before experimental work begins to aid in the recognition of certain thicknesses or zone axes and to determine appropriate conditions to use for imaging features of interest. Images can also be simulated to determine whether a specific instrument will be able to solve a certain problem

Check Validity of Crystal Models

A set of proposed models for a partially unknown sample may be simulated to determine if any of the models provide a match with experimental images. Typically, a match of a single simulated image to a single experimental image is not sufficient to indicate a match. Generally, an entire set of simulated and experimental images obtained at various thickenesses and defocus values must be matched. Note: It is always possible that all of the models will generate indistinguishable images (implying that the structure cannot be solved with HREM) or that none of the models can be made to match the experimental images (implying that either none of the models are correct or perhaps that some experimental condition has not been taken into account, e.g. crystal tilt or beam tilt).

Electron Diffraction Theory

Image simulation may also be used, as in this lab, to better understand the principles of electron diffraction theory and to better understand the operation of an electron microscope.

The Multislice Algorithm

Flow Chart

This diagram shows the flow of information in a multislice image simulation.

Multislice Flow Chart
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Simulation Parameters

The following tables describe the input parameters for a typical HTREM image simulation. Note: You should consult the documentation for the software that you are using for specific details. Be careful to note whether the software you are using uses SI units (e.g., nm, nanometers) or typical electron microscopy units (e.g., Å, angstroms).

Crystal Model Parameters

These parameters define the molecular model of the crystal being simulated: the atoms, their positions and how they vibrate within the crystal.

	Parameter
	Units
	Typical Range

	Atomic Types
	elemental abbreviation
	periodic table of elements

	Atomic Positions
	fractional coordinates
	0 – 1
not including 1

	Thermal Vibration
(Debye-Waller factor)
	nm2
	?


Projected Potential Parameters

These parameters define the electric potential as seen by the incident wavefunction at each slice.

	Parameter
	Units
	Typical Range
	Notes

	Atomic Scattering Factors
	
	
	atomic scattering factors are usually stored in a table within the program (you do not have to enter them)

	Absorption
	
	
	there are several schemes to simulate absorption (check the documentation for your program)

	Zone Axis
	[h,k,l]
	[0,0,0]
to
[10,10,10]
	experimental parameter

	Crystal Tilt
	(h,k,l)

or

(,
	(0,0,0)
to
(1,1,1)
	given h,k,l as the center of Laue Zone and 0,0,0 as the optic axis then ( = sin-1(/dh,k,l)

	Sampling
	pixels
	32 x 32
to
1024x1024
	sampling is often restricted to powers of two and is chosen so that the size of a pixel is less than 0.1 Å (determines ultimate resolution)


Phase Transmission Function Parameters

These parameters combined with the projected potential parameters determine the phase change induced in the wavefunction as it passes through each slice of the crystal.

	Parameter
	Units
	Typical Range
	Notes

	Electron Energy
	kV
	100 to 1000
	experimental parameter

	Slice Thickness
	nm
	0.1 to 1.0
	may need to subslice


Crystal Propagation Parameters Parameters

These are parameters relevant to the propagation of the wavefunction through the crystal.

	Parameter
	Units
	Typical Range
	Notes

	Slice Sequence
	
	
	for thin, perfect crystals the single slice is repeated N times but this may be modified for defects that are aperiodic in the beam direction and for thicker perfect crystals

	Crystal Thickness

(Number of Slices)
	nm
	2 to 20
	crystal thickness is usually defined by the slice sequence and the number of slices
t = (# of slices) x (slice thickness)


Image Formation Parameters

These are microscope parameters relevant to the process of imaging the exit-surface wavefunction through the objective lens.

	Parameter
	Units
	Typical Range
	Notes

	Electron Energy
	kV
	100 - 1000
	experimental parameter

	Spherical Aberration, Cs
	mm
	0.4 - 2.0
	microscope parameter

	Defocus
	nm
	-100 - 100
	experimental parameter

	Beam Divergence

(Spatial Coherence)
	mRad
	0 - 2
	angle of convergence of the incident electron beam. (check whether program requires angle or semi-angle)

	Mechanical Vibration
	nm2
	
	smears image

	Aperture Radius
	nm-1
	
	size of objective aperture or in its absence the microscope information limit (soft aperture) (check whether the program requires diameter or radius)

	Aperture Center
	(h,k,l)
	
	used to simulate dark-field imaging

	Astigmatism Angle
Astigmatism Magnitude
	degrees
nm
	0 - 180
0 - 5
	it is always better to take good micrographs rather than simulate bad ones!

	Beam Tilt
	(h,k,l)
	(0,0,0)
to
(1,1,1)
	specify as the distance and direction between the optic axis (h,k,l) and the transmitted beam (0,0,0)


Intensity Scaling Parameters

These parameters control the transfer of the intensity of the image wavefunction into gray levels. They are important in simulating the intensity transfer of your imaging media, e.g,. film, camera, and/or phosphor.

	Parameter
	Units
	Typical Range
	Notes

	Brightness
	none
	varies
	all images in through-thickness through-focal tableaus should be scaled as a group to show relative changes in contrast

	Contrast
	none
	varies
	see above
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Image Simulation  and Analysis WWW References

http://www.accelrys.com/about/msi.html 
Accelrys Inc. (formerly Molecular Simulations Inc.), publishers of Cerius2 molecular simulation software.

http://cimesg1.epfl.ch/CIOL/ems.html 
EMS On Line from the Centre Interdépartmental de Microscopie Electronique, Ecole Polytechnique Fédérale de Lausanne (Interdepartmental Center for Electron Microscopy at the Swiss Federal Institute of Technology).
http://ncem.lbl.gov/ 
National Center for Electron Microscopy (NCEM) at the Lawrence Berkeley National Laboratory (LBL): Links to free Electron Microscopy software.

http://www.totalresolution.com/ 
Total Resolution, publisher of MacTempas and CrystalKit.

http://www.gatan.com/ 
Gatan, Inc., publisher of Digital Micrograph digital image and spectra acquisition and analysis software.

http://www.emispec.com/ 
Emispec Systems, Inc., publisher of ES Vision digital image and spectra acquisition and analysis software.

http://cmmserv.mrl.uiuc.edu/emaps/emaps.asp 
Web Electron Microscopy Applications Software (WebEMAPS). Department of Materials Science and Engineering, University of Illinois at Urbana-Champaign.

http://www.public.asu.edu/~perkes/simulation.html 
A link to my personal web page concerning this course. This page will contain a copy of this document and other links and information useful for image simulation.

5
6

