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Tutorials

This section contains tutorials for the products you have installed.

Note: Numbers in the tutorials are shown in American English format. If your system is configured for
a different locale, you should "translate" the numbers to the format appropriate to your locale before
entering them.

For example, if your system is configured for the German locale, and a tutorial asks you to enter a
value of 5,000 (five thousand), you should enter 5.000.

Tutorials | Page 1



Adsorption Locator tutorials

The following tutorials illustrate how to utilize the Adsorption Locator's capabilities.

B Determining the location of SO2 on the Ni(111) surface with Adsorption Locator

B Modeling inhibitor adsorption onto a Pigment Red crystal face

Determining the location of SO2 on the Ni(111) surface with Adsorption
Locator

Purpose: Introduces the use of Adsorption Locator to study the adsorption of different types of
adsorbates onto substrates of different nature.

Modules: Materials Visualizer, Adsorption Locator, Forcite

Time: "= W& W4

Prerequisites: Sketching a benzamide molecule Visualizer Tutorial

Background

This tutorial is inspired by a paper on "Density functional theory investigation of the structure ofSO2
and SO_ on Cu(111) and Ni(111)" by Harrison et al. (2006). The importance of the adsorption of SO2 and
SO moglecules relates to the necessity of scrubbing such environmental pollutants from power station
emissions. The paper presents DFT calculations on a number of geometries of the adsorbed SO2
molecules.

Adsorption Locator can be used as a preparatory and screening tool in two ways:

B to generate adsorbed configurations automatically, which can subsequently be used as starting
points for further DFT studies such as in the above paper.

B to use the forcefield method to obtain a ranking of the energies for each generated configuration,
thereby indicating the preferred adsorption sites.

This tutorial will concentrate on the case of SO2 on Ni(111), and covers:

B Getting started
To prepare the structures

To set up the Adsorption Locator calculation

To analyze the results
Summary

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter Ni_SO2 as the project name, click the OK button.

The new project is created with Nji_SO2 listed in the Project Explorer.
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2. To prepare the structures

In this section of the tutorial you will prepare the structures of the Ni(111) surface and the SO2
adsorbate. First prepare the SO2 molecule.

S
A

Select File | New... from the menu bar to open the New Document dialog, double-click on 3D
Atomistic. Using the sketching tools, build an SO2 molecule defining both S-O bonds as double

bonds, click the Clean button ks . Select File | Save from the menu bar and save the structure as
SO2.xsd.

The SO2 molecule should be optimized before adsorbing it onto the Ni surface you will construct.

Select Modules | Forcite | Calculation from the menu bar to open the Forcite Calculation dialog. On
the Setup tab, change the Task to Geometry Optimization and the Quality to Fine.

Select the Energy tab and change the Forcefield to COMPASS. Click the Run button.

When the job has completed the optimized structure is created in SO2 Forcite GeomOpt/S02.xsd.
Now you will construct a Ni(111) surface.

Select File | Import... from the menu bar to open the Import Document dialog. Navigate to
Structures/metals/pure-metals and import Ni.msi.

Select Build | Surfaces | Cleave Surface from the menu bar to open the Cleave Surface dialog.
Change the Cleave plane (h k I)to 1 1 1 and press the TAB key. Increase the Fractional Thickness to
6.0 and press the TAB key. Click the Cleave button and close the dialog.

The number of layers in the structure should be chosen so that the depth of the surface is greater than
the non-bond cutoff used in the calculation. The choice of the cutoff will always be a trade off between
the accuracy and the time required for the calculation. Using 6 layers of Ni atoms gives a sufficient depth
that the SO_ molecule will only be involved in non-bond interactions with Ni atoms in the layers of the
surface, wit%out increasing the calculation time unreasonably.

Next you will build a 2x2 supercell in order to expose a more realistic surface area for docking the SO2
molecules.

Select Build | Symmetry | Supercell from the menu bar to open the Supercell dialog. Increase the
values of U and V to 2 and click the Create Supercell button. Close the dialog.

This structure should be converted to have 3D periodicity. As 3D periodic boundary conditions are used,
it is important that the size of the vacuum is great enough that the non-bond calculation for the sorbate
does not interact with the periodic image of the bottom layer of atoms in the surface. The vacuum
depth should be based on the non-bond cutoff and the shape of sorbate molecule. This should
generally be over-estimated to ensure that the sorbate interacts only with the surface.

In this case, a distance of 15 A between the Ni surface layer and the next layer beyond the vacuum is
sufficient to prevent any non-bond interactions between the next repeat unit and either the Ni surface
or the SO2 molecule.
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Select Build | Crystals | Build Vacuum Slab... from the menu bar to open the Build Vacuum Slab
Crystal dialog. Set the value of Vacuum thickness to 15.0 and click the Build button.

To display the Niatoms more clearly the ball and stick display style should be used.

Select View | Display style from the menu bar to open the Display Style dialog. On the Atom tab,
change the Display style to Ball and stick, then close the dialog.

3. To set up the Adsorption Locator calculation

You are now ready to set up the Adsorption Locator calculation, you will define the settings for the
quality and the forcefield and the method for selecting the location of the sites that the calculation will
probe.

WT
Click the Adsorption Locator arrow =" |on the Modules toolbar and select Calculation from the
dropdown list to open the Adsorption Locator Calculation dialog. Ensure that Ni(1 1 1).xsd is the
active document.

On the Setup tab set the Quality to Fine. Select SO2 Forcite GeomOpt/SO2.xsd from the Adsorbate
dropdown list. Set the value of Loading to 1.

On the Energy tab select COMPASS from the Forcefield dropdown list.

On the Location tab check the Surface region defined by atom set checkbox.

When the Quality of the calculation is set to Fine many simulated annealing cycles with many steps per
cycle will be used, so that good statistics are obtained.

Now you need to select the atoms that define the surface region.

Select the top layer of Ni atoms, this will display them in yellow.

Tip: If you are not familiar with selecting atoms refer to the Opening and viewing 3D documents
visualizer tutorial.

On the Location tab of the Adsorption Locator Calculation dialog, click the Add button to include the
selected atoms in the TargetAtoms set for the adsorption calculation. Check the Set maximum
adsorption distance checkbox, and enter a value of 5.0.

The region defined by the specified maximum distance from the selected target atoms will be sampled
for adsorbate inclusion. A value of 5.0 allows the system to develop new configurations of SO_ adsorbed
onto the Nisurface. If the maximum adsorption distance is too short some configurations wiIFnot be
accessible, and if it is too long no new configurations will be added.
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Ni(111) after defining the TargetAtoms set

The fixed energy window is used to select which configurations are reported, so all configurations which
differ from the lowest configuration by less than 100 kcal/mol will be returned. In initial calculations it is
useful to use a wider energy window, as this ensures that no significant configurations are missed.

On the Properties tab check the checkboxes for all properties. Select the radio button for Fixed
energy window and enter a value of 100 kcal/mol.

You are now ready to run the calculation.
Click the Run button and close the dialog.

4. To analyze the results

When the calculation begins Materials Studio will create a new folder called Ni (1 1 1) Adsorption Anneal.
Once the calculation has completed, all results will be returned to this folder.

Open the 3D Atomistic document Ni (1 1 1) Fields.xsd.
This file displays a field of adsorption sites, higher density of points showing more likely locations.

Right-click in the document and select Display Style from the shortcut menu to open the Display
Style dialog. On the Field tab click the Color by field values radio button and select the Volume
display style. Close the dialog.

Now the more likely adsorption areas are shown in green and less likely sites appear red.

Open the study table Ni(1 1 1).std.

This contains the structures and energies of the lowest energy configurations. Compare the one found
here with the lowest one found in the paper.
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Repeat the Adsorption Locator calculation using Cu in place of Ni.

5. Summary
Your Adsorption Locator calculations should yield results similar to the following.

O O O

O O:O' O e
o O O
Hollow
O 8.5 O

Schematic view of two possible bonding sites

Tip: To improve the view of the energy fields over the Ni surface, select all of the non-surface Niatoms
and, on the Atom tab of the Display Style dialog, set their display style to None.

Because the Monte-Carlo approach has a statistical component your results may be slightly different. To
obtain results that are consistent between repeated calculations, it is necessary to run longer, more
accurate simulations.

For SO_ on Ni, the bridge site was found to be the lowest one in energy, in agreement with the paper by
Harrison et al. They also reported no appreciable difference in energy between the bridge and the hollow
sites for 502 on Cu.

This is the end of the tutorial.

"Density functional theory investigation of the structure of SO_ and SO_ on Cu(111) and Ni(111)" by M. J.
Harrison, D. P. Woodruff, and J. Robinson, Surface Science, 660, 1827, ?2006)

Page 6 | Materials Studio * Modules Tutorials



Modeling inhibitor adsorption onto a Pigment Red crystal face

Purpose: lllustrates how to calculate binding energies in order to evaluate the potential of an
additive using Adsorption Locator.

Modules: Materials Visualizer, Adsorption Locator, Forcite, COMPASS

Time: = &

Prerequisites: Using the Crystal Builder Visualizer Tutorial

Background

The bulk shape of crystals is critically important to many industrial processes. There are numerous
examples of processes in the chemical and pharmaceutical industries where crystal shape is an
important factor, including:

Dissolution rate of chemicals and biological availability of drugs

Handling, packaging, and storage of crystalline products

Slurry handling, caking, and filtration during processing

Milling, grinding, fragmentation, and dusting

Density and texture optimization

Wax and scale formation in petrochemicals

The relationship between the crystal morphology and the internal arrangement of atoms in the crystal is
therefore of great interest to chemists, chemical engineers, and process engineers. Rationalization of
this relationship allows the prediction of crystal shape, the development of tailor-made additives, and
the control of solvent and impurity effects. The effect of additives on crystal growth and the resultant
morphology is therefore of great interest. Adsorption Locator can model the adsorption of an additive
onto a crystal face and thus provide access to the energetics of the adsorption and its effects on crystal
growth.

Introduction

Pigment Red (a diphenyl derivative of 1,4-diketopyrrolo(3,4-c)pyrrole, DPP) is a high quality heterocyclic
pigment, offering good heat stability, high coloring strength and hiding power, and excellent light and
weather fastness. It can be produced as transparent or opaque color by controlling the particle size
during manufacture.

In this tutorial, you will study the distances between functional groups on surfaces, the results suggest
that an amino acid derivative that could act as a growth inhibitor, slowing down the growth rate of the
fast growing faces. The binding of this additive to one fast growing face will be modeled using the
Adsorption Locator module and the COMPASS forcefield.

This tutorial covers:

Getting started
To prepare a crystal surface

[
B To create an additive
B To study interactions between the surface and the additive
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Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started

Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter Pigment Red Additive as the project name, click the OK
button.

The new project is created with Pigment Red Additive listed in the Project Explorer Now you will import
the input file you will be studying.

In the Project Explorer, right-click on the project root and select Import... to open the Import
Document dialog. Navigate to Examples/Documents/3D Model, select pigment_red_010.xsd click
the Open button.

2. To prepare a crystal surface

In this section, you will build a slab (a surface with a region of vacuum) from the (0 1 0) Pigment Red
surface. The crystal is constructed by repeating the surface in a given direction using a repeat distance
that is greater than the surface thickness. This introduces a region of vacuum between the surface
blocks.

The surface needs to be big enough to accommodate the particular inhibitor that is being studied.

Select Build | Symmetry | Supercell from the menu bar to open the Supercell dialog. Increase the
Supercell range to 4 for U and 6 for V. Click the Create Supercell button and close the dialog.

This displays an enlarged surface. You can now construct a 3D slab from the 2D surface model.

Select Build | Crystals | Build Vacuum Slab... from the menu bar to open the Build Vacuum Slab
Crystal dialog. On the Vacuum Slab tab, change the Vacuum thickness to 50 A and click the Build
button.

Click the Display Style button El) on the 3D Viewer toolbar to open the Display Style dialog. On the
Lattice tab, set the Max value for C to 2.00.

The vacuum is oriented along the c-axis.

Later on in the tutorial, you will add an additive to the surface. The additive could potentially interact
with both the surfaces due to the periodic boundary conditions. Therefore, you have added a large
region of vacuum above the surface so that the additive can only interact with one of the surfaces. In
this case, the thickness of the (0 1 0) surface is about 20 A, so a vacuum region thickness of 50 A should
be sufficient.

Set the Max value for C back to 1.00 and close the Display Style dialog.

Select File | Save Project from the menu bar, followed by Window | Close All.

3. To create an additive

The inhibitor used in this tutorial, 2-phenylglycine, is an amino acid derivative that exists as a zwitterion.
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Click the New arrow O~ and select 3D Atomistic Document from the dropdown list. In the Project
Explorer, right-click on 3D Atomistic.xsd and select Rename from the shortcut menu. Change the
name of the document to inhibitor.xsd.

Use the tools on the Sketch toolbar to construct the 2-phenylglycine molecule (shown below) and

then tidy up the structure using the Clean tool sl

Molecular structure of the inhibitor, 2-phenylglycine

Now you will optimize the molecular structure of the inhibitor using Forcite and the COMPASS forcefield.
Select Modules | Forcite | Calculation from the menu bar to open the Forcite Calculation dialog.
Select Geometry Optimization from the Task dropdown list. On the Energy tab, set the Forcefield to
COMPASS. Set both the Summation methods to Atom Based.

On the Job Control tab, select My Computer as the Gateway location and click the Run button.

Anew folder called inhibitor Forcite GeomOpt is created in the Project Explorer. The calculation
should take less than a minute to complete. When the calculation has finished, the minimized structure
is saved as inhibitor.xsd in the new folder and is displayed in the Materials Visualizer.

Select File | Save Project from the menu bar and close all of the open documents.

4. To study interactions between the surface and the additive

Now that you have constructed a 3D slab of the Pigment Red (0 1 0) surface and optimized the structure
of the inhibitor, you will position the inhibitor over the surface.

In the Project Explorer, double-click on pigment_red_010.xsd.
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You will run an adsorption calculation to explore the likely binding site and the orientation of the
inhibitor molecule on the surface, followed by a geometry optimization of the inhibitor molecule on the
crystal surface to obtain the global minimum energy orientation.

Select Modules | Adsorption Locator | Calculation from the menu bar to display the Adsorption

Locator Calculation dialog.

On the Setup tab, select Simulated annealing from the Task dropdown list. Choose the optimized
inhibitor.xsd as the Adsorbate and set the Quality to Coarse.

On the Energy tab, set the Forcefield to COMPASS. Set both the Summation methods to Atom
Based.

Note: The Ewald summation method is more accurate for non-bond energy calculations, but it also
requires significant CPU time. For this tutorial you will use the Atom Based summation method
combined with Coarse quality to speed up the calculation.

You can restrict the search space used in the sampling in a number of ways. In this tutorial you will
define the search to be within 10 A of the hydrogen bond donors and acceptors on the surface.

On the Location tab, check the Surface region defined by atom set checkbox.

The hydrogen bonding moieties on the surface must be defined as sites where adsorption of the
potential inhibitor can occur.

In pigment_red_010.xsd rotate and zoom in on the surface of one of the crystal layers.

Pigment Red 010 surface oriented to view the structures side-on

Hold down the Q + SHIFT keys and lasso all the amide groups in the top layer of molecules.
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OTRY o

On the Location tab of the Adsorption Locator Calculation dialog click the Add selected atoms to
TargetAtoms set button. Check the Set maximum adsorption distance checkbox and enter a value
of 10.0.

Pigment Red 010 surface with surface amides selected

Click the Run button and close the dialog.

A new folder called pigment_red 010 Adsorption Annealis created in the Project Explorer. The
calculation could take some time to complete, depending on speed of the processor in your computer.

As the calculation runs, a chart containing various energy contributions is updated. The text document
Status.txt reports the computation time and the number of steps completed so far. When the
calculation is complete, the results are presented in the pigment_red 010.xsd document.

You should wait until the job finishes before proceeding. On completion a study table is returned
containing a number of low energy configurations, together with the energetic properties of each
configuration.

Open the study table pigment_red_010. std and double-click on the structure in the first row.

The interaction between the inhibitor and the surface amide groups can be observed by displaying the
hydrogen-bonding patterns.

- -
Click the Calculate Hydrogen Bonds button 4

Your result may vary slightly from the image below.
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Crystal surface with attached inhibitor

The third column Adsorption energy contains the most relevant energy parameter for adsorption. It is
composed of two parts: the energy of adsorbing the sorbate onto the surface in its input conformation,
listed in column D and a small deformation energy due to relaxation of the sorbate in the presence of
the surface, listed in column E. The second column, Total energy contains the adsorption energy plus
the internal energy of the sorbate. The energy of the framework is not included. The last column F is the
differential adsorption energy, which is the energy of removing a sorbate of a particular component.
Since in this case there is only 1 molecule and 1 component, this is the same as column C.

The attachment energy for the (0 1 0) face has previously been calculated as around -27 kcal/mol. If you
wish to obtain this energy using Materials Studio the procedure in the Morphology prediction for
Pigment Red tutorial for the Morphology module describes the steps in detail.

You should find that for the (0 1 0) face, the adsorption energy as calculated by Adsorption Locator is
more negative than the attachment energy. Therefore, 2-phenylglycine is a good candidate to inhibit the
growth of the fast growing (0 1 0) face of Pigment Red crystals, thereby producing a more isometric
crystal morphology.

Select File | Save Project from the menu bar, followed by Window | Close All.

This is the end of the tutorial.

References

Hartman, P.; Perdok, W. Acta Crystallogr., 8, 521 (1955).
Bennema, P. J. Cryst. Growth, 166, 17 (1996).
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Amorphous Cell tutorials

The following tutorial illustrates how to utilize Amorphous Cell's capabilities.
Amorphous Cell is also used to construct starting structures in several Forcite Plus tutorials.

Packing molecules into existing structures

Purpose: Demonstrates how to pack molecules into existing structures using Amorphous Cell
Modules: Materials Visualizer, Amorphous Cell
Time: = W

Prerequisites: Sketching organometallic structures, Using the polymer builder, Field segregation and
analysis Visualizer Tutorial

Background

The Amorphous Cell module enables the construction of 3D periodic boxes of amorphous polymers and
other amorphous materials. However, it can also be used as a fast method to soak a pre-existing
structure such as nanocluster with a small molecule or polymer. The Packing task can also be used to
build non-orthorhombic amorphous cells by allowing you to pack into an empty cell.

Introduction

In this tutorial you will build a carbon nanotube in a box and then soak the nanotube with water. Using
the same nanotube structure, you will use field segregation to pack ferrocenes into the nanotube and
polymer around the outside of the nanotube. Such systems have potential commercial applications as
nanotube conductors.

This tutorial covers:

B Getting started
To create the nanotube

To soak the nanotube with water

To set up the structures and isosurfaces

To pack into isosurface enclosed volumes

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter packing as the project name, click the OK button.

The new project is created with packing listed in the Project Explorer.
2. To create the nanotube
The first step is to build a carbon nanotube using the Nanotube building tools.
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Select Build | Build Nanostructure | Single-Wall Nanotube from the menu bar to open the Build
Single-Wall Nanotube dialog. Change N to 12 and click the Build button. Close the dialog.

Select Build | Symmetry | Supercell from the menu bar to open the Supercell dialog. Increase C to 2
and click the Create Supercell button. Close the dialog.

A periodic nanotube is created. You will need some space to pack the polymer so you should increase
the size of the lattice, keeping the position of the nanotube constant.

Right-click in the 3D viewer and select Lattice Parameters from the shortcut menu to open the Lattice
Parameters dialog. On the Advanced tab uncheck the Keep fractional coordinates fixed during
changes to the lattice checkbox. On the Parameters tab double the A and B lengths to 31.55. Close
the dialog.

You should have a structure which looks similar to the one below.

Initial structure containing a single nanotube, displayed in CPK style.

You will use this structure twice so you should make a copy of it.

Select File | Save As... to open the Save As dialog. Set the File name to SWNT_water.xsd and click
the Save button. Repeat this, naming the second copy SWNT_polymerFe.xsd.

You are now ready to pack the first nanotube with water.
3. To soak the nanotube with water
Before soaking the nanotube with water, you need to sketch a molecule of water.

Create a new 3D Atomistic document and rename the new document water.xsd. Use the sketching
tools to sketch a molecule of water.

Now you are ready to soak the nanotube with water.

Change focus to SWNT_water.xsd. Select Modules | Amorphous Cell | Calculation from the menu
bar to open the Amorphous Cell Calculation dialog.

The packing task is used to pack molecules into an existing structure.
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Change the Task to Packing.

For the Packing task the components in the system are specified according to their molar ratio. This
gives you the option to pack with combinations of molecules. However, in this case, you will pack with
water only.

In the Composition table, click in the Molecule column and select water.xsd from the dropdown list.

You can set the density of the packed structure. Note that this is the density of all atoms inside the
volume available for packing, which may or may not include the framework atoms. In this tutorial you
will explore how to control the packing volume.

The output option allows you to build multiple frames so you can review the building process later.
However, in this case, you will just build one frame.

Click the Options... button to open the Amorphous Cell Options dialog.

On this dialog, you can control how torsions are defined, the building steps, and whether energies are
used in the calculation. For this small molecule, you could switch off energies for the build and just pack
with a scaled van der Waals radius penalty. This significantly increases the speed of the packing task.
However, you will get a more optimal structure if you build with energies and optimize geometry. In this
tutorial you will use the default settings.

Close the Amorphous Cell Options dialog. On the Setup tab, click the More... button to open the
Amorphous Cell Packing dialog.

You can choose whether to pack into an isosurface enclosed volume. If you pack into a structure which
does not have an isosurface, the density that you specify on the Amorphous Cell Calculation dialog will
be the overall density of the cell. If you pack into an isosurface, the density on the Amorphous Cell
Calculation dialog is the density of the volume you are packing into. You will perform two packing
calculations, one with and one without the isosurface so that you can see the difference. Initially, you
will just pack into the structure without an isosurface.

Close the Amorphous Cell Packing dialog. Select the Energy tab on the Amorphous Cell Calculation
dialog.

You can choose which forcefield and energy settings will be used when building the structure. For this
tutorial, you can use the default settings.

Click the Run button.

A new folder called SWNT_water AC Packingis created. This has a subfolder named Input which
contains a copy of the input documents. When the job completes, the packed structure is called SWNT _
water.xtd.

Change focus to the results SWNT_water.xtd.

You should see that the nanotube is now packed both inside and outside with water.

Change focus to SWNT_water.txt. Scroll down to the Amorphous Cell calculation section.

Here you can see the components and their loadings. You should see that 426 molecules of water were
packed into the box.
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Make SWNT_water.xtd the active document and, in the Properties Explorer, change the Filter to
Symmetry System.

You should see that the density is about 1.0 g cm~3, the value you set in the Amorphous Cell Calculation
dialog. Now you will pack into an isosurface and examine the difference. You will pack into a Connolly
surface.

Make SWNT_water.xsd the active document. Use the Atom volumes and Surfaces tool to create a
Connolly surface.

The isosurface describes the volume where the atoms are located, this is volume that is already
occupied. If you try to pack into this isosurface, you will find that the calculation terminates with the
error: "The density in the isosurface enclosed volume is greater than the requested density." To enable
the packing into a Connolly surface, you need to invert the definition of the isosurface. You can do this
using the Display Style dialog.

Select the isosurface and right-click on the selection, choose Display Style from the shortcut menu to
open the Display Style dialog. On the Isosurface tab check the High values inside checkbox and close
the dialog.

You can now pack into this isosurface.

Tip: If you are using MaterialsScript, you should use HasFlippedNormals to control the definition
of the isosurface.

On the Amorphous Cell Calculation dialog, click the More... button for the Task to open the
Amorphous Cell Packing dialog. Check the Pack in isosurface enclosed volume checkbox and close
the dialog. Click the Run button on the Amorphous Cell Calculation dialog.

When the calculation completes, you can examine the density and the loading.
Open the SWNT_water.txt file.
You should see that the loading for water is now 558 molecules.

Make SWNT_water.xtd the active document and, in the Properties Explorer, change the Filter to
Symmetry System.

The overall density of the cell should be about 1.2 g cm™3.
Select File | Save Project followed by Window | Close All from the menu bar.

4. To set up the structures and isosurfaces

Before packing the second nanotube that you created earlier, you need to sketch the ferrocene
structure to pack inside the nanotube and build a polymer to pack around the outside.

Open a new 3D Atomistic Document and rename the document to ferrocene.xsd. Use the Fragment
tools to create a ferrocene structure.
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Now you need to build the polymer. In this tutorial, you will just build a 5-mer of polyoxyethylene.

Use the Homopolymer building tools to create a 5-mer of oxyethylene from the oxides library.
Rename the structure peo5.xsd.

You are going use fields and isosurfaces to indicate what you want to pack. To create the initial fields,
you will use Connolly surfaces.

Change focus to SWNT_polymerFe.xsd and create a Connolly surface. Click the Create Segregates

+
button o8| . Click the Volumetric Selection button B to open the Volumetric Selection dialog

=
and select both Segregates. Click the Create Isosurfaces button .

On the Volumetric Selection dialog, uncheck the Connolly Surface, Segregate 1, and Segregate 2
checkboxes.

You should now have a blue and a green isosurface displayed in SWNT_polymerFe.xsd.

-
‘l.l’::ulumetric Selection | 23 |

=2-0 Atom Valumes Field

=[] 98 Segregator @0

. B[] @ Segregate 1
. &® lsosurfacel
E-[] @ Segregate 2

Help

Volumetric selection dialog with the isosurfaces of the segregates displayed

L
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Nanotube with segregated isosurfaces colored green and blue

Note: As the segregated isosurfaces show volumes of free space, you do not have to invert the
isosurface as you did for the Connolly surface.

You will pack the ferrocene into the blue isosurface enclosed volume and the polymer into the green
isosurface enclosed volume.
5. To pack into isosurface enclosed volumes

The final step is to pack into the two isosurface enclosed volumes using two separate packing
calculations. You will pack ferrocene first (the order is not important). However, you can only pack into a
single visible isosurface so you need to ensure that the isosurface for Segregate 2 is the only one that is
visible.

Ensure that SWNT_polymerFe.xsd is in focus. On the Volumetric Selection dialog uncheck Segregate 1

->|sosurfacel.

Open the Amorphous Cell Calculation dialog. Change the Composition to ferrocene. Set the Density
to 0.9 and click the More... button, check the Pack in isosurface enclosed volume checkbox.

You will leave the default values for all other options.

Click the Run button.

When the job completes, you should have a 3D atomistic trajectory containing the nanotube with
ferrocenes packed in the core of the nanotube. First, make a copy of the output trajectory framein a
new structure document.
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Make SWNT_polymerFe AC Packing/SWNT_polymerFe.xtd the active document.

On the Volumetric Selection dialog, uncheck Segregate 2 -> Isosurfacel and check Segregate 1 ->
Isosurfacel.

You should now see the blue isosurface become invisible and the green isosurface is visible again. This
time, you will build into the output trajectory from the previous calculation.

Note: If you are doing a multistep packing as in this exercise and you generate multiple frames for the
first pack, the second packing will only pack into the current frame in the trajectory not into all the
frames.

On the Setup tab of the Amorphous Cell Calculation dialog, change the Composition to peo5 and
Density to 0.85. Click the Run button.

When the calculation completes, you should have a structure containing a nanotube that is packed with
ferrocene and the space between the nanotubes is packed with polymer.

This is the end of the tutorial.
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Blends tutorials

The following tutorial illustrates how to utilize Blends' capabilities.

Screening for compatibility in polymer blends

Purpose: Demonstrates the use of Blends for screening molecular interactions.

Modules: Materials Visualizer, Blends, Forcite (optional)

Time: =/

Prerequisites: Using the polymer builder Visualizer Tutorial

Background

There are many industrial situations where formulators routinely mix two polymers to produce a blend
with improved physical properties. The same is true for surfactants, solvents, and fine chemical
intermediates. Generally, the goal is to produce a blended product with optimized physical or chemical
properties, at the lowest possible cost. The usual experimental approach involves the screening of a
large number of different formulations to find a final formulation that meets all the requirements.
Hence, much of the development time is often spent preparing and testing formulations. Formulation
stability problems may take weeks or months to become apparent, by which point, a considerable
investment in resources and materials may well have been made.

The Blends module in Materials Studio has been developed to provide a desktop IT solution that
reduces the need for laboratory experimentation and, more importantly, the risk of product failure.
Introduction

In this tutorial, you will use Blends to predict the miscibility of a polymer with two others. You will import
the structures of monomers for poly(oxyethylene), polypropylene, and poly(acrylic acid). You will then
set up a Blends calculation to examine the compatibility of poly(oxyethylene) with both polypropylene
and poly(acrylic acid).

You will analyze the run to predict properties such as the temperature dependence of the Flory-Huggins
chi parameter and the phase diagrams for the two blends. Finally, you will use a study table to examine
the 50 lowest energy pairs from each run and overlay these to look at low energy absorption sites.

This tutorial covers:

Getting started
To prepare the input structures

To set up and run the Blends calculation

To analyze the results

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.
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Open the New Project dialog and enter Polyoxyethylene as the project name, click the OK button.

Materials Studio has an extensive library of pre-defined monomer repeat units and it is these you will
use in this tutorial.

In this tutorial, you are going to screen poly(oxyethylene) against polypropylene and poly(acrylic acid).

Select File | Import... from the menu bar or click the Import button 3 to open the Import
Document dialog. Navigate to and select Structures/repeat-units/oxides/oxyethylene.msi, click the
Open button.

The structure of oxyethylene is imported into the project. Head and tail atoms in the structure are
indicated by cyan and magenta cages around the respective atoms.

Repeat the procedure above to import Structures/repeat-units/olefins/propylene.msi and
Structures/repeat-units/acrylates/acrylic_acid.msi into the project.

2. To prepare the input structures

In a Blends calculation, you can screen for polymer-polymer, polymer-solvent, or solvent-solvent
interactions. You can define a polymer by specifying head and tail atoms on a monomer repeat unit.

As part of the preparation procedure, you should optimize the geometries of the repeat units before
submitting them for the Blends calculation. This requires the Forcite module. If you do not have a
license for this module, proceed to section 3.

Make oxyethylene.xsd the active document. Choose Modules | Forcite | Calculation from the
menu bar to open the Forcite Calculation dialog.

On the Setup tab, change the Task to Geometry Optimization.

On the Energy tab, select Dreiding from the Forcefield dropdown list and change the Charges to
Charge using QEq. Click the Run button.

Ajobis launched and its progress displayed in the Job Explorer. A new folder, oxyethylene Forcite
GeomOpt, is created in the Project Explorer. When the calculation is complete, a dialog will appear
notifying you of the fact.

The oxyethylene Forcite GeomOpt folder should contain 6 results files:
B oxyethylene.xsd: A 3D Atomistic document containing the optimized geometry of the initial
structure.

B oxyethylene - Calculation: An .xml file containing the settings for the Forcite job. Clicking on
this file opens the Forcite Calculation dialog with the settings that you specified for the calculation.

B oxyethylene Convergence.xcd: Achart file containing plots of the evolution of the energy
change and gradient normal change.

B oxyethylene Energies.xcd: Achart file containing a plot of the evolution of the enthalpy.
B Status.txt: Atext file containing the live update status.

B oxyethylene.txt: Afile containing the initial job settings and a breakdown of energies for the
initial and final structures.
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Repeat the geometry optimization calculation for acrylic_acid.xsd and propylene.xsd. Close the
Forcite Calculation dialog.

There will now be a large number of documents open in the workspace area.

Select File | Save Project from the menu bar and then Window | Close All.

In the Project Explorer, double-click on oxyethylene.xsd in the folder oxyethylene Forcite GeomOpt,
acrylic_acid.xsd in the folder acrylic_acid Forcite GeomOpt, and propylene.xsd in the folder
propylene Forcite GeomOpt.

3. To set up and run the Blends calculation

A Blends calculation is very simple to set up and consists of defining your molecules, choosing the task,
and setting the calculation quality level.

Click the Blends button W on the Modules toolbar and select Calculation from the dropdown list.

This opens the Blends Calculation dialog.

Blends Calculation I&

Setup l Energ'_.r] Job Control

Task: ||"-'1ixing ﬂ Mare... |

Cuality: | Medium j
Iput

Molecule | Role

Help

Blends Calculation dialog, Setup tab

The first step is to define the input molecules.

In the Input section of the Setup tab, click in the empty Molecule cell and select oxyethylene Forcite
GeomOpt/oxyethylene.xsd from the dropdown list.

The first row of the Input grid now contains oxyethylene.xsd in the Molecule column and this
structure has been automatically assigned the Role of Base. A new empty row has been added below the

first one.
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Click in the Molecule cell in the new empty row and select acrylic_acid.xsd in the folder acrylic_acid
Forcite GeomOpt. Repeat this for propylene Forcite GeomOpt/propylene.xsd in the third row of the
grid.

Both propylene.xsdand acrylic_acid.xsd are automatically assigned Screen roles. Any molecule
with a screen role will be screened against molecules with a base role. In this tutorial, you will obtain
interaction energies for oxyethylene-propylene and oxyethylene-acrylic acid mixtures. This is an example
of a one-to-many screening calculation.

Click in the Role cell for oxyethylene.

The role options are Base+Screen, Base, and Screen. If you wanted to calculate interaction energies for
all possible combinations of the polymers, that is, poly(oxyethylene)-poly(oxyethylene), poly
(oxyethylene)-polypropylene, poly(oxyethylene)-poly(acrylic acid), polypropylene-polypropylene,
polypropylene-poly(acrylic acid), and poly(acrylic acid)-poly(acrylic acid), you would need to assign all
three input structures a Base+Screen role. Choosing the Base+Screen role for all the molecules enables a
many-to-many screen.

In this tutorial, you will run a one-to-many screening calculation.
Set the Role for oxyethylene.xsd to Base.

The next step is to choose the task. There are three tasks in Blends.

B Mixing - Performs both binding energy and coordination number calculations. Predicts mixing
energy, interaction energy, and chi parameter values.

B Binding energies - Calculates binding energies only. This gives a fast screen on interaction energy
B Coordination numbers - Calculates the coordination numbers for a pair of molecules.

Set the Task to Mixing and click the More... button.
This opens the Blends Mixing Options dialog which allows you to fine tune the mixing energy calculation.
On the Setup tab on the Blends Calculation dialog, change the Quality to Fine.

The Quality selected affects the number of pairs that are sampled, the energy bin width, and the cluster
samples. As you change the Quality setting, the values on the Blends Mixing Options dialog change in
response. The Quality setting also propagates to the Energy tab and affects the non-bond cutoff
settings on the Blends Non-Bond Options dialog.

On the Setup tab on the Blends Calculation dialog, change the Quality back to Medium.

The Mixing Task Options dialog gives you the option to set head and tail atoms in repeat units as non-
contact. This means that any atoms in the input structures that are marked as head or tail atoms will
not be allowed to come into close contact with any other atoms in the system. This allows you to use a
monomer to mimic a polymer, as the non-contact atoms represent the rest of the polymer.

Make sure that the Head and tail atoms are non-contact checkbox is checked.

Note: If you wish to define more than two atoms as non-contact, you should select the atoms and
define them as a set with the name NONCONTACT.

You can also request that Blends saves the lowest energy configurations for each base and screen
combination in a 3D Atomistic Trajectory document. For each such combination, Blends will return three
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trajectory documents containing the configurations of the base-base, base-screen, and screen-screen
pair. These configurations can then be analyzed further or optimized.

Check the Return lowest energy frames checkbox and change the Number of frames to 50. Close
the Blends Mixing Options dialog.

Before running the Blends calculation, you should change the energy options to reflect the options you
used to minimize the input molecules.

On the Blends Calculation dialog, select the Energy tab. Set the Forcefield to Dreiding and the
Charges to Charge using QEq.

Finally, set the job control options and change the live update frequency.

On the Job Control tab select My Computer as the Gateway location. Click the More... button to
open the Blends Job Control Options dialog. Check the Update structure checkbox and change
Update every to 2 seconds. Close the Blends Job Control Options dialog.

You are now ready to run the calculation.

In the Project Explorer, click on the project root. On the Blends Calculation dialog, click the Run
button and close the dialog.

Anew folder, oxyethylene Blends Mixingis created in the Project Explorer. When the calculation
is complete, this folder will contain the following documents:
B Input: Afolder containing the input structures.

B Lowest energies: Afolder containing 3D Atomistic Trajectory documents comprising the lowest
energy configurations for each base and screen combination. For each such combination, Blends
returns three trajectory documents containing the configurations of the base-base, base-screen, and
screen-screen pair. Any pair that is a duplicate of an existing pair will be omitted.

B oxyethylene - Calculation: An xmlfile containing the settings for the Blends job. Clicking on
this file opens the Blends Calculation dialog with the settings that you specified for the calculation.

B oxyethylene.txt: Atext document containing information about the job run and any warnings.

B Configurations.xsd: A 3D Atomistic document containing the structures currently being
sampled. This file receives live updates as the job progresses.

B Energies.xcd: Achart document containing plots of the energies currently being sampled. This file
receives live updates as the job progresses.

B Status.txt: Atext document containing the status of the run. This file receives live updates as the
job progresses.

B oxyethylene.std: Astudy table containing the results of the Blends run.

4. To analyze the results

The study table document, oxyethylene. std, contains a summary of the screening results, with each
row representing a single pair calculation.

Note: Due to the nature of Blends calculations, some variation in results is expected. Therefore, it is
entirely possible that your results will not precisely match those shown below.
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= oxyethylene Blends Mixing\oxyethylene.std = |l=@ ] =]

A B C 1] E F G H |
Base Screen Energies Chi (258 K) Emix (258 K) Ebb avg (298 K) Ebs avg (258 K) Ess avg (258 K) Ebb min

1 oxyethylene acrylic_acid oxyethylene_acrylic_acid 0.01896795 0.01123258 -0.82694223 -0.86988907 -0.92683774 -2.13848154 -

2 oxyethylene propylene oxyethylene_propylene  1.01904836 0.60346774 -0.82694223 -0.49782388 -0.47122175 -2.13843154 .

4> [ sheet1 / [«] |

Blends study table output

Columns A and B contain the structures of the base and screen molecules used in the screening
calculation. Column C contains a chart document comprising plots of the interaction energies for the
base-base, base-screen, and screen-screen combinations. Columns D and E contain predicted values for
the chi parameter and the energy of mixing. Columns F-Q contain a breakdown of the interactions
energies giving average, minimum, and maximum values. Columns R-U contain coordination numbers
for each base and screen combination.

Double-click on cell B2 to open the Study Table Detail View of the propylene monomer.
The head and tail atoms are labeled as a non-contact group called NONCONTACT.
Close the detail view.

The energy charts in the study table contain the binding energy distributions for the base and screen
pairs.

Double-click on the charts in cells C1 and C2.

If the binding energies for the base-base (E, ), base-screen (E, ), and screen-screen (E ) combinations
o S - bg - bs . ss” .

have very similar distributions, this is a good indicator that the structures will be compatible. The charts,

shown below, indicate that poly(oxyethylene) should be miscible with poly(acrylic acid), but not with

polypropylene.
Blends binding energy distribution Blends binding energy distribution
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Binding energy distributions for the two base-screen pairs
Close the two detail views.

The next indicators as to miscibility are the x and Emix values.

Examine the values in columns D and E.
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A (chi) value close to zero indicates miscibility, as does an Emix value that is close to zero. The more the
xand E__ values increase, the less miscible the pair is. These values reinforce the conclusions from the
energy distributions that poly(oxyethylene) will be miscible with poly(acrylic acid), but not with
polypropylene.

Besides reporting these initial results, Blends also provides tools for further analysis. You can perform
analyses by selecting the row in the study table containing the polymer pair of interest and choosing an
analysis task from the Blends Analysis dialog.

In the study table, select row 1. Select Modules | Blends | Analysis from the menu bar to open the
Blends Analysis dialog. With the default analysis mode selected, Chi parameter, click the Analyze
button.

Achart document, Chi parameter.xcd, is displayed showing the temperature dependence of x for
poly(oxyethylene) mixed with poly(acrylic acid). You can also perform analysis on more than one study
table row at a time, where appropriate.

Close Chi parameter.xcd and click the No button when prompted to save the file as part of the

project.

Hold down the SHIFT key, click on row 2 in the study table. Both rows in the study table should now
be selected. On the Blends Analysis dialog, click the Analyze button.

This time, the chart shows the temperature dependence of x for both base-screen pairs. You can also
plot the energy of mixing for both systems

On the Blends Analysis dialog, select Mixing energy and click the Analyze button.

A chart document is displayed showing the temperature dependence of the mixing energy for both
base-screen pairs. You can also use Blends to predict approximate phase diagrams for systems.

Select Phase diagram on the Blends Analysis dialog and change the Degree of polymerization to 25
for both Base and Screen. Click the Analyze button.

A chart containing two phase diagrams is displayed. Again, these show that poly(oxyethylene) will be
miscible with poly(acrylic acid), but not with polypropylene, except at very high temperatures.

In the final part of this tutorial, you will examine the lowest energy conformations trajectories. You can
simply play the trajectories.

Double-click on oxyethylene acrylic_acid.xtd in the Lowest energies folder. Choose View | Toolbars

| Animation from the menu bar. Click the Play button b on the Animation toolbar.

The frames will play very quickly. An alternative approach is to use the Forcite Analysis dialog to analyze
the trajectory. You do not need a Forcite license to use Forcite Analysis in this way.

On the Modules toolbar, click the Forcite button L and select Analysis from the dropdown list to
open the Forcite Analysis dialog. Select View in a study table and check the Include structures
checkbox. Click the View button.

The trajectory, along with related time and energy data, is displayed in a study table document. The
Time and Frame step values are all zero as these were generated from a Monte-Carlo procedure. Most
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of the energy values are also zero as bonds, angles, and so on, were not included in the energy
equation. You can use the study table tools to sort by energies other than the total energy.

A
Select column E, van der Waals energy. Click the Sort Ascending button 2 on the Study Table
toolbar.

The rows are ordered with the lowest van der Waals energy conformation at the top of the study table.
You can also extract structures from the study table and overlay them in a 3D Atomistic Collection
document.

Select column A, right-click in one of the selected cells and choose Extract To Collection from the
shortcut menu. A warning dialog will appear, informing you that this action may take some time. Click
the OK button.

A new 3D Atomistic Collection document, Extracted From oxyethylene acrylic_acid.xod, is
displayed. You can easily remove the NONCONTACT labels.

Right-click in the collection document and select Label from the shortcut menu to open the Label
dialog. Click the Remove All button and close the Label dialog.

In the collection document, you should be able to make out three areas along one half of the molecule
where binding is concentrated.

Repeat the above steps to view oxyethylene propylene.xtd as a collection document.

In this case, there are two main interaction sites and they are not as spread out around the molecule as
they were for the poly(oxyethylene)-poly(acrylic acid) pairs.

This is the end of the tutorial.
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CASTEP tutorials

The following tutorials illustrate how to utilize CASTEP's capabilities.
Predicting the lattice parameters of AlAs from first principles
Adsorption of CO onto a Pd(110) Surface

Calculating elastic constants for BN

Predicting the thermodynamic properties of germanium

Calculating phonon spectra for ferromagnetic Fe
Assigning the 170 NMR spectrum of L-alanine

Charge density difference of CO on Pd(110)

Simulating the STM profile of CO on Pd(110)

Predicting the core level spectra of BN from first principles

Predicting the lattice parameters of AlAs from first principles

Purpose: Introduces geometry optimization in CASTEP and the use of the volume visualization tools
to display isosurfaces.

Modules: Materials Visualizer, CASTEP
Time: !

Prerequisites: Using the crystal builder Visualizer Tutorial

Background

Recent developments in density functional theory (DFT) methods applicable to studies of large periodic
systems have become essential in addressing problems in materials design and processing. The DFT
tools can be used to guide and lead the design of new materials, allowing researchers to understand the
underlying chemistry and physics of processes.

Introduction

This tutorial illustrates how CASTEP can be used to determine the lattice parameters and electronic
structure of aluminum arsenide using quantum mechanical methods in Materials Studio. You will learn
how to build a crystal structure and set up a CASTEP geometry optimization run, and then analyze the
results.

This tutorial covers:

B Getting started

To build an AlAs crystal structure

To set up and run the CASTEP calculation

To analyze the results

To compare the structure with experimental data
Visualizing the charge density
Density of states and band structure
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Note: Completion of this tutorial entails running a CASTEP geometry optimization. Depending on the
configuration of your computer server, this calculation could take a considerable amount of time.

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter AlAs_lattice as the project name, click the OK button.

The new project is created with AlAs_lattice listed in the Project Explorer. The next step is to create a
document in which to generate the AlAs lattice.

In the Project Explorer, right-click on the root and select New | 3D Atomistic Document from the
shortcut menu. Rename the new document AlAs.xsd.

2. To build an AlAs crystal structure

To build a crystal structure, you need to know the space group, lattice parameters, and internal
coordinates for the crystal you wish to construct. In the case of AlAs, the space group is F-43m, number
216. There are two atoms in the basis, Al and As with fractional coordinates of (0, 0, 0) and (0.25, 0.25,
0.25), respectively. The lattice parameter is 5.6622 A.

The first step is to build the lattice.

Choose Build | Crystals | Build Crystal... from the menu bar.

This opens the Build Crystal dialog.

Build Crystal - =
Space Group | Lattice Parameters | Options |
Ertter group: |BUMGE j List |Al * | agroups
Option: |Orig|in-‘| j
Space group information Operators
Mame P1 1 X ¥ z
IT Mumber 1
Option Crigin-1
Long Mame P1

Schoenflies Name C1-1
Crystal System Triclinic
Crystal Class 1
Primitive-Centered  (0.0.0)
H of Operators 1

Details...

Build j Apply Cancel | Help |

Build Crystal dialog, Space Group tab
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Click in the Enter group box and type 216, press the TAB key.

The Space group information box updates with the information for the F-43m space group.

Select the Lattice Parameters tab. Change the value of a from 10.00 to 5.6622. Press the TAB key and
click the Build button.

An empty 3D lattice is displayed in the 3D Viewer, now you can add the atoms.
Select Build | Add Atoms from the menu bar.

This opens the Add Atoms dialog.

&1 Add Atoms | = |

Aoms | Options |

Element: C - | J

Name: | a: |I}.DDE'
Oddation g = b: [0.000
Oeccupancy: |'I.D I |I}.DDE'

Temperature factors

{* Mone (" lsotropic Anisotropic

Add Help

b

Add Atoms dialog, Atoms tab

Using this dialog, you can add atoms at specific positions.

On the Add Atoms dialog, select the Options tab and ensure that the Coordinate system is set to
Fractional. Select the Atoms tab, in the Element text box type Al. Click the Add button.

The aluminum atoms are added to the structure.

In the Element text box, type As. Enter 0.25 into the a, b, and c text boxes. Click the Add button and
close the dialog.

The atoms are added and the symmetry operators are used to build the remaining atoms in the crystal
structure. The atoms are also displayed in neighboring unit cells to illustrate the bond topology of the
AlAs structure. You can remove these by rebuilding the crystal.

Choose Build | Crystals | Rebuild Crystal... from the menu bar to open the Rebuild Crystal dialog.
Click the Rebuild button.
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The extraneous atoms are removed and the crystal structure is displayed. You can change the display
style to ball and stick.

Right-click in the structure document and select Display Style from the shortcut menu. On the Atom
tab, select the Ball and stick option and close the dialog.

The crystal structure in the 3D Viewer is the conventional unit cell, which shows the cubic symmetry of
the lattice. CASTEP uses the full symmetry of the lattice if any exists. So the primitive lattice, containing 2
atoms per unit cell, can be used, as opposed to the conventional cell, which contains 8 atoms. The
charge density, bond distances, and total energy per atom will all be the same no matter how the unit
cellis defined, so by using fewer atoms in the unit cell the computation time will be decreased.

Note: When a spin-polarized calculation is performed on a magnetic system care should be taken if
the charge density spin wave has a period which is a multiple of the primitive unit cell.

Choose Build | Symmetry | Primitive Cell from the menu bar.

The 3D Viewer displays the primitive cell.

The primitive cell of AlAs
3. To set up and run the CASTEP calculation

ey

Click the CASTEP button |~ | on the Modules toolbar and select Calculation or choose Modules |
CASTEP | Calculation from the menu bar

This opens the CASTEP Calculation dialog.
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CASTEP Calculation dialog, Setup tab

You are going to optimize the geometry of the structure.
Change the Task to Geometry Optimization and the Quality to Fine.

The default setting for optimization is to optimize only the atomic coordinates. However, in this case,
you want to optimize the lattice since the atomic coordinates in AlAs structure are fixed by symmetry.

Click the More... button for the Task to open the CASTEP Geometry Optimization dialog. Check the
Optimize cell checkbox and close the dialog.

When you change the quality, the other parameters change to reflect this.

Select the Properties tab.

You can specify which properties you want to calculate from the Properties tab.

Check the Band structure and Density of states checkboxes.

With the Band structure option selected, click the More... button to open the CASTEP Band Structure
Options dialog. Click the Path... button to open the Brillouin Zone Path dialog. Click the Create button
and close both dialogs.

The reciprocal lattice and Brillouin zone paths and axes are displayed in the 3D viewer.
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AlAs reciprocal lattice and Brillouin zone paths

You can also specify job control options such as live updates.

Select the Job Control tab. Click the More... button to open the CASTEP Job Control Options dialog.
Change the Update interval to 5.0 s and close the dialog.

If you are running the calculation on a remote server, you can specify this from the Job Control tab.

Click the Run button and close the CASTEP Calculation dialog.

After a few seconds, a new folder is displayed in the Project Explorer and this will contain all the results
from the calculation. The Job Explorer is displayed, which contains information about the status of the
job.

The Job Explorer displays the status of any currently active jobs that are associated with this project. It
shows useful information such as the server and job identification number. You can also use this
explorer to stop the job if you need to.

As the job progresses, four documents open which relay information on the job status. These
documents include the crystal structure, showing updates of the model during optimization, a status
document to relay information about the job setup parameters and run information, and charts of the
total energy, and convergence in energy, forces, stress, and displacement as a function of the iteration
number.

When the job finishes, the files are transferred back to the client and this can take some time due to the
size of certain files.

4. To analyze the results
When the results documents are transferred, you should have several documents, among them:

B AlAs.xsd -the final optimized structure

B AlAs.xtd -atrajectory file containing the structure after each optimization step
B AlAs.castep-an output text document containing the optimization information
B AlAs.param-inputinformation for the simulation

For each of the properties calculated, there are also . paramand .castep documents.
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In the AlAs structure, the forces are zero by symmetry, but the stresses depend on the lattice
parameters. CASTEP thus attempts to minimize the total energy by finding the structure that
corresponds to the zero stress. Therefore, to ensure that the calculation has completed properly, it is
important to check that the stresses have converged.

Make AlAs.castep the active document and select Edit | Find... from the menu bar to open the Find
dialog. Enter completed successfully in the text box and click the Find Next button. Scroll a few lines

up.
You will see a table containing two rows, and the last column in each row should say Yes. This indicates
that the calculation has succeeded.
5. To compare the structure with experimental data

You know that the lattice length should be 5.6622 A from when you initially created the cell. You can
compare your minimized lattice length with that of the initial experimental length. The experimental
lattice length is based on a conventional cell and not a primitive one, so you should convert your cell.

Make the optimized AlAs.xsd the active document and select Build | Symmetry | Conventional Cell
from the menu bar.

The conventional cell is displayed. There are several ways to view the lattice lengths, but the easiest is to
open the Lattice Parameters dialog.

Right-click in the 3D Viewer and select Lattice Parameters from the shortcut menu.

The lattice vector should be approximately 5.731 A, giving an error of about 1%. This is within the 1-2%
typical error that is expected for pseudopotential plane-wave methods in comparison with experimental
results. An over-estimation of the lattice parameters is typical of the GGA functional, use of LDA
functionals may result in under-estimation.

Notes:
B More advanced exchange-correlation functionals such as PBESOL or WC are designed to produce
more accurate crystal structures

B Convergence testing is always required to establish that the settings are sufficiently accurate. In
this case you can repeat the calculations with a higher energy cutoff and with more accurate k-
point sampling.

Before continuing, you should save the project and close all the windows.

Choose File | Save Project on the menu bar, then Window | Close All.

The charge density can be visualized using the CASTEP Analysis tool.

ey

Click the CASTEP button |~ | on the Modules toolbar and select Analysis or choose Modules |
CASTEP | Analysis from the menu bar to display the CASTEP Analysis dialog.

Choose the Electron density option.
A message is displayed reporting that no results file is available, so you need to specify a results file.

In the Project Explorer, double-click on AlAs.castep.
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This will associate the results document with the analysis dialog but you also need to designate a 3D
Atomistic document in which to display the isosurface.

In the Project Explorer, double-click on the optimized AlAs.xsd. Choose Build | Symmetry |
Primitive Cell from the menu bar.

The Import button on the CASTEP Analysis dialog is now active.

Click the Import button.

The isosurface is overlaid onto the structure.

Electron density isosurface of AlAs

You can change the isosurface settings using the Display Style dialog.

Open the Display Style dialog and select the Isosurface tab.
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Display Style
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Display Style dialog, Isosurface tab

You can change various settings here.
In the Isovalue text box, type 0.1 and press the TAB key.
Note how the isosurface changes.
Move the Transparency slider bar to the right.
As you move the Transparency slider bar, the surface becomes more transparent.

Hold down the right mouse button and move the mouse to rotate the model.

As the model rotates, the isosurface reverts to a dot display to increase the speed of rotation. If you
have a fast machine, you can disable this feature by unchecking the Fast render on move checkbox on
the Graphics tab of the Display Options dialog.

You can toggle display of the isosurface at any time by checking or unchecking the Visible checkbox on
the Isosurface tab of the Display Style dialog.

You can display the Brillouin zone path for the reciprocal lattice, see the Brillouin zone theory topic for
further information.

Select Tools | Brillouin Zone Path from the menu bar to open the Brillouin Zone Path dialog. Click
the Create button and close the dialog.

The Brillouin zone and k-paths display can be manipulated using the Display Style dialog.
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Select the Reciprocal tab and move the Transparency slider all the way to the right. Set the Scale to 33
and change the Path Line width to 5.00. Close the dialog.

Rotate the structure to view the high-symmetry points and the standard Brillouin zone path for this

lattice type.
”""% /
&

Q3
\92

Brillouin zone paths and isosurface of AlAs

{

The CASTEP Analysis tool can be used to display density of states, DOS, and band structure information.

Band structure charts show the dependence of electronic energies on k-vector along high symmetry
directions in the Brillouin zone. These charts provide a useful tool for qualitative analysis of the
electronic structure of the material - for example, it is easy to identify narrow bands of d and f states as
opposed to nearly free electron-like bands that correspond to s and p electrons.

DOS and PDOS charts give a quick qualitative picture of the electronic structure of the material, and
sometimes they can be directly related to experimental spectroscopic results.

The main CASTEP output file, A1As . castep, contains limited band structure and DOS information, but
more detailed information is contained in the ALAs_BandStr.castep and A1As_DOS.castep
documents, respectively.

On the CASTEP Analysis dialog select the Band structure option.

From this dialog, you can choose to display both the band structure and density of states information
on the same chart document and control the DOS chart quality.

Note: You can also display them in separate chart documents by analyzing the band structure and
density of states separately.

Check the Show DOS checkbox and click the More... button to open the CASTEP DOS Analysis
Options dialog. Set the Integration method to Interpolation and the Accuracy level to Fine. Click the
OK button.

On the CASTEP Analysis dialog, click the View button.
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A chart document is generated containing the band structure and density of states charts.

Note: You can export any chart document as a comma-separated variable file which can then be read
in any spreadsheet package, for example, Excel.

You can also use CASTEP to calculate many other properties, such as reflectivity and dielectric functions.
This is the end of the tutorial.
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Adsorption of CO onto a Pd(110) surface

Purpose: Introduces the use of CASTEP for calculating the adsorption energy of a gas onto a metal
surface.

Modules: Materials Visualizer, CASTEP
Time: = o W2

Prerequisites: Using the crystal builder Visualizer Tutorial

Background

In this tutorial you will examine the adsorption of CO on Pd(110). The Pd surface plays a crucial role in a
variety of catalytic reactions. Understanding how molecules interact with such surfaces is one of the first
steps to understanding catalytic reactions. In this context, DFT simulations can contribute to this
understanding by addressing the following questions:

Where does the molecule want to adsorb?

How many molecules will stick to the surface?

What is the adsorption energy?

What does the structure look like?

What are the mechanisms of adsorption?

You will focus on one adsorption site, the short bridge site, as it is known to be energetically preferred at
fixed coverage. At 1 ML coverage the CO molecules repel each other preventing them from aligning
exactly perpendicular to the surface. You will calculate the energy contribution of this tilting to the
chemisorption energy by considering a (1 x 1) and (2 x 1) surface unit cell.

Pd bulk Pd(110) surface

Top view

o short
Bridoe

long bridge

Pd bulk and a top view on the Pd(110) surface. The (110) cleave plane is highlighted in blue. a, is the bulk lattice
constant, also known as the lattice parameter.
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Introduction

In this tutorial, you will use CASTEP to optimize and calculate the total energies of several different
systems. Once you have determined these energies, you will be able to calculate the chemisorption
energy for CO on Pd(110).

This tutorial covers:

Getting started

To optimize bulk Pd

To build and optimize CO

To build the Pd(110) surface

To relax the Pd(110) surface

To add CO to the 1 x 1 Pd(110) surface and optimize the structure
To set up and optimize the 2 x 1 Pd(110) surface

To analyze the energies

To analyze the density of states (DOS)

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter CO_on_Pd as the project name, click the OK button.

The new project is created with CO_on_Pd listed in the Project Explorer.

This tutorial consists of five distinct calculations. To make it easier to manage your project, you should
begin by preparing five subfolders in your project.

Right-click on the root icon in the Project Explorer and select New | Folder, repeat this four more
times. Rename the folders Pd bulk, Pd(110), CO molecule, (1x1) CO on Pd(110) and (2x1) CO on Pd
(110).

2. To optimize bulk Pd
The crystal structure of Pd is included in the structure library provided with Materials Studio.

In the Project Explorer, right-click on the Pd bulk folder and select Import... to open the Import
Document dialog. Navigate to Structures/metals/pure-metals and import Pd.msi.

The bulk Pd structure is displayed. You can change the display style to ball and stick.

Right-click in the Pd.xsd 3D Viewer and select Display Style to open the Display Style dialog. On the
Atom tab, select Ball and stick and close the dialog.

Now optimize the geometry of the bulk Pd using CASTEP.

Click the CASTEP button |*~ | on the Modules toolbar then select Calculation or select Modules |
CASTEP | Calculation from the menu bar.

This opens the CASTEP Calculation dialog.
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CASTEP Calculation dialog, Setup tab

Cell optimization of crystals requires more accurate calculations than those performed with default
settings.

Change the Quality from Medium to Fine.

To maintain consistency across the calculations that you are going to perform, you should make some
changes on the Electronic tab.

Select the Electronic tab and click the More... button to open the CASTEP Electronic Options dialog.
On the Basis tab check the Use custom energy cutoff checkbox and make sure that the field value is
570.0 eV. This ensures that all calculations in the tutorial use the same energy cut-off.

The default values for geometry optimization do not include optimization of the cell.
Change the Task from Energy to Geometry Optimization. Click the More... button to open the
CASTEP Geometry Optimization dialog. Check the Optimize cell checkbox and close the dialog.

Click the Run button. A message dialog about conversion to the primitive cell is displayed. Click the
Yes button.

Thejob is submitted and starts to run. You should proceed to the next section and build the CO
molecule but return here when the calculation is complete to display the Lattice Parameters.

When the job has finished, you must convert the primitive cell result back to a conventional cell
representation in order to proceed with building the Pd(110) surface in step 4.

In the Project Explorer, open Pd.xsd located in the Pd CASTEP GeomOpt folder. Select Build |
Symmetry | Conventional Cell from the menu bar.

You should now save your project files.

CASTEP tutorials | Page 41



Select File | Save Project, then Window | Close All from the menu bar. In the Project Explorer, re-
open the optimized Pd.xsd.
Right-click in the 3D Viewer and select Lattice Parameters.

This opens the Lattice Parameters dialog. The value of a should be approximately 3.962 A, compared
with the experimental value of 3.89 A.

Close the Lattice Parameters dialog and Pd.xsd.

3. To build and optimize CO

CASTEP will only work with periodic systems. To optimize the geometry of the CO molecule, you must
put it into a crystal lattice.

In the Project Explorer, right-click on the CO molecule folder and select New | 3D Atomistic
Document. Rename the new document CO.xsd.

An empty 3D Viewer is displayed. You will use the Build Crystal tool to create an empty cell and then add
the CO molecules to it.

Select Build | Crystals | Build Crystal... from the menu bar to open the Build Crystal dialog. Choose
the Lattice Parameters tab and change each cell Length a, b, and c to 8.00. Click the Build button.

An empty cell is displayed in the 3D Viewer.
Select Build | Add Atoms from the menu bar to open the Add Atoms dialog.

The C-0 bond length in the CO molecule has been determined experimentally as 1.1283 A. By adding the
atoms using Cartesian coordinates you can create your CO molecule with exactly this bond length.

Select the Options tab and ensure that the Coordinate system is set to Cartesian. On the Atoms tab
click the Add button.

A carbon atom is added at the origin of the cell.

Change the Element to O, leave the x and y values as 0.000. Change the z value to 1.1283. Click the
Add button and close the dialog.

You are now ready to optimize your CO molecule.

Open the CASTEP Calculation dialog.

The settings from the previous calculation have been retained. However, you do not need to optimize
the cell for this calculation.
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Open the CASTEP Geometry Optimization dialog. Uncheck the Optimize cell checkbox and close the
dialog.

On the Properties tab of the CASTEP Calculation dialog check the Density of states checkbox. Change
the k-point set to Gamma and check the Calculate PDOS checkbox. Click the Run button.

When asked about converting to higher symmetry, click the No button to proceed with the current
symmetry.

The calculation starts. You can move onto building the Pd(110) surface as you will analyze the energy at
the end of the tutorial.
4. To build the Pd(110) surface

This section of the tutorial uses the optimized Pd structure from the Pd bulk part of the tutorial.

Select File | Save Project, then Window | Close All from the menu bar. Open Pd.xsd in the Pd
bulk/Pd CASTEP GeomOpt folder.

Creating the surface is a two step process. The first step is to cleave the surface and the second is to
create a slab containing the surface and a region of vacuum.

Select Build | Surfaces | Cleave Surface from the menu bar to open the Cleave Surface dialog.
Change the Cleave plane (h k1) from -100to 1 1 0 and press the TAB key. Increase the Fractional
Thickness to 1.5. Click the Cleave button and close the dialog.

Anew 3D Viewer is opened containing the 2D periodic surface. However, CASTEP requires a 3D periodic
system as input, this is obtained using the Vacuum Slab tool.

Select Build | Crystals | Build Vacuum Slab... from the menu bar to open the Build Vacuum Slab
Crystal dialog. Change the Vacuum thickness from 10.00 to 8.00 and click the Build button.

The structure changes from 2D to 3D periodic and a vacuum is added above the atoms. Before
continuing, you must reorient the lattice.

Open the Lattice Parameters dialog and select the Advanced tab, click the Re-orient to standard
button. Close the dialog.

You should also change the lattice display style and rotate the structure so that the z-axis is vertical on
the screen.

Open the Display Style dialog and select the Lattice tab. In the Display style section, change the Style
from Default to Original. Close the dialog.

Press the UP arrow key twice.

The 3D view shown below is displayed:
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The Pd atom with the largest z-coordinate will be called "the uppermost Pd layer".

Later in this tutorial, you will need to know the bulk interlayer spacing do. You can calculate this using
the atom coordinates.

Select View | Explorers | Properties Explorer from the menu bar. Select the Pd atom with
FractionalXYZ x = 0.5 and y = 0.5. Note the z value of this atom from the XYZ property.

The z value should be 1.401 A and this is the interlayer spacing. This z value refers to the Z coordinate
from the (Cartesian) XYZ property and not FractionalXYZ.
a
Note: For an fcc(110) system, d0 can be calculated as \'% §

Before you relax the surface, you must constrain the Pd atoms in the bulk as you only need to relax the
surface.

Hold down the SHIFT key and select all the Pd atoms except the uppermost Pd layer. Select Modify |
Constraints from the menu bar to open the Edit Constraints dialog. Check the Fix fractional position
checkbox and close the dialog.

The bulk atoms have been constrained. You can see the constrained atoms by changing their display
color.

In the 3D Viewer, click anywhere to deselect the atoms. Open the Display Style dialog and select the
Atom tab. Change the Color by option to Constraint.

This 3D view is now displayed:
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Change the Color by option back to Element and close the dialog.

This structure is needed for the Pd(110) surface relaxation and also as a starting model for (1x1) CO on Pd
(110) optimization.

Select File | Save As... from the menu bar. Navigate to the Pd(110) folder and click the Save button.
Hold down the CTRL key and drag the document into the (1x1) CO on Pd(110) folder. Rename the
document (1x1) CO on Pd(110).

Select File | Save Project, then Window | Close All from the menu bar.

5. To relax the Pd(110) surface

Now you are ready to optimize the Pd (110) surface.

From the Project Explorer, open Pd(110).xsd in the Pd(110) folder. Open the CASTEP Calculation
dialog and then the CASTEP Geometry Optimization dialog. Ensure that the Optimize cell checkbox
is unchecked and close the dialog.

You should also calculate the density of states for the system.

Select the Properties tab on the CASTEP Calculation dialog. Check the Density of states and Calculate
PDOS checkboxes and change the k-point set to Fine.

You are ready to run the calculation.

Click the Run button and close the CASTEP Calculation dialog.

When asked about converting to higher symmetry, click the No button to proceed with the current
symmetry.

The calculation will take some time to run and so you will perform the analysis at the end. You should
move on and construct the next set of surfaces.

Select File | Save Project then Window | Close All from the menu bar.
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6. To add CO to the 1 x 1 Pd(110) surface and optimize the structure
Now you are going to work with the structure in the (1x1) Co on Pd(110) folder.

In the Project Explorer, open (1x1) CO on Pd(110).xsd in the (1x1) CO on Pd(110) folder.

Now add the CO molecule above the short bridge position. You will make use of the fact that for CO on
Pd(110), bond lengths have been experimentally determined.

.___

Zeg

Geometry of CO on Pd(110) in the yz-plane. Hatched atoms are not displayed in Lattice: Original display mode.

The first step is to add the carbon atom. The Pd-C bond length (denoted above asd_, )should be

1.93 A. When you use the Add Atom tool you can enter either Cartesian or fractional coordinates but in
this case you will use fractional coordinates, Xo Yoo andz _.x_andy _aresimpleasy_=0.5and X = 0.
However, determination of Z. is slightly more difﬁccult. You will construct it from the two distances z

and Zpy pg

is simply the lattice parameter a, divided by v2 (it should be 2.80 A).

Pd-C

Zpd-pd

I R N
Epgp = Pi-c T Ty

Zouc is obtained from the formula & (it should be 1.33 A).
Add Zo. and Zo4p to obtain z_ (it should be 4.13 A). Now convert this distance into a fractional length.
You do t%is using the Lattice parameters.

Right-click in the 3D Viewer and select Lattice Parameters from the shortcut menu. Note the value of
C.

To calculate the fractional z coordinate, you divide Z. by the c lattice parameter (you should obtain
0.382).

Open the Add Atoms dialog and choose the Options tab. Check that the Coordinate system is
Fractional. On the Atoms tab change the Element to C, change ato 0.0, b to 0.5, and c to 0.382. Click
the Add button.

If you want to confirm that you have set up the model correctly, use the Measure/Change tool.
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Click the Measure/Change arrow x| on the toolbar and select Distance from the dropdown list.
Click on the Pd-C bond.

The next step is to add the oxygen atom.
On the Add Atoms dialog, change the Element to O.

Experimentally, the C-O bond length has been determined as 1.15 A. In fractional coordinates this is
0.107, adding this value to the fractional z-coordinate of carbon (0.382), the z-coordinate of oxygen is
0.489.

Change the value of c to 0.489 and click the Add button. Close the dialog.

The calculations for the Pd surface model were carried out using P1 symmetry. However, the system has
a higher symmetry, even after the addition of the CO molecule. You can find and impose symmetry,
using the Find Symmetry tool, to speed up further calculations.

Click the Find Symmetry button 5 on the Symmetry toolbar to open the Find Symmetry dialog.
Click the Find Symmetry button then the Impose Symmetry button.
The symmetry is PMM?2.

Open the Display Style dialog and select the Lattice tab. Change the Style to Default. On the Atom
tab, select the Ball and stick display style and close the dialog.

The structure should look similar to this:

-

Before you optimize the geometry of the structure, you should save it in the (2x1) CO on Pd(110) folder.

Select File | Save from the menu bar to save the 1x1 system. Then also select File | Save As... from
the menu bar, navigate to the (2x1) CO on Pd(110) folder and save the document as (2x1) CO on Pd
(110).xsd.

You are now ready to optimize the structure.
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Select File | Save Project, then Window | Close All from the menu bar.
In the Project Explorer, open (1x1)CO on Pd(110).xsd in the (1x1)CO on Pd(110) folder.

Open the CASTEP Calculation dialog.
The parameters from the previous calculation should have been retained.
Click the Run button and close the dialog.

Once again, you can move onto building the final structure while the calculation progresses.
7. Setting up and optimizing the 2 x 1 Pd(110) surface
The first step is to open the 3D Atomistic document in the (2 x 1) CO on Pd(110) folder.

In the Project Explorer, open (2x1) CO on Pd(110).xsd in the (2x1) CO on Pd(110) folder.
This is currently a 1 x 1 cell so you need to use the Supercell tool to change it to a2 x 1 cell.

Select Build | Symmetry | Supercell from the menu bar to open the Supercell dialog. Increase B to 2
and click the Create Supercell button and close the dialog.

The structure should look like this:

?:.:*_x

(2 x 1) Cell of CO on Pd(110)

Now tilt the CO molecules with respect to each other. To simplify this operation, identify the CO
molecule at y = 0.5 as molecule A and the one at y = 0.0 as molecule B.

Select the carbon atom of molecule B. In the Properties Explorer, open the XYZ property and subtract
0.6 from the X field. Repeat this for the oxygen atom of molecule B but subtract 1.2 from the X field.

Now repeat this for molecule A.

Select the carbon atom of molecule A. In the Properties Explorer, open the XYZ property and add 0.6
to the X field. Repeat this for the oxygen atom of molecule A but add 1.2 to the X field.

The view down the z-axis of the molecule should look like this:
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However, you will notice that the Pd-C and C-O bond lengths have changed from their original values.

Select the carbon atom in molecule A and use the Properties Explorer to change the Z field of the
FractionalXYZ property to 0.369. Repeat this for molecule B.

This corrects the Pd-C bond length. You can use the Measure/Change tool to correct the C-O bond
length.

Click the Measure/Change button 2|7 on the Sketch toolbar and select Distance from the
dropdown list. Click on the C-O bond for molecule A.

Choose the 3D Viewer Selection Mode tool k on the 3D Viewer toolbar and select the monitor. In
the Properties Explorer, change the Filter to Distance.

Change the Distance property to 1.15 A. Repeat this for molecule B.

Now recalculate the symmetry of the system.

Open the Find Symmetry dialog and click the Find Symmetry button then the Impose Symmetry
button.

The symmetry is PMA2. The view of the unit cell changes from 3 CO molecules on the Pd surface to only
2. You are now ready to optimize the geometry of your system.

Open the CASTEP Calculation dialog and click Run.

The calculation starts. When the calculation finishes, you will need to extract the total energy of the
system as detailed in the next section. You can move onto the next section to extract the energies from
the previous calculations.

8. To analyze the energies
In this section you are going to calculate the chemisorption energy AEchem' This is defined as:

AF, o = 0.5Es) 00 on part 10— Erart10-Eco molecds

Allowing the CO atoms to tilt against each other, hence reducing the self repulsion of the CO molecules,
should result in a gain in energy. The repulsion energy can be calculated from:

A, = 05E a1y coon Part 10 — Eoix) 60 on B 103
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To calculate these properties, you need to extract the total energies from CASTEP text output
documents for each simulation.

In the Project Explorer, open CO.castep in the CO molecule/CO CASTEP GeomOpt folder. Press CTRL
+ F and search for Final Enthalpy. Note down the value that appears in that line. Repeat the
procedure to find the total energies of the other systems and so complete the table.

Simulation Total Energy (eV)
CO molecule

Pd(110)

(1x1)CO on Pd(110)

(2x1)CO on Pd(110)

Once you have the energies, simply use the above equations to calculate AEchem and AEre . These
should have values of approximately - 1.79 eV and -0.06 eV, respectively. P

9. To analyze the density of states (DOS)

Next, you will examine the changes in the density of states (DOS). This will allow you to obtain an insight
into the bonding mechanism of CO on Pd(110). To do this, you need to display the density of states of
the isolated CO molecule and of (2x1) CO on Pd(110).

In the Project Explorer, open CO.xsd in the CO molecule/CO CASTEP GeomOpt folder.

o

Click the CASTEP button | **~ | on the Modules toolbar, then select Analysis to open the CASTEP
Analysis dialog.

Select the Density of states. Click the Partial radio button and uncheck the f and sum checkboxes.
Click the View button.

A chart document is displayed showing the PDOS for the CO molecule.

CASTEP Partial Density of States

Density of States (electrons/eV)

° | \
| |
20 15 -10 5 0 g 10 15 20
Energy (eV)
5 P d

PDOS of CO molecule
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Repeat the above for (2x1) CO on Pd(110).xsd.

CASTEP Partial Density of States

15

12

5
|
&
|
3 A |
0 A=Al oo TN
o5 20 -5 -10 5 0 5 10 15 20

Density of States (electrons/eV)

Energy (eV)
s [V]p [v]d

PDOS of (2x1) CO on Pd(110)

It is clear that the electronic states of the isolated CO molecule at approximately -20, -5, and -2.5 eV are
considerably lowered in energy as the CO binds to the surface.

Note: The default pseudopotential for Pd, Pd_80.otfg, treats 4s and 4p semicore states as valence.
This results in sharp peaks in the calculated DOS at about -84 and -49 eV. The chart above excludes
those states; this can be achieved by using Properties Explorer to change the maximum and
minimum values along X and Y axes.

As an independent exercise you can analyze PDOS further by investigating contributions to the PDOS of
the adsorbate complex that arise from the C and O atoms.

Hold down the SHIFT key and select all C and O atoms in the (2x1) CO on Pd(110).xsd document.
Generate PDOS - it shows the effect of hybridization with Pd states which manifests itself as
broadening of the energy levels and their general shift towards lower energies.

This is the end of the tutorial.
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Calculating elastic constants for BN

Purpose: lllustrates the use of CASTEP to calculate elastic constants.

Modules: Materials Visualizer, CASTEP

Time: =4

Prerequisites: Predicting the lattice parameters of AlAs from first principles

Background

Recent developments in density functional theory (DFT) methods applicable to studies of large periodic
systems have become essential in addressing problems in materials design and processing. The DFT
tools can be used to guide and lead the design of new materials, allowing researchers to understand the
underlying chemistry and physics of processes.

Introduction

In this tutorial, you will learn how to use CASTEP to calculate elastic constants and other mechanical
properties. In the first part you will optimize the structure of cubic BN and then you will calculate its
elastic constants.

This tutorial covers:

Getting started
To optimize the structure of cubic BN

To calculate the elastic constants of BN

Description of the elastic constants file

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter BN_elastic as the project name, click the OK button.

The new project is created with BN_elastic listed in the Project Explorer. The next step is to import the
BN structure.

Select File | Import... from the menu bar to open the Import Document dialog. Navigate to the folder
Structures/semiconductors/ and select BN.msi. Click the Open button.

The crystal structure of BN is displayed.
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Structure of BN cubic
This is the conventional representation of the BN structure. In order to reduce the computation time,
you should convert to the primitive representation.

Select Build | Symmetry | Primitive Cell from the menu bar.

2. To optimize the structure of BN cubic

It is not necessary to perform geometry optimization before calculating elastic constants, so you can
generate Cij data for experimentally observed structures. However, more consistent results are obtained
if you perform full geometry optimization, including cell optimization, and then calculate the elastic
constants for the structure corresponding to the theoretical ground state.

The accuracy of the elastic constants, especially of the shear constants, depends strongly on the quality
of the SCF calculation and, in particular, on the quality of the Brillouin zone sampling and the degree of
convergence of wavefunctions. Therefore, you should use the Fine setting for SCF tolerance and k-point
sampling and a Fine derived FFT grid.

Now you will set up the geometry optimization.

P

Click the CASTEP button |~ | on the Modules toolbar and select Calculation from the dropdown list
or choose Modules | CASTEP | Calculation from the menu bar.

This opens the CASTEP Calculation dialog.
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CASTEP Calculation | &=
Setup | Biectronic | Properties | Job Control |
Task:  |Eneray -]
Qualty: | Medium -]
Functional: lagaa | |PEE  ~|
e [E]
[~ Spin polarized v
~ =
v Metal Charge: IDi j

Run ||  Fes. |  Help

L

CASTEP Calculation dialog, Setup tab

On the Setup tab, set the Task to Geometry Optimization, the Quality to Fine, and the Functional to

GGA and PBESOL.

Click the More... button to open the CASTEP Geometry Optimization dialog. Check the Optimize cell

checkbox and close the dialog.

Choose the Job Control tab on the CASTEP Calculation dialog and select the Gateway on which you

wish to run the CASTEP job.

Click the Run button.

After optimization, the structure should have cell parameters of about a = b = ¢ = 2.553 A which
corresponds to 3.610 A lattice parameter for the conventional unit cell (experimental value is 3.615 A).

Right-click in the 3D Viewer and select Lattice Parameters from the shortcut menu.

The lattice parameters are shown. Now you can go on to calculate the elastic constants of the optimized

structure.

3. To calculate the elastic constants of BN

Select the Setup tab on the CASTEP Calculation dialog. Select Elastic Constants from the Task

dropdown list and click the More... button.

This opens the CASTEP Elastic Constants dialog.
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CASTEP Elastic Canstants | %

Blastic Constants l@pti.:.ns ]

Mumber of steps for each strain: |4 ﬁ

Maximum strain amplitude: 0.003

[ Use volume-conserving strains

Strain pattem:

0t ¥y 2z yz a3 y
(1 |1 0 0 1 1] 1]

Help

CASTEP Elastic Constants dialog, Elastic Constants tab

Increase the Number of steps for each strain from 4 to 6 and close the dialog. Ensure that BN
CASTEP GeomOpt/BN.xsd is the active document and click the Run button on the CASTEP Calculation
dialog.

Note: If BN CASTEP GeomOpt/BN.xsd is made active before the CASTEP Elastic Constants dialog is
opened, the Strain pattern grid on this dialog will contain values.

CASTEP results for the Elastic Constants task are returned as a set of . castep output files. Each of them
represents a geometry optimization run with a fixed cell, for a given strain pattern and strain amplitude.
The naming convention for these files is:

seedname_cij__m_ n
where m is the current strain pattern and n is the current strain amplitude for the given pattern.

CASTEP can use these results to analyze the calculated stress tensors for each of these runs and
generate a file with information about elastic properties.

Click the CASTEP button |~ | on the Modules toolbar and select Analysis from the dropdown list or
choose Modules | CASTEP | Analysis from the menu bar.

Select the Elastic constants option. The results file from the Elastic Constants job for BN should be
displayed automatically in the Results file selector. Click the Calculate button.

Anew text document, BN Elastic Constants.txt, is created in the results folder.

The information in this document includes a summary of the input strains and calculated stresses,
results of linear fitting for each strain pattern (including quality of the fit), the correspondence between
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calculated stresses and elastic constants for a given symmetry, a table of elastic constants (Ci,) and
elastic compliances (S..). The derived properties, such as bulk modulus and its inverse, comprjessibility,
Young modulus, and Igoisson ratios for three directions, and the Lame constants that are needed for
modeling the material as an isotropic medium, are also reported in this document.

3. Description of the elastic constants file

Note: The results you obtain may vary slightly from those shown because of minor differences in the
structure of the starting model.

Two strain patterns are required for this lattice type. For each strain pattern, there is a summary of
calculated stresses as extracted from the respective . castep files:

Summary of the calculated stresses
3k 3k 3k 3k 3k >k >k 3k 5k 5k %k >k %k 5k 5k 5k >k %k >k 5k 5k 3k >k %k >k 5k 5k 3k %k %k >k %k %k %k

Strain pattern: 1

Current amplitude: 1
Transformed stress tensor (GPa) :
-8.189798 -0.000000 -0.000000

-0.000000 -10.017367 1.379354
-0.000000 1.379354 -10.017367

Current amplitude: 2
Transformed stress tensor (GPa) :
-9.116387 -0.000000 -0.000000

-0.000000 -10.216365 0.838749
-0.000000 0.838749 -10.216365

Current amplitude: 3
Transformed stress tensor (GPa) :
-10.048348 -0.000000 -0.000000

-0.000000 -10.416477 0.292454
-0.000000 0.292454 -10.416477

Current amplitude: 4
Transformed stress tensor (GPa) :
-10.989496 -0.000000 -0.000000

-0.000000 -10.613140 -0.257999
-0.000000 -0.257999 -10.613140

Current amplitude: 5
Transformed stress tensor (GPa) :
-11.916295 -0.000000 -0.000000

-0.000000 -10.807624 -0.799331
-0.000000 -0.799331 -10.807624
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Current amplitude: 6
Transformed stress tensor (GPa) :

-12.834327 -0.000000 -0.000000
-0.000000 -10.998673 -1.335928
-0.000000 -1.335928 -10.998673

Any information about the connection between components of the stress, strain, and elastic constants
tensors is provided. At this stage, each elastic constant is represented by a single compact index rather
than by a pair of ij indices. The correspondence between the compact notation and the conventional

indexing is provided later in the file:

Stress corresponds to elastic coefficients (compact notation):

1 7 7 4 0 0

as induced by the strain components:
1 1 1 4 o0 0

Alinear fit of the stress-strain relationship for each component of the stress is given in the following

format:
Stress Cij value of value of
index index stress strain
1 1 -8.189798 -0.003000
1 1 -9.116387 -0.001800
1 1 -10.048348 -0.000600
1 1 -10.989496 0.000600
1 1 -11.916295 0.001800
1 1 -12.834327 0.003000
C (gradient) : 775.321833
Error on C : 1.304724
Correlation coeff: 0.999994
Stress intercept : -10.515775
2 7 -10.017367 -0.003000
2 7 -10.216365 -0.001800
2 7 -10.416477 -0.000600
2 7 -10.613140 0.000600
2 7 -10.807624 0.001800
2 7 -10.998673 0.003000
C (gradient) : 163.737381
Error on C : 0.695805
Correlation coeff: 0.999964
Stress intercept : -10.511608
3 7 -10.017367 -0.003000
3 7 -10.216365 -0.001800
3 7 -10.416477 -0.000600
3 7 -10.613140 0.000600
3 7 -10.807624 0.001800
3 7 -10.998673 0.003000
C (gradient) : 163.737381
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Error on C : 0.695805

Correlation coeff: 0.999964

Stress intercept : -10.511608
4 4 1.379354 -0.003000
4 4 0.838749 -0.001800
4 4 0.292454 -0.000600
4 4 -0.257999 0.000600
4 4 -0.799331 0.001800
4 4 -1.335928 0.003000

C (gradient) : 453.359595

Error on C : 0.836968

Correlation coeff: 0.999993

Stress intercept : 0.019550

The gradient provides the value of the elastic constant (or a linear combination of elastic constants); the
quality of the fit, indicated by the correlation coefficient, provides the statistical uncertainty of that
value. The stress intercept value is not used in further analysis, it is simply an indication of how far the
converged ground state was from the initial structure.

The results for all the strain patterns are then summarized:

id 1 j Cij (GPa)

1 1 1 775.32183 +/- 1.305
4 4 4 453.35960 +/- 0.837
7 1 2 163.73738 +/- 0.492

The errors are only provided when more than two values for the strain amplitude are used, since there is
no statistical uncertainty associated with fitting a straight line to only two points.

Elastic constants are then presented in a conventional 6 x 6 tensor form, followed by a similar 6 x 6
representation of the compliances:

775.32183  163.73738  163.73738 0.00000 0.00000 0.00000
163.73738  775.32183  163.73738 0.00000 0.00000 0.00000
163.73738 163.73738  775.32183 0.00000 0.00000 0.00000
0.00000 0.00000 0.00000 453.35960 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 453.35960 0.00000
0.00000 0.00000 0.00000 0.00000 0.00000 453.35960

0.0013923 -0.0002428 -0.0002428 0.0000000 0.0000000 0.0000000
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-0.0002428 0.0013923 -0.0002428 0.0000000 0.0000000 0.0000000
-0.0002428 -0.0002428 0.0013923 0.0000000 0.0000000 0.0000000
0.0000000 0.0000000 0.0000000 0.0022058 0.0000000 0.0000000
0.0000000 ©0.0000000 ©.0000000 ©0.0000000 0.0022058 ©.0000000
0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0022058
The final part of the file contains the derived properties:
Bulk modulus = 367.59887 +/- 0.545 (GPa)
Compressibility = 0.00272 (1/GPa)
Elastic Debye temperature = 1889.26254 K
Averaged sound velocity = 11454.32578 (m/s)
Axis  Young Modulus Poisson Ratios
(GPa)
X 718.22228 Exy= 0.1744 Exz= 0.1744
Y 718.22228 Eyx= 0.1744 Eyz= 0.1744
z 718.22228 Ezx= ©.1744 Ezy= 0.1744
Elastic constants for polycrystalline material (GPa)
Voigt Reuss Hill
Bulk modulus 367.59887 367.59887 367.59887
Shear modulus (Lame Mu) 394.33265 380.00700  387.16982
Lame lambda 104.71043  114.26086  109.48565
Universal anisotropy index: 0.18849

The values reported above are roughly within 10% of experimentally measured values (B=396 GPa,
C11=820 GPa, C12=190 GPa, C44=457 GPa) which is typical for DFT calculations.

Calculated elastic properties of crystals are significantly more sensitive to the accuracy of the electronic
structure calculation than, for example, calculated lattice parameters and atomic coordinates. It is
always necessary to check the convergence of the calculated properties with respect to the following
parameters:

B density of k-points (most important)
B energy cutoff

B augmentation density scaling factor - in the case of ultrasoft pseudopotentials, either generated on
the fly or tabulated ones

An additional consideration in elastic properties calculations is the choice of exchange-correlation
functional. Modern functionals that are designed to reproduce solid state properties more accurately
than traditional LDA or PBE functionals are PBESOL and Wu-Cohen; these are recommended for
calculating elastic coefficients of solids.

This is the end of the tutorial.
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Predicting the thermodynamic properties of germanium

Purpose: Introduces the use of CASTEP for calculating linear response and thermodynamic
properties.

Modules: Materials Visualizer, CASTEP

Time: = &b W

Prerequisites: Predicting the lattice parameters of AlAs from first principles

Background

Linear response, or density functional perturbation theory (DFPT), is one of the most popular methods
of ab initio calculation of lattice dynamics. However, potential applications of the method extend
beyond the study of vibrational properties. Linear response provides an analytical way of computing the
second derivative of the total energy with respect to a given perturbation. Depending on the nature of
this perturbation, a number of properties can be calculated. A perturbation in ionic positions gives the
dynamical matrix and phonons; in magnetic field - NMR response; in unit cell vectors - elastic constants;
in an electric field - dielectric response, and so on. The basic theory of phonons, or lattice vibrations, in
crystals is well understood and has been described in detail in several textbooks. The importance of the
phonon interpretation of lattice dynamics is illustrated by the large number of physical properties that
can be understood in terms of phonons: infrared, Raman, and neutron scattering spectra; specific heat,
thermal expansion, and heat conduction; electron-phonon interaction and thus resistivity and
superconductivity, and so on. Density Functional Theory (DFT) methods can be used to predict such
properties and CASTEP provides this functionality.

Note: DFPT phonon calculations using ultrasoft pseudopotentials are not yet supported and nor are
DFPT calculations for spin-polarized systems. Nevertheless phonon spectra and related properties
can be calculated with those settings in the framework of the finite difference technique.

Introduction

In this tutorial, you will learn how to use CASTEP to perform a linear response calculation in order to
calculate phonon dispersion and density of states as well as predict thermodynamic properties such as
enthalpy and free energy.

This tutorial covers:

B Getting started

To optimize the structure of the germanium cell

To calculate phonon dispersion and density of states (DOS)
To display phonon dispersion and density of states

To display thermodynamic properties

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started

Begin by starting Materials Studio and creating a new project.
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Open the New Project dialog and enter Ge_phonon as the project name, click the OK button.

The new project is created with Ge_phonon listed in the Project Explorer.

Begin by importing the Ge structure, which is included in the structure library provided with Materials
Studio.

Select File | Import... from the menu bar to open the Import Document dialog. Navigate to
Structures/metals/pure-metals and select Ge.msi.

2. To optimize the structure of the germanium cell

It is often possible to get significant speedup by converting the structure to a primitive cell.
Select Build | Symmetry | Primitive Cell from the menu bar.

The primitive germanium cell is displayed.

X X

ools

Now optimize the geometry of the Ge structure using CASTEP.

o

Click the CASTEP button |~ | on the Modules toolbar and select Calculation or choose Modules |
CASTEP | Calculation from the menu bar.

This opens the CASTEP Calculation dialog.
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[ ] CASTEP Calculation | = |

Setup | Biectronic | Properties | Job Control |

Task:  |Eneray -]

Qualty: | Medium -]

Functional: lagaa | |PEE  ~|

e [E]

[~ Spin polarized v

~ =

v Metal Charge: IDi j
Rn || Fes. | Hep |

CASTEP Calculation dialog, Setup tab

The default values for geometry optimization do not include optimization of the cell.

On the Setup tab change the Task from Energy to Geometry Optimization and the Functional to
LDA. Uncheck the Metal checkbox as Ge is a semiconductor. Change Quality to Ultra-fine, which is a
recommended setting for calculating vibrational properties of materials.

Click the More... button to open the CASTEP Geometry Optimization dialog, check the Optimize cell
checkbox and close the dialog.

Select the Electronic tab of the CASTEP Calculation dialog and set Pseudopotentials to Norm
conserving (linear response calculations of phonon properties are available only for norm-conserving
potentials).

On the Job Control tab select the location for the job to run in the Gateway location dropdown list,
and set the Runtime optimization to Speed.

Click the Run button to start the job.

The job is submitted and starts to run. It should take a few minutes, depending on the speed of your
computer. The results are placed in a new folder called Ge CASTEP GeomOpt.

3. To calculate phonon dispersion and phonon density of states (DOS)

DFPT gives an opportunity to accurately calculate phonon frequencies at any given point in reciprocal
space. However, a calculation for each g-point can be expensive. An alternative approach may be used
for calculations that require phonon frequencies for large numbers of g-points, for example, for phonon
DOS and thermodynamic properties. This alternative scheme takes advantage of the relatively short
range of effective ion-ion interactions in crystals. Interpolation can be used to reduce computation time
without loss of accuracy. The accurate DFPT calculations are performed only at a small number of g-
vectors, and then a cheap interpolation procedure is used to obtain frequencies at other g-points of
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interest. One advantage of using an interpolation scheme instead of the exact calculation is that
thermodynamic properties at low temperatures depend strongly on the number of points in the
phonon DOS grid. Using the interpolation approach, this number can be increased at no computational
cost.

In order to calculate the phonon dispersion and phonon density of states you must perform a single
point energy calculation, after selecting the appropriate properties from the Properties tab on the
CASTEP Calculation dialog.

Ensure that Ge.xsd in the Ge CASTEP GeomOpt folder is the active document.
On the Setup tab of the CASTEP Calculation dialog set the Task to Energy.

On the Properties tab choose Phonons and request Density of states and Dispersion by selecting the
Both option.

Click the More... button, to display the CASTEP Phonon Properties Setup dialog. Ensure the Method
is Linear response and the Use interpolation checkbox is checked. Ensure that g-vector grid spacing
for interpolation is 0.05 1/A, and the Quality for Dispersion and Density of states is set to Fine.
Close the dialog.

Click the Run button and close the CASTEP Calculation dialog.

The job is submitted and starts to run. This is a more time-consuming job and could take a few hours on
a multi-core computer. A new folder, called Ge CASTEP Energy, is created in the Ge CASTEP
GeomOpt folder. When the energy calculation is finished two new results files are placed in this folder,
Ge_PhonDisp.castep and Ge_PhonDOS. castep.

4. To display phonon dispersion and density of states

Phonon dispersion curves show how phonon energy depends on the g-vector, along high symmetry
directions in the Brillouin zone. This information can be obtained experimentally from neutron
scattering experiments on single crystals. Such experimental data are available for only a small number
of materials, so theoretical dispersion curves are useful for establishing the validity of a modeling
approach to demonstrate the predictive power of ab initio calculations. In certain circumstances it is
possible to measure the density of states (DOS) rather than the phonon dispersion. Furthermore, the
electron-phonon interaction function, which is directly related to the phonon DOS can be measured
directly in the tunneling experiments. It is therefore important to be able to calculate phonon DOS from
first principles. Materials Studio can produce phonon dispersion and DOS charts from any . phonon
CASTEP output file. These files are hidden in the Project Explorer but a . phonon file is generated with
every .castep file that has a PhonDisp or PhonDOS suffix.

Tip: When evaluating phonon DOS, use only the results of phonon calculations on the Monkhorst-
Pack grid.

Now use the results of the previous calculation to create a phonon dispersion chart.
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Select Modules | CASTEP | Analysis from the menu bar to open the CASTEP Analysis dialog. Choose
Phonon dispersion from the list of properties. Ensure that the Results file selector displays Ge_
PhonDisp.castep.

Select cm-1 from the Units dropdown list and Line from the Graph style dropdown list.

Click the View button.

A new chart document, Ge Phonon Dispersion.xcd, is created in the results folder. It should look
something like the chart shown below:

CASTEP Phonon Dispersion
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The experimental phonon dispersion is shown below:
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The predicted frequencies are available in the Ge_PhonDisp.castep file.

Double-click on Ge_PhonDisp.castep in the Project Explorer. Press the CTRL + F keys and search for
Vibrational Frequencies.

The following portion of the results file is displayed:
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=== —==—==—===—=-=—==-=—=-==—=-=-=—=-=-==-=-=—=-=-==-=-==-=-==-==—===—===—======================== 4
+

+

b o o e e e e e e e e e e e e o
-+

+ q-pt= 1 ( ©.500000 0.250000 ©.750000) 0.0487804878

+

+ _________________________________________________________________________
-+

+ Acoustic sum rule correction < ©0.002528 cm-1 applied

+

+ N Frequency irrep.

+

+ (cm-1)

+

+

+

+ 1 114.828225

+

+ 2 114.828225

+

+ 3 204.776057

+

+ 4 204.776057

+

+ 5 274.984105

+

+ 6 274.984105

+

+
.......................................................................... +
+ Character table from group theory analysis of eigenvectors

+

+ Point Group = 32, Oh

+

+
.......................................................................... +
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Note: The results you obtain may vary slightly from those shown because of minor differences in the
structure of the starting model.

The frequencies for every g-point and for every branch (Longitudinal Optical or Acoustical (LO/LA),
Transverse Optical or Acoustical (TO/TA)) are given in cm™1, as well as the positions of the g-points, in the
reciprocal space. The high symmetry points I, Land X are at reciprocal space positions (00 0), (0.50.5
0.5) and (0.5 00.5) respectively.

The predicted and experimental frequencies in cm™1

are:

Predicted Experimental

ro 302 304
ro 302 304
Ao 0
A o 0
L™A 62 63
LLA 223 222
LTO 243 245
LLO 288 290
XTA 80 80
XA 241 241
XT0 272 276

Overall, the accuracy of the calculation is acceptable. Better agreement with the experimental results
may be obtained by running the calculation with a better SCF k-point grid.

Now create a phonon DOS chart.
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On the CASTEP Analysis dialog select Phonon density of states from the list of properties. Make
Ge.xsd the active document and ensure that the Results file selector displays Ge_PhonDOS.castep.

Set Display DOS to Full. Click the More... button to open the CASTEP Phonon DOS Analysis Options
dialog. Select Interpolation from the Integration method dropdown list and set the Accuracy level to
Fine. Click the OK button and on the CASTEP Analysis dialog click the View button to create the DOS
chart.

Interpolation scheme was chosen to get the best representation of DOS; an alternative setting,
smearing, produces DOS with too few fine details.

Anew chart document, Ge Phonon DOS.xcd, is created. It should look something like the chart
shown below:

CASTEP Density of Phonon States
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5. To display thermodynamic properties

Phonon calculations in CASTEP can be used to evaluate the temperature dependence of the enthalpy,
entropy, free energy, and lattice heat capacity of a crystal in a quasi-harmonic approximation. These
results can be compared with experimental data (for example heat capacity measurements) or used to
predict phase stability of different structural modifications or phase transitions.

All energy-related properties are plotted on one graph, and the calculated value of the zero-point energy
is included. The heat capacity is plotted separately on the right.

Note: The entropy is present as a TS product to allow comparison with the enthalpy.

Now use the results of the phonon calculation to create a thermodynamic properties chart.
On the CASTEP Analysis dialog choose Thermodynamic properties from the list of properties. Make
Ge.xsd the active document and ensure that the Results file selector displays Ge_PhonDOS.castep.

Check the Plot Debye temperature checkbox and click the View button.

Two new chart documents, Ge Thermodynamic Properties.xcdand Ge Debye
Temperature.xcd, are created in the results folder:
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Experimental results without anharmonicity (Flubacher et al., 1959) show that the Debye temperature at
the high temperature limit is 395(3) K. The simulated Debye temperature is 392 K, in excellent agreement
with the experimental value.

Overall, the experimental plot is qualitatively very similar to the one generated by CASTEP. There is a dip
at about 25 K, with the lowest value of Debye temperature of the order of 255 K, exactly as predicted by
CASTEP results. The exact shape of the curve at very low temperatures is not accurate with the
calculation settings used in this tutorial. A better sampling of low-frequency acoustic modes is required,
and this can be achieved by using a finer Monkhorst-Pack grid in the phonon density of states
calculation.

6. To display atomic displacement parameters

Atomic displacement parameters, also known as temperature factors, can be estimated from phonon
calculations and displayed in the visualizer as ellipsoids.
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On the CASTEP Analysis dialog choose Thermodynamic properties from the list of properties. Make
Ge.xsd the active document and ensure that the Results file selector displays Ge_PhonDOS.castep.

Click Assign temperature factors to structure button.

This action adds information about anisotropic temperature factors to each atom. The values can be
examined using Properties Explorer. The value of the B factor produced in this tutorial, 0.545 A2, is in
excellent agreement with experimental reports (between 0.52 and 0.55 A2

In order to visualize temperature factors as ellipsoids, open Temperature Factors tab of the Display
Style dialog and click Add. Ellipsoids are added to the display, but they might be obscured by the
reciprocal space objects. You can hide reciprocal space objects by clearing the Display reciprocal
lattice checkbox on the Reciprocal tab of the Display Style dialog.

This is the end of the tutorial.
References

Flubacher, P.; Leadbetter, A. J.; Morrison, J. A. "The heat capacity of pure silicon and germanium and
properties of their vibrational frequency spectra", Phil. Mag., 4, 273-294 (1959).
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Calculating phonon spectra for ferromagnetic iron

Purpose: Introduces the use of CASTEP for calculating phonon spectra using the finite difference
formalism.

Modules: Materials Visualizer, CASTEP
Time: = o W2

Prerequisites: Predicting the lattice parameters of AlAs from first principles, Predicting the
thermodynamic properties of germanium

Background

Phonons are an important concept in solid state physics, which provides access to a wide range of
important properties such as specific heat, thermal expansion, heat conduction, electron-phonon
interactions, resistivity, and superconductivity. Density Functional Theory (DFT) methods are able to
predict such properties, and CASTEP provides the necessary functionality. There are two main
approaches in lattice dynamics calculations: density functional perturbation theory (DFPT) and the finite
displacement method. The first is generally faster and more accurate, but its implementation is
problematic and is subject to a set of restrictions. Currently, DFPT in CASTEP can only be used without
spin-polarization and only for norm-conserving pseudopotentials. So, for a wide class of materials
(including magnetic materials and metals), phonon calculations can only be carried out by using the
finite displacement algorithm.

Note: The calculations in this tutorial are demanding in terms of CPU time and memory
requirements.

Introduction

In this tutorial, you will learn how to use CASTEP to perform a finite displacement calculation to obtain
the phonon dispersion and density of states for a magnetic metal.

This tutorial covers:

Getting started
To optimize the structure of the iron cell

To calculate phonon dispersion and density of states (DOS)

To display phonon dispersion and density of states

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter Fe_phonon as the project name, click the OK button.

The new project is created with Fe_phonon listed in the Project Explorer.
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Begin by importing the Fe structure, which is included in the structure library provided with Materials
Studio.

Select File | Import... from the menu bar to open the Import File dialog. Navigate to
Structures/metals/pure-metals and select Fe.msi. Click the Open button.

It is often possible to decrease the calculation time by converting the structure to a primitive cell.

Select Build | Symmetry | Primitive Cell from the menu bar.

The primitive cell of iron is displayed.
2. Optimizing the structure of iron

Now optimize the geometry of the Fe structure using CASTEP.

e

Click the CASTEP button | ™~ | on the Modules toolbar and choose Calculation or select Modules |
CASTEP | Calculation from the menu bar.

This opens the CASTEP Calculation dialog.

On the Setup tab, change the Task from Energy to Geometry Optimization, set the Quality to Fine,
and the Functional to LDA. Check the Spin polarized checkbox and uncheck the Use formal spin as
initial checkbox. Set the Initial spin value to 2.

CASTEP Calculation [
Setup | Hectronic | Properties | Job Cortrol |
Task:  |Geometry Optimization |  More...
Qualty: |Fine |
Functional: oA ~| |carz  ~|
™ Use foBs ]
W Spin polarized [ Use formal spin as intial

|| T Use LDAU ntalson: 2 =

| % Meta Charge: =

Rn || Fes. | Hep |

CASTEP Calculation dialog, Setup tab

The default values for geometry optimization do not include optimization of the cell.
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Click the More... button to open the CASTEP Geometry Optimization dialog, check the Optimize cell
checkbox and close the dialog.

On the Electronic tab select OTFG ultrasoft from the Pseudopotentials dropdown list.
On the Job Control tab, select the Gateway location for the job.

Click the More... button to open the CASTEP Job Control Options dialog, uncheck all of the options in
the Live updates section, and close the dialog.

Click the Run button to start the job.

Note: If you are running this calculation on a cluster with a large amount of RAM (for example more
than 10 GB in total) you should use Speed for the Runtime optimization.

When the job has completed the results are placed in new folder called Fe CASTEP GeomOpt.
3. To calculate phonon dispersion and phonon density of states (DOS)

In order to calculate the phonon dispersion and phonon density of states you have to perform a single
point energy calculation, with the appropriate properties selected for calculation.

Ensure that Fe.xsd in the Fe CASTEP GeomOpt folder is the active document.
On the Setup tab on the CASTEP Calculation dialog, set the Task to Energy.

On the Properties tab, check the Phonons checkbox and request both density of states and
dispersion by selecting the Both radio button. Uncheck the Calculate LO-TO splitting checkbox and
choose Finite displacement from the Method dropdown list.

The finite displacement scheme has been designed for use with metallic and spin-polarized systems (as
well as for calculations that make use of efficient ultrasoft potentials). This is ideal for calculating phonon
properties for ferromagnetic iron.

Click the More... button to open the CASTEP Phonon Properties Setup dialog. Ensure that the
Method is Finite displacement. Set the Supercell defined by cutoff radius to 3.5 A. Set the Quality
for both Dispersion and Density of states to Fine and close the dialog.

Note: The cutoff radius chosen is a crucial parameter for a finite displacement calculation. The
accuracy is higher when a larger cutoff radius is used, as longer range interactions are taken into
account. The computational time, however, grows very rapidly with the increase of this value. For
practical reasons, in this tutorial, a small value is chosen for this parameter. The convergence of the
phonon frequencies as a function of the cutoff radius should be investigated when performing
meaningful calculations.
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On the Job Control tab select a Gateway for the calculation.

Click the More... button to open the CASTEP Job Control Options dialog and check all of the Live
updates options and close the dialog.

Click the Run button and close the CASTEP Calculation dialog.

The job is submitted and starts to run. A new folder, named Fe CASTEP Energy, is created in the Fe
CASTEP GeomOpt folder. When the energy calculation is finished the new results files are placed in this
folder, including Fe_PhonDisp.castep and Fe_PhonDOS. castep.

If you decide not wait for the job to finish, you can access pre-computed version of these files as follows.

Use Windows Explorer to navigate to the share\Examples\Projects\CASTEP directory, from the top
level of your Materials Studio installation. Double-click on the file Fe_phonons.stp.

Tip: For Windows users who are not administrators, you should copy the Fe_phonons.stp project
and associated Fe_phonons_Files folder to a location where you have write permissions. Then open
the new copy of the Fe_phonons.stp project.

4. To display phonon dispersion and density of states

Phonon dispersion curves show how phonon energy depends on the g-vector, along high symmetry
directions in the Brillouin zone. This information can be obtained experimentally from neutron
scattering experiments on single crystals. Such experimental data are available for only a small number
of materials, so theoretical dispersion curves are useful both for establishing the validity of a modeling
approach and to demonstrate the predictive power of ab initio calculations. In certain circumstances it is
possible to measure the density of states (DOS) rather than the phonon dispersion. Furthermore, the
electron-phonon interaction function, which is directly related to the phonon DOS, can be measured
directly in the tunneling experiments. It is therefore important to be able to calculate phonon DOS from
first principles.

Materials Studio can produce phonon dispersion and DOS charts from any . phonon CASTEP output file.
This file is generated with every CASTEP job that includes a calculation of Phonon Dispersion or Phonon
DOS. The .phonon file is hidden, so you will not see it in the Project Explorer.

Tip: When evaluating phonon DOS, use only the results of phonon calculations on the Monkhorst-
Pack grid.

Now use the results of the previous calculation to create a phonon dispersion chart.

Ensure that Fe.xsd is the active document.

Select Modules | CASTEP | Analysis from the menu bar to open the CASTEP Analysis dialog. Select
Phonon dispersion from the list of properties. Ensure that the Results file is Fe_PhonDisp.castep.

Select cm-1 from the Units dropdown list and Line from the Graph style dropdown list.

Click the View button.

A new chart document, Fe Phonon Dispersion.xcd, is created in the results folder. It should be
similar to the chart shown below:
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CASTEP Phonon Dispersion
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The experimental phonon dispersion (Minkiewicz et al., 1967) is shown below:
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Overall, the accuracy of the calculation is qualitatively acceptable, better agreement with the
experimental results will be obtained by running the calculation with a larger cutoff radius.

Now create a phonon DOS chart.
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Make Fe.xsd the active document and select Phonon density of states from the list of properties on
the CASTEP Analysis dialog. Ensure that the Results file is Fe_PhonDOS.castep.

Set Display DOS to Full. Click the More... button to open the CASTEP Phonon DOS Analysis Options
dialog. Select Interpolation as the Integration method and Fine as the Accuracy level. Click the OK
button.

On the CASTEP Analysis dialog click the View button.

Anew chart document, Fe Phonon DOS.xcd, is created. It should look similar to the chart shown
below:

CASTEP Density of Phonon States
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Phonon calculations in CASTEP can be used to evaluate the temperature dependence of the enthalpy,
entropy, free energy, and lattice heat capacity of a crystal in a quasi-harmonic approximation. These
results can be compared with experimental data (for example, heat capacity measurements) and used to
predict phase stability of different structural modifications or phase transitions.

More details can be found in the Predicting the thermodynamic properties of germanium tutorial.
This is the end of the tutorial.

References

Minkiewicz, V. J.; Shirane, G.; Nathans, R. "Phonon Dispersion Relation for Iron ", Phys. Rev., 162, 528-
531 (1967).
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Assigning the 170 NMR spectrum of L-alanine

Purpose: Introduces the capabilities of NMR CASTEP and the use of the visualization tools for
displaying isotropic shielding values.

Modules: Materials Visualizer, CASTEP, NMR CASTEP
Time: = o W2

Prerequisites: Predicting the lattice parameters of AlAs from first principles

Background

NMR CASTEP predicts the NMR chemical shielding of molecules and solid-state materials from first
principles. Based on density functional theory (DFT), NMR CASTEP provides a way to predict key
magnetic resonance properties, NMR chemical shielding and electric field gradient (EFG) tensors, with
unprecedented accuracy. The method can be applied to compute the NMR shifts of molecules, solids,
interfaces, and surfaces for a wide range of materials classes including organic molecules, ceramics and
semiconductors. First-principles calculations allow researchers to investigate the nature and origin of the
magnetic resonance properties of a system without the need for any empirical parameters.

NMR is often used as an analytical tool to aid in structure prediction. The relative complexity of solid-
state structures makes this a challenging task. Often, even though the general features of the crystal
structure are understood, a detailed analysis of the geometry proves elusive. Using NMR CASTEP it is
possible to simulate the NMR spectrum for a series of related structures until a match is discovered
between the computed and experimental results. In this way, theory complements experiment, with
both contributing to the determination of the structure.

Note: NMR in CASTEP is part of the separately licensed module NMR CASTEP. NMR calculations can
only be performed if you have purchased this module.

Introduction

In this tutorial, you will use NMR CASTEP to assign the observed 170 chemical shifts to the two unique
atoms in crystalline L-alanine. You will learn how to run an NMR CASTEP calculation, display the results in
the Materials Visualizer, and to interpret the results.

L-Alanine is one of the smaller amino acids. The unit cell contains 4 molecules for a total of 48 atoms.
There are 2 distinct oxygen sites. This tutorial will use the computed NMR chemical isotropic shielding
values to tell them apart. Experiment can also distinguish between the two oxygens, but only with a very
sophisticated solid-state NMR apparatus.

This tutorial covers:

B Getting started

B To run an NMR CASTEP calculation

B To analyze the results

B To compare the results with experimental data

Note: Completion of this tutorial entails running an NMR CASTEP calculation. Depending on the
configuration of your compute server, this calculation could take a considerable amount of time.
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Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter NMR_alanine as the project name, click the OK button.

The new project is created with NMR_alanine listed in the Project Explorer. The next step is to import
the structure.

Select File | Import... from the menu bar to open the Import Document dialog. Navigate to
Examples\Documents\3D Model\ and select the |_alanine.xsd file, click the Open button.

The1l_alanine document is displayed.

ok,
n

S

Crystal structure of L-alanine

2. To run an NMR CASTEP calculation

Begin by opening the crystal structure for L-alanine. This is a neutron diffraction crystal structure
(Lehmann et al., 1972). You could also build this crystal structure from scratch and optimize it with

CASTEP. Using experimental crystal structures, however, yields results comparable with the DFT-
optimized geometry and saves computation time.

Click the CASTEP button |~ | on the Modules toolbar and choose Calculation or select Modules |
CASTEP | Calculation from the menu bar.

This opens the CASTEP Calculation dialog.
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CASTEP Calculation dialog, Setup tab
You are going to run an energy calculation on the structure and request a calculation of the NMR
chemical shielding tensor.

Ensure that the Task is set to Energy and the Functional is GGA PBE. Change the Quality to Ultra-
fine. Uncheck the Metal checkbox (chemical shielding cannot be calculated for metallic systems).

Note: As a rule, the computed NMR results are sensitive to the Quality of the calculation. In order to
obtain results that are comparable with experiment, you should use the Ultra-fine Quality setting.
These calculations will take longer than Fine or Medium calculations, but the results are considerably
more reliable.

On the Electronic tab select OTFG ultrasoft from the Pseudopotentials dropdown list.

On the fly (OTFG) pseudopotentials are required to compute the magnetic shielding properties. If you
choose a different type of pseudopotential, the NMR calculation cannot be performed.

Now specify the properties you want to calculate from the Properties tab.

On the Properties tab check the NMR checkbox and ensure that the Shielding and EFG checkboxes
are checked.

This will compute both the NMR chemical shielding and the value of the electric field gradient at the
nuclei. If you are running the calculation on a remote server, you can specify the server using the Job
Controltab.

On the Job Control tab choose an appropriate server from the Gateway dropdown list.

Click the Run button and close the dialog.

Depending on the speed of the computer you are using the NMR calculation will take quite some time to
complete. As a point of reference, using the Ultra-fine quality settings the NMR shielding calculation on
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L-alanine required about 18 hours on a 1.70 GHz laptop computer. You can complete the calculation
using the Medium Quality setting in about 20% of that time. This will give you an understanding of how
to run an NMR calculation; however, the results will not be the same as those discussed in the
subsequent sections of the tutorial. Alternatively, rather than running the calculation yourself, you can
open the pre-computed results in the Examples folder as described below.

While the calculation is running several things will happen in the Materials Studio interface. After a few
seconds, a new folder is displayed in the Project Explorer and this will contain all the results when the
calculation is complete. The Job Explorer is displayed, which contains information about the status of
the job. The Job Explorer displays the status of any currently active jobs that are associated with this
project. It shows useful information such as the server and job identification number. You can also use
this explorer to stop the job if you need to.

As the job progresses, four documents open which relay information on the job status. These
documents include the crystal structure, a status document to relay information about the job setup
parameters and run information, and charts of the total energy and its convergence as a function of the
iteration number.

When the job finishes, the files are transferred back to the client and this can take some time due to the
size of certain files.

3. To analyze the results

When the results are transferred, you should have several documents, among them:

B 1 alanine.xsd -the crystal structure

1 alanine.castep-an output file from the CASTEP energy calculation

1 alanine_NMR.castep -an output file from the NMR CASTEP calculation

1 alanine.param-inputinformation

1 alanine.castep _binand1l _alanine NMR.castep_bin -binary files containing a summary
of the results. Although not visible in the Explorer, these hidden files are required for the analysis

If you chose to run the NMR calculation, you should find these files in folder called 1_alanine CASTEP
Energy once the calculation completes.

If you decide not to wait for the job to finish, you can access a pre-computed version of these files as
follows.

Use Windows Explorer to navigate to the \share\Examples\Projects\CASTEP directory, from the top
level of your Materials Studio installation. Double-click on the file |_alanine.stp.

Tip: For Windows users who are not administrators, you should copy the | _alanine.stp project and
associated /_alanine Files folder to a location where you have write permissions. Then open the new
copy of the [_alanine.stp project.

Whether you choose to wait for the long calculation to finish or you decide to open the pre-computed
results, the tutorial is the same from this point. If you ran the |_alanine calculations using the

Medium Quality setting to save time, the steps are still the same, but your numerical results will differ
from the ones discussed here. First, examine the data in the NMR output file.

In the Project Explorer, open |_alanine CASTEP Energy/l_alanine_NMR.castep and locate the line
that reads Chemical Shielding and Electric Field Gradient Tensors.

This is located about 100 lines up from the end of the file. The output data will look something like this
(for clarity, the results for H, C, and N have been removed):
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T

| Nucleus Shielding tensor EFG Tensor

| Species Ion Iso(ppm) Aniso(ppm) Asym Cq(MHz) Eta |
| 0 1 -27.61 419.12 0.49 8.304E+00 ©0.26 |
| 0 2 -9.52 307.31 0.66 6.773E+00 ©.65 |
| 0 3 -27.61 419.12 0.49 8.304E+00 ©0.26 |
| 0 4 -9.52 307.31 0.66 6.773E+00 ©0.65 |
| 0 5 -27.61 419.12 0.49 8.304E+00 0.26 |
| 0 6 -9.52 307.31 0.66 6.773E+00 0.65 |
| 0 7 -27.61 419.12 0.49 8.304E+00 0.26 |
| 0 8 -9.52 307.31 0.66 6.773E+00 0.65 |

Note: The results you obtain may vary slightly from those shown because of minor differences in the
structure of the starting model.

he magnetic shielding data are displayed for each element that used an OTFG pseudopotential. In the

case of L-alanine, this includes the elements, H, C, N, and O. In this tutorial, you will focus on the 170
results.

T

he first column of the results simply indicates the element symbol. The second column, called /on, is

the relative order of a particular atom in the input file. The subsequent columns are defined as follows:

Iso (ppm) - the isotropic chemical shielding in ppm. This is defined as O™ (ox +0 + 0n)/3, where o
refers to the chemical shielding tensor in the principal axis frame, that is after éiagg}/\alization. This is

an absolute value of the isotropic chemical shielding, not relative to a standard.
Aniso (ppm) - the anisotropy defined as A = 0, 0o
Asym - the asymmetry parameter defined as n = (oxX -0 /A

Cqg (MHz) - the quadrupolar coupling constant, C_ = eQsz/h' where VZ is the largest component of
the diagonalized EFG tensor, Q is the nuclear quadrupole moment, and h is Planck's constant.

Eta - the quadrupolar asymmetry parameter, NQ = (VXX - VW)/VZZ.

Scroll down to the results for oxygen. Notice that although there are 8 individual oxygen atoms in the

u

nit cell, there are only 2 distinct results. This is because there are only 2 symmetry-unique oxygen

atoms in the cell. Now you will use the Materials Visualizer and the experimental data to determine
which NMR signal corresponds to which atom.

Open |_alanine CASTEP Energy/l_alanine.xsd.

o

Click the CASTEP button | “*~ | on the Modules toolbar, then choose Analysis or select Modules |
CASTEP | Analysis from the menu bar to open the CASTEP Analysis dialog.

Choose the NMR option and click the Assign isotropic chemical shielding to structure button.
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CASTEP Analysis dialog, NMR selection

The isotropic chemical shielding values have been loaded into the structure. Now you will display the

shielding values for the oxygen atoms.

Hold down the ALT key and double-click on any of the oxygen atoms.

This selects all the oxygen atoms in the system.

Right-click in I_alanine.xsd and select Label from the shortcut menu to open the Label dialog. From

the Properties select NMRShielding and click the Apply button.

The NMR isotropic shielding values are displayed for the oxygen atoms.
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L-Alanine with 170 isotropic chemical shielding displayed

You can use a similar process to import the electric field gradient data. Atoms can be labeled using either
the quadrupolar coupling or the asymmetry parameter.

4. To compare the structure with experimental data

The experimental results for the 170 magnetic resonance data may be found in Pike et al., (2004). In
general, the EFG values and asymmetry parameters can be compared directly with experiment. The
isotropic chemical shifts require some analysis because the program reports absolute chemical shielding
whereas most experimentalists are concerned with shifts relative to a known standard. This difference
can been dealt with in 2 ways:

1. In most cases, such as in this example, the primary interest is in comparative shifts, which shift is
lowest and which is highest, so there is no need to convert the shielding to the same relative
standard used by the experiment. The relative positions are all that is needed in order to assign the
shifts to atoms unambiguously. This is easy to do because the relative positions of the peaks do not
change when shifted with respect to a standard.

2. When dealing with several related systems, it is necessary to determine a value empirically such that
you can convert the shielding to a relative shift. Rather than calculate the chemical shielding of the
reference compound explicitly, the reference is obtained by comparing it to a system that is
experimentally well-characterized and is similar to the systems being investigated. For example,
Yates et al. (2004) investigated 170 shifts for glutamic acid polymorphs. The reference that was
chosen was the one which provided the best match between computed and observed values for D-
glutamic acid-HCI. The same value was applied to all of the polymorphs.

So, why not compute the value of the standard? Typical standards are liquids like water and
tetramethylsilane (TMS). A simple calculation on an isolated molecule is quite easy to do, but yields a
result very different from the experimental value. On the other hand, computing a value for the liquid
state is a complex task, involving the creation of an accurate model of the liquid and subsequent
evaluation of the NMR chemical shielding averaged over time and molecular orientation. The results
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obtained by comparing to one known experimental system provides a more rapid approach, and in
addition, provides an immediate sanity check on the results.

The table below summarizes the computed and observed results.

Quantity Theory Experiment
ois° 01 (ppm) -27.61

810 01 (ppm) 284

ois° 02 (ppm) -9.52

6is0 02 (ppm) 260.5

|6 01-86 02| 18.09 235
CQ01(MHz) 8.30 7.86
CQ02(MHz) 6.77 6.53

nQ01 0.26 0.28

nQ02 0.65 0.70

Notice that the values of C_and n _ are in close enough agreement to experiment to provide an
unambiguous assignment of the spectrum. Notice also that the spacing between the 170 peaks is
comparable: 18.09 ppm versus 23.5 ppm. The larger experimentally observed shift corresponds to the
smaller (more negative) computed value of the shielding. This is because of the way the experimentally
observed shifts are computed with respect to the standard:

iso oreference ) Gobserved
Assume a reference value of 267.3 ppm and convert each computed . into a 6iso. How well do the

computed and observed shifts match?
You can see how hydrogen bonding in the crystal affects the chemical shifts.

Label the oxygen atoms by the NMR chemical shifts as you did at the end of section 3.

Select Build | Hydrogen Bonds from the menu bar to open the Hydrogen Bond Calculation dialog,
click the Calculate button.

Hydrogen bonds are displayed as dashed lines.
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L-Alanine with hydrogen bonds displayed

Notice that one oxygen is hydrogen bonded to 2 hydrogen atoms associated with the amine group,
whereas the other is bonded only to one. The oxygen bonded to 2 hydrogen atoms is nominally the
hydroxyl oxygen while the other is the carbonyl oxygen. Based on the computed results and the
visualization you can see that the carbonyl oxygen is the one with the observed shift of 284 ppm and the
hydroxyl oxygen has the observed shift of 260.5 ppm.

This is the end of the tutorial.

References

Lehmann, M. S.; Koetzle, T. F.; Hamilton, W. C. J. Am. Chem. Soc., 94, 2657 (1972).
Pike, K. J., et al. J. Phys. Chem. B, 108, 9256 (2004).

Yates, J. R., et al. J. Phys. Chem A, 108, 6032 (2004).
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Charge density difference of CO on Pd(110)

Purpose: Demonstrates the use of CASTEP for calculating the charge density difference that occurs
when a molecule adsorbs on a surface.

Modules: Materials Visualizer, CASTEP

Time: =

Prerequisites: Adsorption of CO onto a Pd(110) surface

Background

In this tutorial you will investigate how the bonding of the CO molecule affects the electron distribution
relative to the isolated CO molecule and the unperturbed Pd(110) surface. The charge density difference
can be computed in two different ways. The first option is to compute the charge density with respect to
fragments. This is useful for describing the formation of large systems in terms of smaller ones. This
method illustrates how the charge density changes during a chemical reaction or on binding of a
molecule to a surface. In the case of CO on Pd(110) the electron density difference can be expressed as:

B8P =Pc@pd(110)” Peo * Pra(110)
where pcg@Pd(illo) is the eleic.tron density of the total CO + Pd(110) sys.tem, and Peo and de(110) are the
unperturbéd electron densities of the sorbate and substrate, respectively.

The other option is to compute the density difference with respect to atoms:

Bp= Peo@rd(110) 2(p)

where the subscript i runs over all atoms. This option shows the changes in the electron distribution due
to the formation of all the bonds. It is useful for illustrating how chemical bonds are formed across the
whole system by delocalization of atomic charge density.

The display of the density difference can contribute to an understanding of adsorption processes.
Where does the molecule want to adsorb? Why does the molecule adsorb there? What bonding
mechanisms contribute to the stabilization of the molecule at this site?

You will focus on one adsorption site: the short bridge site you studied in the tutorial Adsorption of CO
onto a Pd(110) surface.

Introduction

In this tutorial, you will use CASTEP to compute the charge density difference of CO on Pd(110) in two
different ways. You will use the optimized geometry of CO on Pd, as determined previously. Once you
have completed the calculations you will use the Materials Visualizer to display the density differences as
3D fields and 2D slices.

This tutorial covers:

B Getting started

B To define fragments

B To run the calculation

® To display the fragment density difference
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Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by opening the Materials Studio project that you created for the tutorial Adsorption of CO onto a

Pd(110) surface. If you have not performed this tutorial or if you did not save the project files, you must
do so before proceeding.

Open the file (1x1) CO on Pd(110).xsd in the folder (1x1) CO on Pd(110)\(1x1) CO on Pd (1 1 0)
CASTEP GeomOpt.

2. To define fragments

To compute the fragment density difference you must first define the fragments. You will do this using
the Edit Sets option. Begin by creating a set containing the carbon and oxygen atoms.

Select Edit | Edit Sets from the menu bar to open the Edit Sets dialog.
Click on the carbon atom to select it. Hold down the SHIFT key and click on the oxygen atom.

On the Edit Sets dialog, click the New... button to open the Define New Set dialog. Enter the name
CO DensityDifference, click the OK button and close the dialog.

Tip: In order for CASTEP to recognize the set as a fragment for charge density difference calculations,
the name must contain the text string DensityDifference.

Notice that in the model (1x1) CO on Pd (1 1 0).xsdthe CO moleculeis now highlighted and
labeled using the name you gave the set. You do not have to define the Pd surface as set since CASTEP
automatically assumes that the remaining atoms are to be subtracted when computing the electron
density difference.

Atoms belonging to a set are displayed with a mesh around them. You can hide the mesh as follows.

Click on the mesh to select the set. Select View | Explorers | Properties Explorer from the menu bar.

In the Properties Explorer, set the value of the Filter to Set.

The list of properties for Set includes IsVisible.

Edit IsVisible property: select No to remove display of the set.

The set is no longer highlighted with the mesh.

Tip: In order to remove the label CO DensityDifference, select it with the mouse and press the DELETE
key.

Finally, before you can start the calculation, you must reset the symmetry of the structure to P1.

Select Build | Symmetry | Make P1 from the menu bar.
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3. To run the calculation

Double-click on the (1x1) CO on Pd(110) Calculation file in the (1x1) CO on Pd(110)\(1x1) CO on Pd
(1 1 0) CASTEP GeomOpt folder.

This opens the CASTEP Calculation dialog.

[ &l CASTEP Calculation [ = ]

Setup | Blectronic | Properties | Job Control |

Task:  |Geometry Optimizaton |  More..

Qualty: |Customized |

Functional: lGGa  ~| |PEE  ~|

[ Use [TS |

[~ Spin polarized ~

» =

¥ Metal Charge: =
Run ||  Fies. | Hep |

CASTEP Calculation dialog, Setup tab

Since you have already run a geometry optimization on the system, you only need to perform a single
point energy calculation in order to obtain the density differences.

Change the Task to Energy.

On the Properties tab select the Electron density difference and select the Both atomic densities
and sets of atoms radio button. Ensure that you uncheck any other properties.

Click the Run button.

The job is submitted and begins to run. You should wait for it to complete before proceeding to the next
section. -

When the job has finished, you should save the project.

Select File | Save Project from the menu bar.

4. To display the fragment density difference

When the calculation finishes, you can display the charge density difference. Begin by closing all the
open windows.

Select Window | Close All from the menu bar.

Now open the output structure for the job you just ran.
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Open the document (1x1) CO on Pd (1 1 0).xsd in the folder (1x1) CO on Pd (1 1 0) CASTEP Energy.

Click the CASTEP button | ™~ | on the Modules toolbar and select Analysis.

Select the Electron density difference option, check the View isosurface on import checkbox and
uncheck the Use atomic densities checkbox. Click the Import button.

Tip: When you select Use atomic densities the density difference is computed with respect to atoms.
When it is unchecked, the difference is computed with respect to fragments.

This displays an isosurface of the difference density at a value of about 0.1 electrons / A3. Now you
should create a more chemically useful isosurface.

Right-click on the document and select Display Style from the shortcut menu to open the Display
Style dialog. On the Isosurface tab set the Isovalue to 0.05 and select +/- from the Type dropdown
list.

This procedure displays two isosurfaces together. One is at a value of 0.05 and is colored blue, the other
is at -0.05 and is colored yellow. The blue areas show where the electron density has been enriched with
respect to the fragments. Conversely, the yellow areas show where the density has been depleted.

M
4

i

v

oA . A
b
Charge density difference for CO Pd (110)

You can gain further insight into the changes in bonding by displaying the density difference as a 2D
slice. You can do this using the Volume Visualization toolbar.

Select one of the isosurfaces and press the DELETE key.
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Tip: The visibility of isosurfaces and slices can also be controlled, without deleting, using the
Volumetric Selection dialog.

Select View | Toolbars | Volume Visualization from the menu bar.

Now use the Create Slices tool to create a 2D slice from the data.
Click the Create Slices arrow ®- tool and select Parallel to B & C Axis from the dropdown list.

Click on the 2D slice to select it, hold down the SHIFT and ALT keys and the right mouse button to
move the slice so that it cuts through the CO molecule.

You now have a 2D slice showing the density difference through the CO molecule. Next you will adjust
the data range of the slice and change the color scheme to differentiate more easily between regions of
electron depletion and electron enrichment.

Select the slice. Click the Color Maps button ¥ on the Volume Visualization toolbar to open the
Color Maps dialog.

Change the Spectrum to Blue-White-Red, set From to -0.2 and To to 0.2, and set the value of Bands
to 16.

Each of the 16 colors represents a specific range of the charge density. In this plot a loss of electrons is
indicated in blue, while electron enrichment is indicated in red. White indicates regions with very little
change in the electron density. You can see the red and blue areas more clearly if you hide the white
areas.

Click on the two colors in the center of the selector on the Color Maps dialog.

The selector should now look like this:

<« I ___ |13

The final image should resemble the one shown here:
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A

2D charge density difference for CO Pd (110)

Based on this, which atoms have lost electron density? Can you tell which orbitals lost electrons? Which
orbitals on which atoms gained electrons? Does this match your expectations for carbon-metal
bonding?

If you are interested you could repeat this section of the tutorial using the atomic density difference
rather than the fragment density difference. Simply make sure that you check Use atomic densities
when you import the density difference.

This is the end of the tutorial.
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Simulating the STM profile of CO on Pd(110)

Purpose: Demonstrates the use of CASTEP for simulating the transmission microscope (STM) profile
of a system.

Modules: Materials Visualizer, CASTEP

Time: =

Prerequisites: Adsorption of CO onto a Pd(110) surface

Background

The scanning transmission microscope (STM) provides an image of a material, but it can also be used to
provide quantitative information at the atomic scale. The ability to simulate the STM image therefore
provides a way to compare computed results with experiment.

CASTEP models the STM profile by representing it as an isosurface of the electron density generated
only by states at a certain energy away from the Fermi level. The distance from the Fermi level
corresponds to the applied bias in STM experiments: positive bias corresponds to empty (conduction)
states and negative bias to occupied (valence) states. This approach neglects the actual geometry of the
STM tip.

STM profile visualization makes sense only for models that represent surfaces in the slab supercell
geometry. In addition, information about charge density at a distance from the surface is likely to be
inaccurate as a result of DFT failing to reproduce the asymptotics of the wavefunction decay into a
vacuum.

Introduction

In this tutorial, you will use CASTEP to simulate the STM profile of a CO molecule adsorbed onto a Pd
(110) surface. The aim of the tutorial is to check whether STM is likely to confirm that the 2x1 structure
found in the tutorial "Adsorption of CO onto a Pd(110) surface" is more stable or whether there will be
little difference observed between the 1x1 and 2x1 systems. You will make use of results obtained
previously for this system.

This tutorial covers:

Getting started
To run the calculation

]
B To create an STM isosurface
B To add extra information to the STM isosurface

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started

Begin by opening the Materials Studio project that you created for the tutorial Adsorption of CO onto a
Pd(110) surface. If you have not performed this tutorial or if you did not save the project files, you must
do so before proceeding.

CASTEP tutorials | Page 91



Select File | Open Project... from the menu bar to open the Open Project dialog. Navigate to the CO_
on_Pd.stp project and click the Open button.

You will use the Pd(1 1 0) surface with CO adsorbed for this calculation.

Open the file (1x1) CO on Pd(110).xsd in the (1x1) CO on Pd(110)\(1x1) CO on Pd (110) CASTEP
GeomOpt folder.

2. To run the calculation

e

Click the CASTEP button | ™~ | on the Modules toolbar then select Calculation or choose Modules |
CASTEP | Calculation from the menu bar.

This opens the CASTEP Calculation dialog.

CASTEP Calculation |

Setup l Blectronic ] Properties ] Job Contral ]

Task: | Enengy j

Qualty: | Medium |

Functional: lGea  «| |rBE  ~|
e 15 -]

[ Spin polarized ¥

N =

WV Metal Charge: 0 :||

Run j Files ... | Help |

b -

CASTEP Calculation dialog, Setup tab

Since you have already run a geometry optimization on the system, you only need to perform a single
point energy calculation in order to obtain the orbitals.

Change the Task to Energy.

On the Properties tab check the Orbitals checkbox and ensure that you uncheck any other
properties.

On the Electronic tab click the More... button to open the CASTEP Electronic Options dialog. On the
k-points tab ensure that the Custom grid parameters radio button is selected and that the Grid

parameters fields are setasato 3, bto4and cto 1.

Click the Run button.

The job is submitted and begins to run.
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Repeat the same procedure for the optimized 2x1 structure in (2x1) CO on Pd(110).xsd located in the
(2x1) CO on Pd(110) folder, making sure that the k-points Grid parameters are setasato 2, bto 3
andcto 1.

Click the Run button on the CASTEP Calculation dialog and close both dialogs.
When the job has finished, you should save the project.

Select File | Save Project from the menu bar.

3. To create an STM isosurface

When the calculation finishes, you can display the charge density difference. Begin by closing all the
open windows.

Select Window | Close All from the menu bar.
Now open the output structure for the (1x1) and (2x1) calculations side by side.

Open (1x1) CO on Pd (110).xsd in the (1x1) CO on Pd (110) CASTEP Energy folder. Also open (2x1)
CO on Pd(110).xsd in the (2x1) CO on Pd (110) CASTEP Energy folder. Select Window | Tile
Vertically from the menu bar.

Make (1x1) CO on Pd (110).xsd the active document and open the Display Style dialog. On the
Lattice tab set the Max. value of the range in the A direction to 2.00, in the B direction to 2.00, and in
the C direction to 0.90. Select the (2x1) CO on Pd(110).xsddocument and change the Max. ranges to
2.00in the B direction and 0.90 in the C direction.

To better differentiate between surface and adsorbate, you may want to change the Atom display style
of all Pd atoms.

For each document, select one atom of each Pd layer. On the Atom tab of the Display Style dialog,
select the CPK radio button and change the CPK scale to 0.9. Close the Display Style dialog.

Orient both structures such that the (110) surface rows are facing the same way.

The models should look similar to the images below.
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1 x1and 1 x 2 supercells of CO on Pd(110)

Take a note of the z-coordinate of the oxygen atoms in either case, they should be approximately 5.4
and 5.3A.

4. To add extra information to the STM isosurface
Now you will import the volumetric information into the two structure documents.

Click the CASTEP button on the toolbar, then select Analysis from the dropdown list to open
the CASTEP Analysis dialog. Select STM profile from the list.

Open (1x1) CO on Pd (110).castep and ensure this is listed as the Results file. Set the value of STM
bias to 1.0 and uncheck the View isosurface on import checkbox. Make (1x1) CO on Pd (110).xsd
the active document and click the Import button.

Repeat this for the (2x1) CO on Pd (110).castep output document and the (2x1) CO on Pd (110).xsd
structure. Close the CASTEP Analysis dialog.

The next step will be to create simulated images to model STM experiments in the constant height
mode for our two structures. This can be achieved by displaying slices through our simulated
STM volumetric information.

On the Volume Visualization toolbar, click arrow for the Slice button and select Parallel to A
& B axis. Repeat for the other document.
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This procedure creates a volume slice that will become our STM images. Scanning tunneling microscopy
is usually done well above the actual atoms in any experiment and relies on tunneling. To mimic this
setup in our simulation, we have to set our slice relatively high above the oxygen atoms, but also well
away from the bottom periodic images of the Pd atoms. A value of 1.0 A above the O atoms is a good
compromise, as long as we remember to compare like with like and set the same value for both
simulations.

Select the Slice. In the Properties Explorer, double-click on the Slice Position property and change
the Z value to 6.4. Repeat for the other document.

Note: For high-quality STM simulations in research problems, you will have to go at least 3 A higher
above the highest atom and use an accordingly large unit cell height. To achieve a reasonable
resolution of your simulations, you may have to significantly increase the plane wave cut

We now have to adjust the color scale to show the relevant information.
Select the Slice and click the Color Maps button EI Use the right-arrow IEI buttons to set the

From and To values to the SliceMappedMin and SliceMappedMax values shown in the Properties
Explorer respectively. Change the Spectrum to Black-White and set Bands to 128.

Repeat this for the other document and close the Color Maps dialog.

Note: In complex simulations, an estimate of the relative brightness for different adsorbates may be
obtained if the color scales are identical. However, this only works if all the settings in all calculations
are absolutely identical.

You may want to change the representation such that a part of the periodic surface is not covered by
the slices. Your final results should look similar to this:
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1 x 1and 1 x 2 Supercells of CO on Pd(110) with simulated STM profile. The calculated volume slice on the left
side of each image corresponds to the predicted STM contrast, while the extended supercell shows the location of
the atoms underneath the STM image.

According to this simulation, it should be very easy to distinguish between the 1 x 1 and 2 x 1 structures
of CO adsorbed on Pd(110) in an STM simulation. The shape of the STM image suggests that the
contrast is mainly due to the m-orbitals of the CO molecule. which are aligned in the 1 x 1 supercell, but
offset in the 2 x 1 structure. The volume slice is constructed from the density due only to orbitals
corresponding to the bias, that is, those about 1 eV above the Fermi level. The color corresponds to the
total density of states, with the white regions corresponding to the highest DOS.

This is the end of the tutorial.

Page 96 | Materials Studio * Modules Tutorials



Predicting the core level spectra of BN from first principles

Purpose: Introduces the core level spectroscopy feature in CASTEP.

Modules: Materials Visualizer, CASTEP

Time: =4 &

Prerequisites: Using the crystal builder Visualizer Tutorial

Background

Density functional theory provides a robust and reliable framework for calculations of core-level spectra.
This technique has been applied to numerous systems with good results (Gao et al., 2008). DFT as a
method is somewhat limited, and recent developments in core-level spectroscopy calculations using the
Bethe-Salpeter equation or time-dependent DFT (or a combination of the two) provide more rigorous
approaches for a core level spectrum calculation. In these methods many-body effects, such as the
broadening of spectra due to electron-hole lifetime, can be taken into account. While good agreement
with experimental results has been achieved, this necessarily comes with a much greater computational
burden in comparison to standard ground state DFT calculations.

A systematic observation of core hole effects and a quantitative estimation of the core hole strength in
materials can assist in the simulation and interpretation of core level spectra. Applying empirical rules, a
core-level spectrum is not likely to be heavily influenced by core-hole effects, so information on the
ground electronic structure of a material can be inferred directly from the experimental spectrum. In this
case, traditional ground state calculations should predict the main features of experimental results and
allow interpretation of the spectrum. If this is not the case, inclusion of the influence of the core hole is
essential in the theoretical simulation. Analysis of experimental results should take into account that
near-edge fine structure includes influences in the core excitation processes beyond the ground state
electronic structure.

For a more general discussion of the core level spectroscopy and details of its implementation see S.-P.
Gao et al., 2008 and references.

Introduction

CASTEP can calculate spectroscopic properties of solids that are due to electronic transitions from a core
level of an ion to the conduction band (X-ray absorption) and from the valence band to a core level (X-
ray emission). This can be used to describe a wide variety of experimental results connected to such
processes. Core holes can be created by X-ray or electron incident radiation.

The core level is localized, so core level spectroscopy provides a detailed element-specific picture of the
local electronic structure around a given atomic site. There is no contribution from the other atoms in
the system, so the electronic states for a specific atom can be investigated.

In the case of anisotropic systems angular-dependent experiments enable the separation of states with
different symmetries for the involved orbitals. An important consequence is that symmetry states which
result solely from chemical bonding can be studied. For further information see the core level
spectroscopy theory topic.

This tutorial illustrates how CASTEP can be used to determine the core level spectra of a material in
Materials Studio using quantum mechanical methods. You will learn how to build a crystal structure and
set up a CASTEP energy calculation, followed by core-hole spectroscopy calculations and then analyze
the results.
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This tutorial covers:

Getting started
To set up and run a CASTEP calculation

To set up the core holes

To set and run a CASTEP calculation with core holes

To analyze the results

To compare the results with experimental data

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter BN as the project name, click the OK button.

The new project is created with BN listed in the Project Explorer. Now you willimport the BN structure
for your calculation.

Select File | Import... from the menu bar to open the Import Document dialog. Navigate to the folder
Structures/semiconductors/ and select BN.msi. Click the Open button.

The crystal structure in the 3D Viewer is the conventional unit cell containing 8 atoms, which shows the
cubic symmetry of the lattice. CASTEP uses the full symmetry of the lattice if any exists, so the primitive
lattice, containing 2 atoms per unit cell, can be used. The charge density, bond distances, and total
energy per atom will be the same no matter how the unit cell is defined, so by using fewer atoms in the
unit cell, the computation time is decreased.

Note: The only time that care is needed is when a spin-polarized calculation is performed on a
magnetic system, where the charge density spin wave has a period which is a multiple of the primitive
unit cell.

Choose Build | Symmetry | Primitive Cell from the menu bar.

The 3D Viewer displays the primitive cell.

BN primitive cell
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2. To set up and run a CASTEP calculation

Click the CASTEP button |~ | on the Modules toolbar and select Calculation from the dropdown list

or choose Modules | CASTEP | Calculation from the menu bar.

This opens the CASTEP Calculation dialog.

CASTEP Calculation |.

Setup l Blectronic | Properties | Job Cortrol |

Cuality: | Medium ﬂ

Task: | Energy j

[ Use |TS

[ Spin polarzed [+

Functional: lagaa | |PEE  ~|

- O

[+ Metal Charge: 1] ﬁ

Run j Files... | Help

L

CASTEP Calculation dialog, Setup tab

On the Setup tab of the CASTEP Calculation dialog, ensure the Task is set to Energy and the Quality is

set to Medium.

If you change the quality, the other parameters change to reflect this. Next, you will specify the

electronic options for the calculation.

On the Electronic tab, select OTFG ultrasoft from the Pseudopotentials dropdown list.

On the fly (OTFG) pseudopotentials are required to compute the core level spectra. If you choose a
different type of pseudopotential, the core level spectroscopy calculation cannot be performed.

Next, you will specify which properties you want to calculate.

On the Properties tab, check the Core level spectroscopy checkbox and set the Energy range to

40eV.
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CASTEP Calculation | = |

Setup ] Blectronic Properties lan Cnntml]

Band structure -
™| Core level spectroscopy =
Density of states H

Electron density difference
Electron localization function
Electronic excitations -

Core level spectroscopy

Energy range: |4D eV
be-point set: Medium w | 1110

Mare...

Run j Files... | Help |

L

CASTEP Calculation dialog, Properties tab

An energy range of 40 eV for the core level spectroscopy will allow access to energies up to 40 eV above
the Fermi level.

On the Job Control tab click the More... button to open the CASTEP Job Control Options dialog.
Change the Update interval to 30.0 s and close the dialog.

If you wish to run the calculation on a remote server, you can specify this on the Job Control tab.

Click the Run button and close the dialog.

After a few seconds, a new folder is displayed in the Project Explorer and this will contain all the results

from the calculation. The Job Explorer is displayed, which contains information about the status of the

job.

When the job finishes, the files are transferred back to the client and this can take some time due to the

size of certain files. When the results are transferred, you should have several documents, among them:

B BN.xsd -the crystal structure

m BN.castep - an output file from the CASTEP energy calculation

B BN_EELS.castep-an output file from the CASTEP core level spectroscopy calculation

® BN.paramand BN_EELS.param-inputinformation, saving the input files before proceeding with
the calculation creates these files and gives you the opportunity to edit them

You will find these files in the Project Explorer in a folder called BN CASTEP Energy once the calculation

completes.

3. To set up the core holes

To simulate core hole effects you should create a supercell of sufficiently large size, so that artificial
interactions between periodic images of the atoms containing core holes are reduced. However, large
supercells are very computationally expensive, so a supercell of 32 atoms (6 A) is used to strike a balance
in this tutorial.
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Note: For investigative experiments, where greater computational resources are available, larger
supercells should be used in order to obtain more accurate results.

Now you will construct a supercell from the primitive cell by redefining the extent of the lattice.

Make BN.xsd in the project root the active document.

Select Build | Symmetry | Redefine Lattice from the menu bar to open the Redefine Lattice dialog.
Enter-311forA,-1-13forB,and 11 1forC. Click the Redefine button and close the dialog.

Select File| Save As... from the menu bar and save the 3D Atomistic document as BN_N_hole.xsd.
Repeat this to save the document as BN_B_hole.xsd.

Choose Window | Close All from the menu bar, then double-click on BN_N_hole.xsd in the Project
Explorer.

You will create a core hole on a nitrogen atom and ensure that the symmetry is properly imposed.

Select any N atom in the supercell.

Select Modify | Electronic Configuration from the menu bar to open the Electronic Configuration
dialog. On the Core Hole tab select 1s from the Shell dropdown list and close the dialog.

Choose Build | Symmetry | Find Symmetry... from the menu bar to open the Find Symmetry dialog.
On the Options tab check the CoreShellWithHole from the list of properties. On the Find tab click the
Find Symmetry button, then the Impose Symmetry button. Close the dialog.

Now you should create a core hole on a boron atom and ensure that the symmetry is properly specified.

Repeat these steps for BN_B_hole.xsd.

Select File | Save Project from the menu bar.

4. To set up and run a CASTEP calculation with core holes

You will repeat the previous CASTEP energy calculation determining the core level spectra, but this time
taking account of the B and N core holes.

Make BN_N_hole.xsd the active document.
Open the CASTEP Calculation dialog, on the Electronic tab check the Use core hole checkbox.

Click the Run button, click the Yes button to convert to a primitive cell and close the CASTEP
Calculation dialog.

This is a rather time consuming job, depending on the machine each calculation may take several hours.

When the job finishes, the files are transferred back to the client.
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Make BN_B_hole.xsd the active document and click the Run button on the CASTEP Calculation dialog
again.

Choose File | Save Project from the menu bar, followed by Window | Close All.

5. To analyze the results
Now you can analyze and visualize the results of the CASTEP calculation.

Make BN CASTEP Energy/BN.xsd the active document and select the N atom.

Choose Modules | CASTEP | Analysis from the menu bar to open the CASTEP Analysis dialog.

CASTEP Analysis | = |
Band structure -

Density of states

Elastic constants

Blectron density

Blectron density difference &

Core level spectroscopy

Results file:  |BM_EELS.castep J
Spectrum: | 1z (K1) ﬂ
Type: W Mare...

Calculation: | Unpolarized ﬂ

1.0 0. 0.

Atom Selection. .. |

View Help

b

CASTEP Analysis dialog, Core level spectroscopy selection

Select Core level spectroscopy and ensure that BN_EELS.castep is the specified Results file. Select 1s
(K1) from the Spectrum dropdown list and choose Absorption for the Type. Click the More... button
to open the CASTEP EELS Analysis Options dialog. Set the Instrumental smearing to 0.8 eV and close
the dialog.

The 1s[K1] spectrum corresponds to the core level spectrum for a core electron in the 1s orbital. An
absorption spectrum simulates the required energy absorbed during the creation of the core hole; an
emission spectrum would reflect the energy of an X-ray photon emitted during relaxation of the core
hole back to the ground state. The smearing applied by CASTEP is a Gaussian broadening of the
calculated results. The value used in this tutorial is selected to correspond to the resolution of the
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experimental spectra (Jaouen et al., 1995). For a cubic system, such as BN, both polarized and
unpolarized incident radiation will produce the same core level spectrum.

Click the View button.

A new core level spectrum for nitrogen in BN is displayed in a chart viewer. Now create the equivalent
spectrum for boron.

Select any B atom in BN CASTEP Energy/BN.xsd and, on the CASTEP Analysis dialog, click the View
button.

The core level spectrum for boron in BN is displayed. The B and N core level spectra taking into account a
1s core hole can also be created. To ensure that the core hole is used you need to select the correct
atom.

Make BN_N_hole CASTEP Energy/BN_N_hole.xsd the active document.

Click the Atom Selection... button on the CASTEP Analysis dialog to open the Atom Selection dialog.
Choose Contains Core Hole from the Select by Property dropdown list and click the Select button.

You can now view the core level spectrum for the nitrogen atom with the 1s core hole.

On the CASTEP Analysis dialog, click the View button.

Repeat the core hole atom selection and CASTEP analysis for BN_B_hole CASTEP Energy/BN_B_
hole.xsd.

6. To compare the results with experimental data

Analysis of the core level spectroscopy properties of BN with and without consideration of a core hole
effects has provided you with four spectra, which can be compared with experimentally collected data
(Jaouen et al., 1995).
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This is the end of the tutorial.
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CCDC tutorials

The following tutorials illustrate how to utilize CCDC's capabilities.

B Using the CSD together with Materials Studio

m Crystal identification using CCDC and experimental powder diffraction
B Analyzing hydrogen bonds in potential polymorphs of hydantoin

Using the CSD together with Materials Studio

Purpose: lllustrates the use of Materials Studio in conjunction with the CSD.

Modules: Materials Visualizer, Polymorph, VAMP, Forcite, COMPASS
Time: =4 W&

Prerequisites: Sketching simple molecules Visualizer Tutorial

Introduction

The Cambridge Structural Database (CSD) is a repository of small molecule crystal structures. It is the
principal product of the Cambridge Crystallographic Data Centre (CCDC; http://www.ccdc.cam.ac.uk).
The CSD records bibliographic, chemical, and crystallographic information for organic molecules and
metal-organic compounds.

This tutorial illustrates how information from the CSD can be used to add value to results from Materials

Studio calculations. Polymorphs of a small molecule compound are predicted and subsequently
compared to known crystal structures of this compound that are registered in the CSD.

Note: This tutorial requires a license for the CSD.

Note: The results described in this tutorial were obtained using CCDC v.5.31, 2010 Release. If you
have a different version of CCDC you may observe numerically different results.

This tutorial covers:

B Getting started
B To sketch and optimize the structure

B To predict polymorphs and identify known experimental structures

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter CSD as the project name, click the OK button.

The new project is created with CSD listed in the Project Explorer.
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2. To sketch and optimize the structure

In this tutorial you will use Polymorph to generate a list of potential polymorphs of 3-oxabicyclo(3.2.0)
hepta-1,4-diene (OHD) in the P 21/c space-group. Then you will verify that one of the low energy packing
arrangements indeed corresponds to an experimentally known crystal structure.

In the Project Explorer, right-click on CSD and select New | 3D Atomistic Document. Change the
name of the new structure document to OHD-mol. Use the Sketch tools to sketch an OHD molecule
shown below.

O

Molecular structure of OHD

Next, you will optimize the molecule using VAMP.

Select Modules | VAMP | Calculation from the menu bar to open the VAMP Calculation dialog. On
the Setup tab, change the Task to Geometry Optimization. Click the Run button and close the dialog.

When the calculation has finished, save the project and close all windows.

Select File | Save Project from the menu bar, followed by Window | Close All.

3. To predict polymorphs and identify known experimental structures

Now you will set up the Polymorph prediction calculation.

In the Project explorer, open OHD-mol VAMP GeomOpt/OHD-mol.xsd. Select Modules |
Polymorph | Calculation from the menu bar to open the Polymorph Calculation dialog. On the
Setup tab click the Assign button to make the OHD molecule a motion group.

Check that the Task is set to Prediction and click the More... button to open the Polymorph
Prediction dialog. Check both the Clustering checkboxes and close the dialog.

Pre-clustering steps will be included in the prediction sequence both before and after the geometry
optimization stage. Clustering before the geometry optimization means that fewer minimizations will be
performed and the calculation will be less time consuming.

On the Energy tab of the Polymorph Calculation dialog, change the Forcefield to COMPASS. On the
Space Groups tab deselect all space groups except for P 21/C. Click the Run button and close the
dialog.
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While the calculation is running you can query the CSD against the OHD-mol structure you sketched
earlier. First, close all windows.

Select File | Save Project from the menu bar followed by Window | Close All.
Open the OHD-mol.xsd document you created earlier.

Select Build | Bonds and select Convert representation to Kekule. Click Calculate then close the
dialog.

In the Project Explorer, double-click on the OHD-mol.xsd document in the root of the project.
Select Modules | CCDC | ConQuest Search from the menu bar to open the ConQuest Search dialog.

On the Setup tab, change the Task to Substructure search and click the Search button and close the
dialog.

The results are returned in a study table named OHD-mol. std. You should have retrieved two
structures, one in the Pbca and onein the P 21/c space group. Now you will extract the P 21/c structure
from the study table and optimize this structure using the same forcefield as used in the polymorph
prediction sequence. This is useful to account for slight deviations between experimental and predicted
lattice and structural parameters.

In the OHD-mol. std study table, in the Structures column double-click on the entry in the row that
corresponds to the P 21/c space group.

This opens a 3D representation of the structure in a Detail View. To save the structure you will have to
copy and paste it into a new 3D Atomistic document.

Ensure that OHD-mol Detail View is the active document, press CTRL+ C. In the Project Explorer,
right-click on the project root and select New | 3D Atomistic Document and press CTRL + V. Select
File | Save As... from the menu bar to open the Save As dialog. Type OHD P21c as the filename and
click the Save button.

Now you will use Forcite to optimize this structure.

Select Modules | Forcite | Calculation from the menu bar to open the Forcite Calculation dialog. On
the Setup tab, change the Task to Geometry Optimization and click the More... button to open the
Forcite Geometry Optimization dialog. Check the Optimize cell checkbox and close the dialog.

On the Energy tab, change the Forcefield to COMPASS. Make sure that both Electrostatic and van
der Waals in the Summation method section are set to Ewald. Click the Run button and close the
dialog.

Once the Polymorph calculation finishes, you will collect the results of the run into a study table using
the analysis tool of Polymorph.

In the Project Explorer, navigate to OHD-mol VAMP GeomOpt/OHD-mol PMP Predict. Select
Modules | Polymorph | Analysis from the menu bar. Select OHD-mol P21-C.xtd on the Insert
Polymorph Results File dialog and click the Open button.
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Astudy table called Polymorph Analysis.stdis created, containing the polymorphs.

Select column A containing the structures and click the Models button |~ on the QSAR Models
toolbar. Select Crystal Similarity Measure from the Models dialog and double-click on this model to
open the Model Editor - Crystal Similarity Measure dialog.

On the Inputs tab click on the cell for Value in the Reference crystal row, select OHD P21c Forcite
GeomOpt/OHD P21c.xsd from the dropdown list. Click the Save button and close the dialog.

On the Models dialog make sure Crystal similarity is still selected, click the Run button and close the
dialog.

When the calculation has finished a new column labeled Crystal Similarity Measure is added to the
study table. Within a range of 0.2-0.3 kcal/mol from the lowest energy structure proposed by the
Polymorph prediction sequence, you should find one or more equivalent structures with a crystal
similarity score of about 0.1.

Tip: If there is no structure within 0.3 kcal/mol of the lowest energy with a similarity of 0.1, you

should rerun the Polymorph prediction steps. Polymorph prediction is a random process, so you
may have to run the prediction sequence more than once to ensure all potential crystal structures are
found.

You should also sort the results according to the crystal similarity measure, in order to confirm that
there are no other structures even closer to the experimental structure.

In the study table select the column labeled Crystal Similarity Measure. Click the Sort Ascending

A
button 2 on the Study Table Viewer toolbar.

You should see that the second lowest energy structure has by far the lowest crystal similarity score.
You can further verify that the predicted structure is equivalent to the experimental structure by
generating simulated powder X-ray diffraction patterns using the Reflex module or visually inspecting
the packing motifs and cell volumina.

Select File | Save Project from the menu bar, followed by Window | Close All.

This is the end of the tutorial.
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Crystal identification using CCDC and experimental powder diffraction

Purpose: lllustrates the use of Materials Studio in conjunction with the CSD.

Modules: Materials Visualizer, Reflex, QSAR

Time: =4 &

Prerequisites: Sketching simple molecules Visualizer Tutorial

Introduction

The Cambridge Structural Database (CSD) is a repository of small molecule crystal structures. It is the
principal product of the Cambridge Crystallographic Data Centre (CCDC; http://www.ccdc.cam.ac.uk).
The CSD records bibliographic, chemical, and crystallographic information for organic molecules and
metal-organic compounds.

This tutorial illustrates how information from the CSD can be used to add value to results from Materials
Studio calculations. An experimental powder X-ray spectrum is compared to automatically generated
spectra from compounds registered in the CSD that contain the chemical name of the experimental
structure.

Note: This tutorial requires a license for the CSD.

Note: The results described in this tutorial were obtained using CCDC v.5.31, 2010 Release. If you
have a different version of CCDC you may observe numerically different results.

This tutorial covers:

B Getting started
B To search the ConQuest database

B To compare an experimental powder X-Ray diffraction pattern to structures available in the CSD

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter crystal_ID as the project name, click the OK button.

The new project is created with crystal Id listed in the Project Explorer.
2. To search the ConQuest database

In this section you will compare an experimental powder X-ray diffraction (PXRD) pattern to structures
registered in the CSD using an automatic powder comparison algorithm based on the Reflex module.
This allows you to check whether a compound crystallized in a lab corresponds to a known crystalline
lattice.

First you will load the experimental spectrum.
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Click on the crystal_ID project root in the Project Explorer. Select File | Import... from the menu bar
to open the Import Document dialog. Navigate to Examples/Reflex/Experimental Data, select Chart
Files from the file types dropdown list for the File name. Choose indigo_1.3cam and click the Open
button.

The experimental spectrum of a crystalline form of the indigo pigment is loaded. The automatic powder
comparison tool is unable to fit background functions. Therefore you will have to subtract a fitted
background. You will also have to estimate the full width at half maximum (FWHM) of the peaks as this is
later needed as an input.

Select Modules | Reflex | Pattern Processing from the menu bar to open the Reflex Pattern
Processing dialog. On the Pattern Preparation tab, change the Number of iterations to 300. Click the
Calculate button and then the Subtract button.

Anew chart document is created, called indigo_1(Background Removed).xsd.Zoom in to the first
peak at 10.5 and determine the FWHM which is roughly 0.4.

Now you will query the CSD.

Select Modules | CCDC | ConQuest Search from the menu bar to open the ConQuest Search dialog.

On the Setup tab, change the Task to Chemical name search and enter indigo as the Chemical name.
Click the Search button and close the dialog.

When the search finishes, a study table named indigo.stdis returned containing the search results.
3. To compare an experimental powder X-Ray diffraction pattern to structures available in the CSD

You will now use the automatic powder comparison model to find the closest match between the
experimental PXRD and the structures in the CSD.

Ensure that indigo.std is the active document, select the column labeled Structures. Click the Models

®
L
il

button on the QSAR Models toolbar. Double-click the row for Figure of merit (Powder
Comparison) to edit the input to this model.

On the Model Editor - Powder Comparison dialog select the Inputs tab and change the Value column
for Experimental data to indigo_1(Background Removed).xcd. Change Max. 2-Theta to 80 and
Profile FWHM U and Profile FWHM V to 0. Set Profile FWHM W to 0.16.

Note: The square-root of the profile parameter W describes the FWHM independent form 2-Theta,
while U and V describe its variation across the 2-Theta range.

Change Profile NA and Profile NB to 0. Click the Save button and close this dialog. Click the Run
button and close the Model Editor dialog.

When the calculation has finished, three columns are added to the study table, one of them containing
RW factors. You will sort the entries in the study table accordingto R to determine the most likely
match between the experimental PXRD and the entries in the CSD.
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Ensure that indigo.std is the active document, select the column labeled Rwp (Powder Comparison)
A
and click the Sort Ascending button 24 on the Study Table Viewer toolbar.

The structure with the lowest RW (which should be around 32) has the CSD Refcode "INDIGO02". To
confirm that this structure actually corresponds to the experimental powder X-ray diffraction pattern
you will carry out a full Pawley refinement.

Double-click the icon for INDIGOO02 in the Structure column of indigo.std to open the Detail View.
Select Modules | Reflex | Powder Refinement from the menu bar to open the Reflex Powder
Refinement dialog. On the Setup tab change 2-Theta Max to 80 in the Range section.

On the Exp. Data tab select the row with indigo_1.xcd in the Document column and 1in the Pattern
column.

On the Pattern tab check all boxes in the Refine column. On the Lattice tab check all boxes in the
Refine section. On the Display tab check the Display simulation/experiment difference checkbox
and click the Refine button. Close the Reflex Powder Refinement dialog.

Theresulting R should be between 9 and 12. You can further lower the RWp by including asymmetry
corrections andvfor crystalline size effects. But for the purpose of identifying that the experimental
structure is indeed the previously registered form, the current pr value ensures this finding.

Select File | Save Project from the menu bar, followed by Window | Close All.

This is the end of the tutorial.
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Analyzing hydrogen bonds in potential polymorphs of Hydantoin

Purpose: lllustrates how to categorize Polymorph results based on hydrogen bond motifs.
Modules: Materials Visualizer, CCDC, Polymorph (optional), DMol? (optional)
Time: =/

Prerequisites: Sketching simple molecules Visualizer Tutorial

Background

Polymorphism in crystals of organics molecules poses challenges, as well as opportunities, in
solidification applications, pharmaceutical development, and the fine and specialty chemicals industries.
Depending on the molecular arrangement, properties such as solubility, bioavailability, and stability can
be drastically influenced. One way to characterize and categorize differences in packing is by analyzing
the hydrogen bond topologies, or motifs. Figure 1 gives a schematic overview of some of the common
types of hydrogen bond motifs.

Infinite chains Rings

T B R u

Discrete chains . i
o -
oo g
BBl o

Figure 1. Schematic representation of some common hydrogen bond motifs

Motifs are annotated in Materials Studio as nM[s], where M labels the motif type, n is the number of
motifs of type M, and s is the size of the motif of type M. CCDC distinguishes the following motif types,
M:

R =ring

C =infinite chain

DC = discrete chain

S =intramolecular contact

M =intermolecular contact

This tutorial discusses the basic steps needed to generate motif information from Polymorph
calculations. First, the molecule is characterized in terms of functional groups that represent key

features of the molecular architecture. Next, hydrogen bond donors and acceptors are assigned within
these functional groups. When the molecule has been prepared for analysis, the CCDC module queries
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the CSD for compounds containing the defined functional groups. The resulting matches are analyzed in
terms of their motif information. Finally, a scoring step analyses the results of a Polymorph calculation
and compares the motif information of each suggested polymorph against the results of the CSD query.

Note: Motif makes use of CCDC's CSD (Allen et al., 2002) and Mercury (McRae et al., 2006)
functionality. These tools are directly available from the CCDC.

Introduction

Hydantoin was one of the molecules used in the third CCDC blind test for polymorph prediction (Day et
al., 2005). When Polymorph is used to predict the packing of hydantoin, the experimentally observed
crystal structure is predicted along with two additional structures with lower lattice energies. In this
tutorial you will use the CCDC Motif Search to generate a statistical measure of how close the predicted
hydrogen bond motifs are to the known structure.

This tutorial covers:

B Getting started

To sketch the molecular structure of hydantoin

To prepare the structure and define functional groups and donor/acceptor sites

To query the CSD for related structures
To assign motif information to Polymorph output and score the top ranked Polymorph structures

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter hydantoin as the project name, click the OK button.

The new project is created with hydantoin listed in the Project Explorer.
2. To sketch the molecular structure of hydantoin

In the Project Explorer, right-click on the project root and select New | 3D Atomistic Document.
Change the name of the new structure document to hydantoin-mol. Use the Sketch tools to sketch a

hydantoin molecule (shown below) and clean the structure by clicking the Clean button wE

Molecular structure of hydantoin
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3. To prepare the structure and define functional groups and donor/acceptor sites

In this section you will use the Functional Groups dialog to define functional groups and donor/acceptor
sites. Functional groups are essential to define what constitutes a similar structure when querying the
CsD.

ol
Select Modules | CCDC | Functional Groups from the menu bar or click the | ** " |button on the
Modules toolbar and select Functional Groups to open the Functional Groups dialog.

|'1

&1 Functional Groups | =] |

Set creation

Set: |Funu:tin:-na| Group ﬂ
selected atoms to set

selected atoms from set

alls

atoms in set

Cortact creation

Cortact poirts: |H-I:n:|n|:| donors-acceptors ﬂ Edit ...

Create target contact sets
Help

i

b

Functional Groups dialog

The hydantoin molecule contains two equivalent donor and acceptor sites. To run a meaningful CCDC
Motif Search you should select a functional group that contains both the donor (oxygen) and the
acceptor (nitrogen) sites. The smallest functional group that fulfills this requirement is 0=C-N, however
the O=C-NH-C fragment captures more of the molecular topology. You could also select the entire
molecule as a functional group. The type of functional group you define will control what results are
retrieved from the CSD and depends on the intended application of the search. For the purpose of this
tutorial you will try to retrieve as many relevant structures as possible to maximize the statistical
relevance of the scoring function to rank Polymorph results.

Select an O=C-NH fragment in hydantoin-mol.xsd. On the Functional Groups dialog, make sure that
Functional Group is selected as the Set. Click the Add selected atoms to set button and click
anywhere in the 3D Viewer to deselect everything.

Your hydantoin molecule should look like the one below:
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Functional groups in hydantoin

Next, you will define the donor and acceptor sites.

On the Functional Groups dialog change the Set to Acceptors. Select the oxygen atom in your
defined functional group and click the Add selected atoms to set button.

Change the Set to Donors, select the nitrogen atom in your functional group and click the Add
selected atoms to set button. Close the dialog.

4. To query the CSD for related structures
In this section you will query the CSD for structures containing the defined functional groups and extract
the connectivity information between the acceptor and donor sites.

Select Modules | CCDC | Motif Search from the menu bar to open the Motif Search Calculation
dialog.

Motif Search Calculation | 2 |

Setup | Mot | Job Control |

Task: |;’-‘-ssign Matifs

Scoring: |C sD

Ll Led Lo

Functional groups: |

[ Use existing C5D search

[+ Retum CSD hit structures

Lo

J Help |

Motif Search Calculation dialog, Setup tab
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On Setup tab change the Task to CSD Search and make sure that the Return CSD hit structures
checkbox is checked.

On the Motifs tab check the Rings, Infinite chains, Discrete chains, and All functional groups
present checkboxes. Set the Max. size for Rings to 4 and the Max. repeat size for Infinite chains and
Max. size for Discrete chains both to 2. Set the Max. contact length to 3.0 A,

|'1

Motif Search Calculation | 23

Setup  Motifs | Job Control

[+ Rings Mz, size: Iﬂf_ill
v Infinite chains Max. repeat size: |2 j‘
[v Discrete chains Mz, size: IE_ﬁ

[ Isolated contacts rtra |

v All functional groups present

Estimated number of searches: 13
Mz contact length: 30 ﬁ &

Run j Help |

Motif Search Calculation dialog, Motifs tab

On the Job Control tab select an appropriate server from the Gateway location dropdown list. Click
the Run button.

When the query has finished, results will be automatically downloaded from the server and stored in a
folder named hydantoin-mol Motif Search. The matching structures together with their motif formulae
are collected in a study table document. Asummary document hydantoin-mol Summary.txtisalso
created. In the next section you will use this summary document as an input to the scoring task when
comparing the Polymorph predicted structures to the CSD hit structures.

5. To assign motif information to Polymorph output and score the top ranked Polymorph structures

Since you will not run a polymorph prediction sequence in this tutorial you willimport results from a
previous prediction sequence into this project. If you would like to try to predict the packing
arrangements yourself, it is suggested that you perform a DMol? GGA-PBE optimization of hydantoin to
determine the ESP charges and then to run Polymorph using these charges together with the Dreiding
force-field. On more details on how to run polymorph prediction sequences please refer to the
Polymorph tutorials section.

Select File | Save Project from the menu bar, followed by Window | Close All.
Select File | Import... from the menu bar to open the Import Document dialog. Navigate to

Examples/StudyTables, choose All Files file types dropdown list for the File name, and select M8_
all_Polymorph.std. Click the Open button.
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Next, you will set the input parameters to assign and score the predicted packing arrangements. Note
that to run the assignment/scoring the study table document containing the predicted structures have
to be in focus and the document containing the fragment/contact point information needs to be
selected in the interface.

On the Motif Search Calculation dialog, change the Task to Assign Motifs and select CSD from the
Scoring dropdown list. Select hydantoin-mol.xsd from the Functional groups dropdown list. Check
the Use existing CSD search checkbox and select the hydantoin-mol Summary.txt file from the
Summary document dropdown list.

On the Motifs tab make sure that the settings are the same as in the previous section. Click the Run
button and close the dialog.

Once the calculation finishes, results are returned. The main results document is the study table called
M8 all Polymorph.stdintheM8 all Polymorph Motif Assign folder. It lists the original
structures along with their motif formulas. The first two structures share the same motif formula, R[3] C
[1] C[2] and have the lowest energies calculated by Polymorph. The motif formula of the third and fourth
structures is R[2]. Inspecting the Matching score and Averaged score indicates that the motif of the
third and fourth structures is significantly more representative of previously known structures that
contain the same fragment. Note that the third structure is the experimentally known structure.

R M8 _all_Polymorph Motif Assign\M8_all_Polymorph.std (=1 >
A B c E 1 K L W N o P
Structures Space group Space group Cell volume Motif Formula Rings Chains Matching score Averaged score Scoring
name number
4 % MaDreiding P 21/c 14 418.51500000 R[3] C[1] C[2] 1 2 4.284323e-004 0.01988233 Score Probabilties
P21-C -1
5 % MaDreiding P 21/c 14 417.31400000 R[3] C[1] C[2] 1 2 4.284323e-004 0.01988233 Score Probabilties
P21-C-2
E MaDreiding P 21/c 14 414.80000000 R[Z] 1 o 0.01688413 0.04687583 Score Probabilties
2 s
P21-C-3
E MaDreiding C 2/c 15 833.58600000 R[Z] 1 o 0.01688413 0.04687583 Score Probabilties
4 s
C2-C-1
a M&Dreiding P 2121 21 19 426.56400000 R[3] C[1] C[2] 1 2 4.284323e-004 0.01988233 Score Probabilties
P212121 -
a M8Dreiding C 2/c 15 84452500000 R[2Z) C[1] 1 1 0.00213111 0.05781841 Score Probabilties
c2-Cc-1
[ » ] sheet1/ K | »]

Results from scoring the top 6 Polymorph predicted structures using Motif Search

Note: The values in the study table may differ depending on your version of CSD System Software.

Double-click in the Structure cells for the third and fourth structures, with the R[2] motif formula.

A new 3D Viewer opens, containing the Polymorph predicted unit cells for the structure, the assigned
hydrogen bonding motifs are displayed as pink dashed lines.

The scoring values obtained from the CCDC Motif search calculation indicate that the third and fourth
structures are candidates for further investigation and should not be discounted because there are
other structures with lower energies. For example, X-ray powder diffraction patterns could be simulated
and compared with experimental patterns using the Reflex module.

This is the end of this tutorial.
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Conformers tutorials

The following tutorial illustrates how to utilize Conformers' capabilities.

Using Conformers to probe geometry-energy relationships

Purpose: Introduces the Conformers module for searching low energy conformations and probing
conformation-property relationships.

Modules: Materials Visualizer, Conformers
Time: &4

Prerequisites: Sketching simple molecules Visualizer Tutorial

Introduction

The potential energy surface of a given molecule becomes increasingly complex as the number of atoms
in the molecule increases. Although modern geometry optimization methods are stable enough to find
low energy conformers, they may not necessarily find the global energy minimum of a structure. For
example, whilst the lowest energy conformation for a chain may be known, when you attach this to a
ring, you need to find the lowest energy conformation of the chain relative to the ring. Conformers is a
tool that allows you to change a set of defined torsions either systematically, randomly, or with
temperature jumps, whilst keeping the rest of the molecule unchanged. Using the previous example,
this allows you to set a chain to be all-trans whilst varying the connecting torsion to a ring.

By using systematic searches around particular torsion angles Conformers allows you to build up a
picture of the energy barriers to rotation for a torsion angle, this is coupled with the ability to predict
properties such as dipole moments for the molecule. Thus Conformers provides a suite of tools to
systematically study the effects of conformation on key properties.

In this simple example, you will examine the change in the energy barrier as you rotate the interannular
torsion in the biphenyl moiety of a liquid crystal molecule, 5CB, with varying substituents on the ring.
You will also use the analysis tools to study the dependency of the dipole moment on the conformation

and energy.
(O~ —=

5CB - a simple liquid crystal molecule

This tutorial covers:

Getting started

B To perform a systematic conformational analysis for 5CB

B To substitute fluorines on the rings and the effect on the energy barrier
[

To analyze the effect of conformation on the dipole moment

Conformers tutorials | Page 119



Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter 5CB as the project name, click the OK button.

The new project is created with 5CB listed in the Project Explorer.
The first step is to load in a pre-defined structure, the liquid crystalline molecule 5CB.

Click the Import button 3 on the toolbar and navigate to Examples\Documents\3D Model.
Double-click on 5CB.xsd.

2. To perform a systematic conformational analysis for 5CB

Once you have imported the molecule, you need to define the torsions that you want to vary. You can
do this by either adding torsions to the molecule or by using the Torsions functionality of the
Conformers tool. Initially, you will use the Torsions functionality.

Click the Conformers button in/h on the Modules toolbar and select Calculation from the

dropdown list.
This opens the Conformers Calculation dialog.
Click the Torsions... button to open the Conformers Torsions dialog.

This displays all the rotatable torsions in the molecule. You can choose to include bonds in rings, double
bonds, and bonds with terminal hydrogen atoms

Move the open dialog boxes so that you can see 5CB. Click the Find button.

The Conformers Torsions dialog lists all the rotatable torsions.
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Conformers Torsions ‘ ﬁ
s |Torsion Current | Abs | Minimum | Maxim... | # Steps |Interval | Restrained | &
b | o C-C-C-C(1) -42 58 -180,00 130,00 & 60,00 )
W| CCCC() -179,27 -180,00 130,00 & 60,00 1
| C-C-C-C(3) 179,14 -180,00 130,00 6 60,00
| C-C-CC4) -179,94 -180,00 130,00 & 60,00
| C-C-C-C(5) 179,14 -180,00 130,00 6 60,00 -
Reset Defaults... Ring Closures
Find Torsions
[ Indude bonds in rings
[ Indude double bonds
[ Indude bonds with terminal hydrogens Find Help

Conformers Torsions dialog

You can select the torsions you want to rotate by checking the Use checkbox. The Absolute column
allows you to select either absolute or relative values for the torsion angles. You can also edit the
minimum and maximum angles, the number of steps, and whether the angle is restrained.

Click on the left row heading cell for a torsion so that the entire row is selected.

As you click on the box, the torsion is selected in the molecule. For this calculation, you are going to vary
the torsion between the two benzene rings which has a current value of -42.88.

Click on the row heading cell for the topmost row. Scroll to the bottom, hold down SHIFT, and click on
the row heading cell for the bottommost row. This will select all the torsions. Uncheck the Use
checkbox for any torsion; all the checkboxes will be unchecked. Click anywhere and check the Use
checkbox for C-C-C-C(1).

Note: If you want to study the conformations of rings, you need to break a bond using the Ring
Closures tool.

As you are doing a systematic search, the number of conformers will be dependent upon the number of
steps you define.

Change the # Steps value to 36.

The Interval changes to 10, indicating that you will be performing an energy calculation every 10
degrees. On the Conformers Calculation dialog, the Estimated conformers updates to 36.

Close the Conformers Torsions dialog.

As this is a classical simulations calculation, you need to specify the forcefield and charges that you will
use in the simulation.

On the Conformers Calculation dialog, select the Energy tab.
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For this simulation, you will use the Universal forcefield. Universal has no charges defined so you should
calculate the charges using QEq.

Set the Charges option to Charge using QEq.
You can also use filtering to remove conformers before they are returned from the server.

Select the Filters tab.

Conformers allows you to filter by Energy difference, RMS difference for coordinates or torsions, and
radial distribution function. Filters are very useful if you are sampling thousands of conformers and wish
to eliminate similar conformers in order to produce a diverse conformer set.

As you are running a very quick calculation with a small number of conformers, you can do this without
filtering.

Click the Run button and close the dialog.

When the calculation is complete, the Job Completed dialog will appear. A new folder, entitled 5CB
Conformers Calculation, opens in the Project Explorer and contains the results files.

Tip: You can output to either the study table, trajectory, or both. If you are generating many
thousands of conformers, you should use a trajectory document.

There are several files returned:

5CB.xsd the input structure updated with the results from the calculation.
5CB - Calculation the saved settings for the calculation.

5CB Energies.xcdis the live update of the conformer energies.

5CB reference.xsd is the structure that contains the sets, atoms, and torsions that can be used in
an extended search.

5CB RMS Deviation.xcdis a plot of the RMS deviation of the Cartesian coordinates.
5CB.stdis the study table containing the results of the calculation.
5CB.txt and Status.txt are text files containing information about the calculation.

You will focus on the study table for your initial analysis.

Make 5CB.std the active document. Select columns B and C and click the Quick Plot Eﬂl ~ button.

You will have a plot showing two main peaks indicating larger barriers to rotation and, in the valleys, two
other energy minima.
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On the chart document 5CB Scatter plot.xcd, select several points around the high energy peaks.
Change focus to the 5CB.std.

The high energy conformers are highlighted in the study table. You can extract these to a collection
document to overlay them.

Right-click in one of the selected cells in column A and choose Extract To Collection from the shortcut

menu.
In the new collection document Extracted From 5CB.xod, you can see that the high energy

conformers had high steric hindrance. When you look at the chart, you can see that the potential
energy surface goes through a smaller maximum as well.

On the chart document 5CB Scatter plot.xcd, select a few points at one of the smaller maximums. On
the study table 5CB.std, extract the selected structures to a new collection document - this will be
named Extracted From 5CB(2).xod.

The structures near the second energy maximum place the rings perpendicular to each other. This
shows that the rings prefer to sit slightly off-plane to each other but not to flip completely.

3. To substitute fluorines on the rings and the effect on the energy barrier

You can begin to substitute some halogens for hydrogens on the biphenyl ring system to see the effect
this has on the energy barrier to rotation.

Import 5CBF.xsd and 5CB2F.xsd.

5CBF . xsd contains the 5CB structure with an added fluorine on one of the benzene rings. 5CB2F
contains fluorine on both benzene rings. Initially, you will work with 5CBF . xsd.

Make 5CBF.xsd the active document.
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Previously you used the Torsions tool to find all the rotatable torsions, this can be very useful if you are
sampling many torsions using Boltzmann jump or random sampling. However, if you wish to just rotate
one torsion, you can define it using the geometry monitors.

Click the Measure/Change arrow x| on the Sketch toolbar and select Torsion from the dropdown
list. Click on the bond connecting the two phenyl rings.

Atorsion monitor is added to the structure. Now you can select this from the Conformers Calculation,
Torsions dialog.

Open the Conformers Calculation dialog and click Torsions... button on the Search tab.

The Use checkbox should already be checked, you should increase the number of steps and run the
calculation.

Change the # Steps to 36. Close the Conformers Torsions dialog and click the Run button.

When the calculation is complete click the OK button on the Job Completed dialog. In the study table,
5CBF.std, plot the Torsion angle (column B) against the Total energy (column C).

el

a0
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7o

B85 | -

C : Total energy

&l - -

B5 - . " . . r.

-150 -100 50 0 50 100 150
B : C3-C4-C7-CB : Torsion angle

5CBF Scatter plot.xcd
The addition of the fluorine increases the energy barrier to rotation by a factor of two due to the
increased steric interactions.

Repeat the above calculation for 5CB2F.xsd and plot the Torsion angle against the Total energy.
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Adding in the second fluorine further increases the energy barrier to rotation by a factor of
approximately ten.

4. To analyze the effect of conformation on the dipole moment

You can use the Conformers analysis tool to perform clustering and calculate different properties. For
this tutorial, you will calculate the change in the dipole moment for 5CB2F and plot it against the energy.

Make sure that the study table 5CB2F.std is in focus. Select the structures column, A. Click the

Conformers button in'hd on the Modules toolbar and select Analysis to open the Conformers
Analysis dialog.

The Dipole moment analysis functionality uses the current charges on the atoms to calculate the dipole
moment for the system.

Select Dipole moment and click the Analyze button.
Ajob is submitted to the server and, when complete, a new column is added to the study table.

Plot the Torsion angle against the Dipole moment.
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5CB2F Scatter plot (2).xcd

You should see that the dipole moment reaches a maximum at about 0 degrees. This makes sense as at
0 degrees, the fluorines are aligned.

To compare the change in dipole moment with the energy of the conformer, you need to scale the
energies and dipoles so that they can be plotted on the same chart. You can use the Standardize data
tool to automate this.

In the study table 5CB2F.std, click on columns C and D to select them. Select Statistics | Initial
Analysis | Standardize Data... to open the Standardize Data dialog and click the OK button.

Two new columns have been added to the study table, Total energy Standardized by Mean/SD and
Dipole moment (magnitude).

Select columns B, E, and F by pressing the CTRL key and clicking on each column heading, then click

the Quick Plot Eﬂl ~  button.
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You should now see that the maximum dipole moment is at the energy maximum. Again, this makes
sense as the fluorine atoms are coincident and hence the steric hindrance will be very high.

This is the end of the tutorial.
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DFTB+ tutorials

The following tutorials illustrate how to utilize DFTB+'s capabilities.

B Geometry optimization of a carbon nanotube

B Creating parameters for DFTB+

B Simulating electron transport with DFTB+

Geometry optimization of a carbon nanotube

Purpose: To introduce basic DFTB+ calculations of structural and electronic properties
Modules: Materials Visualizer, DFTB+
Time: !

Prerequisites: None

Background

DFTB+ is a semi-empirical tight binding method based on a two-centered approach to density functional
theory (DFT). The use of a tight binding approach makes it faster than ordinary DFT methods but it also
makes it dependent on parameter sets known as Slater-Koster libraries. Libraries are provided for
standard organic molecules and semi-conductors.

Interactions with carbon nanotubes (CNT) are typically handled better by quantum mechanics
techniques than by classical forcefield-based approaches. However, the system size limitations imposed
by using quantum mechanics techniques narrows the range of applications that can be handled. DFTB+
represents a good compromise between classical and quantum simulation techniques for studying
carbon nanotubes, giving the accuracy and electronic information of the quantum calculation but
applying it to system sizes outside the reach of standard quantum techniques.

Introduction

In this tutorial you will use the DFTB+ module to do a geometry optimization for a carbon nanotube and
calculate its band structure.

This tutorial covers:

Getting started

Initial preparation

To set up a Geometry optimization job:

To select properties

To control the job settings and run the job

To analyze the results

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.
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Open the New Project dialog and enter DFTB CNT as the project name, click the OK button.

The new project is created with DFTB CNT listed in the Project Explorer.
2. Initial preparation
The first step is to use the nanostructure building tools to create a 10 x 10 carbon nanotube.
Select Build | Build Nanostructure | Single-Wall Nanotube from the menu bar to open the Build

Single-Wall Nanotube dialog. Set N and M to 10 and click the Build button. Close the Build Single-
Wall Nanotube dialog.

To avoid interactions between periodic images of the CNT you should increase the lattice parameters
perpendicular to the CNT.

Select Build | Symmetry | Lattice Parameters from the menu bar to open the Lattice Parameters
dialog. On the Advanced tab, uncheck the Keep fractional coordinates fixed during changes to the
lattice checkbox. On the Parameters tab, set the lengths aand b to 30 and close the dialog.

You will perform a geometry optimization of the CNT, including optimization of the cell lengths. To keep
the periodic lattice lengths that you have just set, you should constrain these axes.

Select Modify | Constraints from the menu bar to open the Edit Constraints dialog. On the Lattice
tab, check the a, b, a, B, and y checkboxes and close the dialog.

When you perform the calculation, the a and b cell lengths will remain fixed.
3. To set up the DFTB+ job
You are now ready to begin setting up the DFTB+ job.

F -
Click the DFTB+ ™8 ™ button on the Modules toolbar and select Calculation or choose Modules |
DFTB+ | Calculation from the menu bar.

This opens the DFTB+ Calculation dialog.
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Run =]  Help

DFTB+ Calculation dialog, Setup tab

Select Geometry Optimization from the Task to dropdown list.

Click the More... button to open the DFTB+ Geometry Optimization dialog.
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DFTB+ Geometry Optimization dialog

You will use the optimize cell option to relax the lattice parameters. As you have constrained theaand b
lattice lengths, the Optimize cell option will only optimize the c lattice length.

Check the Optimize cell checkbox and close the dialog.

In order to run a DFTB+ job a valid Slater-Koster library must be selected. DFTB+ requires interactions
between all available elements in the target structure to be defined in the library. A quick overview for
each library can be displayed by clicking the View button. In this tutorial you will use the CHNO library.

On the Electronic tab of the DFTB+ Calculation dialog, select the CHNO library from the Slater-Koster
library dropdown list.

Note: If you want to use DFTB+ with a structure that contains atom interactions that are not
supported in any of the available parameter sets, you can use the DFTB+ Parameterization task for
creating your own parameters. This uses DMol? to perform the DFT calculations. For more
information, see the Creating parameters for DFTB+ tutorial.

4. To select properties

As well as performing a geometry optimization, you can also select from a range of properties that will
be calculated on the optimized structure. For this tutorial, you will calculate the band structure of the
CNT.
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On the Properties tab, check the Band structure checkbox in the list of properties and set the k-point
set to Fine.

Since you are calculating the band structure for a 1D object, you should create the Brillouin zone paths
and only keep the one corresponding to the direction of the nanotube.

Click the Path... button to open the Brillouin Zone path dialog, click the Create button and then
delete all Brillouin zone paths except the Z to G path.

Note: If you generate a trajectory using the Dynamics task, you can use Forcite Trajectory Analysis to
perform further analysis.
5. To control the job settings and run the job

You can use the commands on the Job Control/tab on the DFTB+ Calculation dialog to control the
calculation.

You can choose the gateway location where you will run your calculation and set various options such as
the job description. You can also specify live update settings and job completion options.

You are now ready to run your DFTB+ Geometry optimization job.
Click the Run button and close the dialog.

Atext document named Status. txt is displayed, reporting the status of the calculation. This
document is updated regularly until the calculation is complete, it can be a useful aid to indicate the
progress of your calculation.

6. To analyze the results

When the calculation is complete, the results are returned to the SWNT DFTB+ GeomOpt folder in the
Project Explorer.

In the SWNT DFTB+ GeomOpt folder, double-click on SWNT.txt.

The SWNT . txt document contains an overview of the job and the result. The SWNT . dftb file contains
the output from the last single point energy DFTB+ calculation. This file can contain helpful information if
there are issues with a calculation.

Change focus to the optimized SWNT.xsd.

To visualize the band structure, you need to analyze the output documents.

oF ..
Click the DFTB+ ™8 ™ button on the Modules toolbar and select Analysis or choose Modules |

DFTB+ | Analysis from the menu bar.

This opens the DFTB+ Analysis dialog.
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DFTB+ Analysis dialog
Select Band structure and click the View button.

This generates and displays a chart showing the band structure for the CNT, note the characteristic band
crossing at the Fermi level.
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DFTB+ Analysis view, Band structures

This is the end of the tutorial.
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Creating parameters for DFTB+

Purpose: To introduce the use of the DFTB+ parameterization tool for creation of DFTB+ parameter
libraries.

Modules: Materials Visualizer, DMol3, DFTB+
Time: = o W2

Prerequisites: Sketching molecules Visualizer Tutorial

Background

DFTB+ requires atomic parameters for the interaction between atoms. A number of parameter sets are
available in Materials Studio. If you want to use DFTB+ with a structure that contains atom interactions
that are not supported in any of the available parameter sets, Materials Studio supplies a tool for
creating your own parameters.

The parameters created by the DFTB+ parameterization tool will be contained in a Slater-Koster Library
file (. skf1ib) and will contain the following:
B README . txt file with information about the parameters
B Slater-Koster files (. skf) for the element pairs in question, containing:
Electronic parameters
Short range potential
Hubbard terms
B Spin constants for the elements
B Wave plot data for each element
B An skf.aux file containing extra settings

Introduction

In this tutorial you will use the DFTB+ parameterization tool to create a carbon and hydrogen parameter
set.

This tutorial covers:

B |nitial preparation

B To set up the DFTB+ parameterization:
Defining conformation systems
Defining electronic settings
Defining settings for the fitting

B To control the job settings and run the job

B To evaluate the results

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

DFTB+ tutorials | Page 135



Open the New Project dialog and enter CHparameters as the project name, click the OK button.

The new project is created with CHparameters listed in the Project Explorer.
2. Initial preparation

The first step in a DFTB+ parameterization is to decide what systems to use for the fitting. In this project
you will try to create a parameter set which will work well for most hydrocarbons. To achieve this you
will need to fit against the different types of bonds that these systems can contain.

You will use the following systems:

B hydrogen-hydrogen bonds
hydrogen molecule

B carbon-carbon bonds
ethane, single bond
ethene, double bond
benzene, hybrid bond

B carbon-hydrogen bonds
methane

Ethane, methane, and benzene can be imported from Materials Studio's collection of structures.

Select File | Import... from the menu bar to open the Import Document dialog. Navigate to
Structures\organics and select the ethane.xsd, methane.xsd, and benzene.xsd structure files, click
the Open button.

The hydrogen and ethene molecules will have to be created using the sketching tools.

In two new 3D Atomistic documents, create an H-H and a H2C=CH2 molecule and rename the
documents H2.xsd and ethene.xsd.

You now have all molecules necessary to set up the parameterization. However, before you start using
them you need to perform a geometry optimization on each molecule using DMol3. This ensures that
the unperturbed molecule has the optimized structure that the parameterization aims to reproduce.

Ly .
Click the DMol3 | #- " | button on the Modules toolbar and select Calculation or choose Modules |
DMol3 | Calculation from the menu bar.

This opens the DMol3 Calculation dialog.

Set the Task to Geometry optimization, the Quality to Fine, the Functional to GGA PBE, and on the
Electronic tab set the Basis file to 4.4.

Ensure that ethene.xsd is the active document and click the Run button.

You should run this geometry optimization with the same settings for all the input structures.

Make H2.xsd the active document and click the Run button on the DMol3 Calculation dialog.

Repeat this for ethane.xsd, methane.xsd, and benzene.xsd.

When the jobs are all complete, you should save the project and then close all the windows.
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Select File | Save Project from the menu bar, followed by Window | Close All.

3. To set up the DFTB+ parameterization
You are now ready to begin setting up the parameterization job.

2 -
Click the DFTB+ 2 button on the Modules toolbar and select Calculation or choose Modules |

DFTB+ | Calculation from the menu bar.

This opens the DFTB+ Calculation dialog.

[&l] DFTE+ Calculation | = |

Setup l Electronic | Properties | Job Cortrol |

Tash: | Energy j

Cuality: | Medium j

[ Use dispersion comection

[ Spin unrestricted [+

=]

Charge: 0 ﬁ

Run j Help

L

DFTB+ Calculation dialog, Setup tab

Set the Task to Parameterization. Change the Quality from Medium to Fine.

Click the More... button to open the DFTB+ Parameterization dialog.
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DFTB+ Parameterization dialog

The DFTB+ Parameterization dialog facilitates the setup of a parameterization. Select the Systems tab to
begin setting up the system conformation paths that will be used for the fitting.

DFTE+ Parameterization | 3 |
Interaction  Systems lEIeu:tmnin:] Fitting ]
Use | Structure | Spin |Charge |Generator |Set Steps | Weight | Farce | Rel Weight

gystem with generator | Stretch - Details...

| | Elements... |

Help

b

There are four different conformation generators:

B Stretch - moves a selected set of atoms along a selected direction.

B Perturb - randomly moves an atom around its original position.

B Scale - uniformly scales the size of the system.

B Trajectory - uses the conformations contained in a trajectory file.

For more details about generators refer to the Systems tab - DFTB+ Parameterization dialog topic.

Page 138 | Materials Studio * Modules Tutorials



Make H2 DMol3 GeomOpt/H2.xsd the active document and select the bond and one of the
hydrogen atoms. On the Systems tab select Stretch as the generator, click the Add button.

This will create a stretch definition for the hydrogen molecule, where the selected atom will be moved
along the direction of the bond. Details about the path of conformations that will be generated can be
reviewed on the DFTB+ Parameterization Details dialog.

Click the Details... button to open the DFTB+ Parameterization Details dialog.

DFTE+ Parameterization Details [—Zhj

Structure: H2
Generator: Stretch

Set: Stretch
Atoms: H-H
Distance: 0.74844 A

Maxdmum compression: [40.0 i‘ A
Maximum expansion:  |#0.0 :‘ '
Mumber of steps: 21 i‘

W Use weights
Weight function width: [40.0 i‘
Help

DFTB+ Parameterization Details dialog

The DFTB+ Parameterization Details dialog contains detailed information about the selected path. For a
stretch generator you can set Maximum compression, Maximum expansion, the Number of steps to be
generated, and the Weight function width. Since the minimum fitting distance is about 0.65 A you
should reduce the Maximum compression.

Set the Maximum compression to 20% and the Number of steps to 31 then close the dialog.

Next you will prepare a perturbation of the methane molecule.

Make methane DMol3 GeomOpt/methane.xsd the active document and select a hydrogen atom.
Select Perturb as generator and click the Add button.

This will create a perturb definition for the hydrogen atom, where the selected atom will be moved
randomly around the original position. Details about the path that will be generated can be reviewed on
the DFTB+ Parameterization Details dialog.

For a perturb generator you can set Maximum perturbation, Number of shells to be generated and the
Weight function width. Each shell will have four positions with a fixed radius. With the current setting
you will cover a bond distance of approximately 0.55-1.65 A which will cover the range of interest for the
C-H bond. However, in order to get a better accuracy around the equilibrium position you will create a
second path with a smaller maximum perturbation and a sharper weight function.
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Select another hydrogen atom in the methane molecule and create a new perturb path. On the
DFTB+ Parameterization Details dialog change the Maximum perturbation to 30 and the Weight
function width to 15.

Creating the paths for the H-H and the C-H interactions is simple because these paths only have single
bonds. Setting up the paths for the C-C interaction will be more complicated since there will be overlap
between potentials of different bond orders. You will try to solve this problem by setting up paths with
sharp weight functions, such that when there is an overlap the bond which is closest to its equilibrium
will dominate. You will start with the longest bond as it will need to cover the tail of the short range
potential.

Make ethane DMol3 GeomOpt/ethane.xsd the active document and create a distance measurement

between the two carbon atoms and select the distance measurement.

Select Stretch as generator and click the Add button, reduce the Weight to 0.5. On the DFTB+

Parameterization Details dialog change the Maximum expansion to 70 and the Number of steps to
31.

Create a perturb path for one of the carbon atoms and change the Maximum perturbation to 30 and
the Weight function width to 15.

Now that you have ensured that there is coverage for the tail you can add the remaining bond types
with sharp weight functions only. The maximum perturbation should be about 0.3 A and the width of
the weight function will be about half the maximum perturbation.

Create a perturb path for a carbon atom in each of the ethene and benzene molecules.

You have now created paths that cover all the important bonds for a hydrocarbon system.

To ensure that you have enough coverage on all element pairs, click the Elements... button on the
Systems tab of the DFTB+ Parameterization dialog.

This opens the DFTB+ Parameterization Elements dialog.
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Help

L A
DFTB+ Parameterization Elements dialog

The DFTB+ Parameterization Elements dialog provides an overview of how many conformations will be
created for each element pair. If the number of conformations for a pair is deemed to be sufficient the
cell will be green. You can change the view to show percentage contribution per element pair, useful
when your parameterization uses different weights for different paths.

Close the DFTB+ Parameterization Details and DFTB+ Parameterization Elements dialogs.

You are now ready to set up the electronic settings for the parameterization.

Select the Electronic tab of the DFTB+ Parameterization dialog.
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DFTE+ Parameterization | 28 )

Interaction | Systems Electronic ]Frrting ]

Functional: |[LDA  ~| [PWC  ~| Mode: |Potertial +

D'Mol3 settings
Basizset:  DMND
DFTB+ settings
Element Blectron configuration Basis =&t Power | Radiil
¥ |C [He] 2s2 2p2 22 2p 20 20
H 151 1s 20 43

Help

b

DFTB+ Parameterization dialog, Electronic tab

The same functional that will be used for the creation of the electronic parameters in the Slater-Koster
files, will also be used by DMol3 when calculating the total energy and forces for your path
conformations. The basis set used by DMol3 is determined by the Quality setting.

Set the Functional to GGA PBE.

The Mode determines how the electronic parameters in the Slater-Koster files are determined. In
Potential mode the potential of each single atom is used to create the pair potential. In the Density
mode the electron densities of each atom are added and used to determine the potential for each pair.
The choice of Mode affects the settings for the elements, the Potential mode has one compression radii,
while the Density mode has two compression radii per element. The compression radii are used to
compress the wavefunction and the electron density so that they avoid areas far away from the nucleus.
In literature reports the Potential mode is commonly used for band structures and the Density mode is
often used for bio-molecules and energetic calculations. For more details about the two modes refer to
the DFTB+ theory section.

In this case you will use the Density mode to make it easier to obtain good geometries after fitting.
Set the Mode to Density.

Now you need to set the DFTB+ settings for each atom. The default settings will give a good starting
point but can be changed to improve electronic properties of the target systems. The Electron
configuration and the Basis set can be used to improve the electronic properties. Often the conduction
band and LUMO will depend on exited orbitals, for example in silicon an 3s3p basis set will provide good
valence bands but poor conduction bands, this can be alleviated by changing the basis set to 3s3p3d
where the excited d-orbital will interact with the conduction bands. The settings for the compression
radii will not only affect electronic properties but also how good geometry agreement you can get.
Unfortunately it is often the case that the settings that give good electronic agreement are not the same
as those that will result in the best geometry, so a compromise is often required. In this tutorial you will
use values that are known to give good results. The default hydrogen settings are already appropriate.
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For Carbon, change Radiil to 1.9 and Radii2 to 4.8.

You will now modify the settings used for the fitting of the short ranged potential.

Select the Fitting tab.

DFTE+ Parameterization | 2

Interaction ] Systems ] Blectronic  Fitting l

Polynomial

Minimum crder: lﬂi i‘ Maximum order: I'I[:'i i‘
Regularizer: Im Weight: l[!"li i‘
Cutoff radius scale factaor

Minimum: l'l?}ii‘ sum of covalent radii

Madmum: l'lﬁii‘ sum of covalent radii

Mumber of cutoff steps: l'lﬁii‘

Help

b

DFTB+ Parameterization, Fitting tab

The fitting is performed using a polynomial basis set where each term in the polynomial has a cut-off
radii:

Eq. 1
£(r) = {(:r" -1 )" Ifr<r,

0 otherwise

Short range potentials are generated for a defined set of cutoff factors. For each cutoff factor fittings are
performed using different maximum polynomial orders. The best fit for each cutoff factor is returned.

In the Polynomial section set Maximum order to 12.

The cutoff factor is typically around 1.5 times the bond length. If the cutoff factor extends too far, for
example into second neighbor atoms, it can have an adverse impact on the transferability of the
parameters.

Close the DFTB+ Parameterization dialog.

Before you start the parameterization you should save the project and then close all the windows.

Select File | Save Project from the menu bar, followed by Window | Close All.

4. To control the job settings and run the job

Before launching the job, you should save these settings.
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Select the CHparameters item in the Project Explorer.

0F
T+E -

Click the DFTB+ button on the Modules toolbar and select Save Settings..., enter CH Paral as
the name and click the OK button.

You will use the commands on the Job Control tab on the DFTB+ Calculation dialog to control the
calculation.

Select the Job Control tab on the DFTB Calculation dialog.

You can choose the gateway location where you will run your calculation and set various options such as
the job description. You can also specify live update settings and what happens when the job
completes.

Uncheck the Automatic checkbox and enter CH Paral as the Job description.

You are now ready to run your DFTB+ parameterization.

Click the Run button and close the dialog.

Atext document named Status.txt is displayed, containing the status of the calculation. This
document is updated regularly until the calculation is complete. It can be a useful aid to indicate the
progress of your calculation.

The CH Paraljob will only use the total energies to fit the short range potential this will ensure good
energy accuracy for the fitting but will not necessarily result in very good geometries. You can improve
the accuracy of the fitting by fitting towards both energies and forces.

Select File | Save Project from the menu bar, followed by Window | Close All.

Tip: The location of the job folder will depend on the current selection in the Project Explorer. If there
is no selection the job will appear under the project folder.

Double-click on CH Paral - Calculation in the Project Explorer to open the saved settings. Open the
DFTB+ Parameterization dialog and, on the Systems tab, check all the Force checkboxes and set the
Rel weight values to 5. Close the DFTB+ Parameterization dialog.

On the Job Control tab of the DFTB+ Calculation dialog set the Job description to CH Para2. Save
these new settings as CH Para2 and click the Run button on the DFTB+ Calculation dialog.

In a final run you will assess the effects of the selected mode.
Select File | Save Project from the menu bar, followed by Window | Close All.
Open the CH Para2 - Calculation job settings and on the Electronic tab of the DFTB+
Parameterization dialog change the Mode to Potential and close the dialog. On the Job Control tab

of the DFTB+ Calculation dialog set the Job description to CH Para3. Save these settings as CH Para3
and run a new calculation.
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5. To evaluate the results

When the calculations are complete, the results for the first job are returned to the CH Paral DFTB+
Parameterization folderin the Project Explorer.

In the CH Paral DFTB+ Parameterization folder, double-click on CH Paral.txt.

HHHHHHHHAHAH A
## CALCULATING ELECTRONIC PARAMETERS #it
#HH#HHHEH ARG
Mode : Density

Computing spin constants for C

Computing spin constants for H

Begin Pair C H
Computing orbital energies for C
Hubbard terms: (=(0.39910 0.36467 0.00000)
Computing electronic parameters for C-C
Computing orbital energies for H
Hubbard terms: H=(0.41962 ©.00000 0.00000)
Computing electronic parameters for H-H
Computing electronic parameters for C-H
Creating .coef and .skf files.

End Pair

Assembling waveplot data in CH_Paral.hsd

Electronic parameter creation finished

HHH
###  CALCULATING REPULSIVE PARAMETERS  ##
A
DFT code : DMol3

Basis : DNP

Functional : PBE

Integration grid : fine
Fitting basis : cutoffpoly

Lowest degree : 3

Highest degree : From 8 to 12
Regularizer : None
Fit Cutoff Polynomial Total error Regularization penalty

factor degree (Ha”2) (Ha”2)
1 1.360 11 3.903e-03 0.000e+00
2 1.320 11 3.304e-03 0.000e+00
3 1.340 11 3.036e-03 0.000e+00
4 1.360 11 2.578e-03 0.000e+00
5 1.380 11 2.291e-03 0.000e+00
6 1.400 11 1.892e-03 0.000e+00
7 1.420 11 1.744e-03 0.000e+00
8 1.440 11 1.459e-03 0.000e+00
9 1.460 11 1.312e-03 0.000e+00
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10 1.480 11 1.143e-03 0.000e+00
11 1.560 10 1.061e-03 0.000e+00
12 1.520 10 9.673e-04 0.000e+00
13 1.540 10 8.084e-04 0.000e+00
14 1.560 10 7.415e-04 0.000e+00
15 1.580 10 6.278e-04 0.000e+00
16 1.600 10 5.777e-04 0.000e+00

Repulsive parameter creation finished
Returned parameterization found in Fitl6

The CH Paral.txt document contains the job output (there could be slight numerical differences
compared to the sample output above). At the bottom of the document you will find a table with fitting
results for the different cut-off factors used. The total error is the accumulated squared fitting error in
Hartree for all conformations. Notice that the fit with the lowest error is not necessarily going to give the
best results when tested since the error measurement is for the total error while you want good
accuracy around the equilibrium points. So it is worthwhile testing more than one of the returned
parameter sets. The fitting with the lowest total error will be returned in the job folder, while a collection
of all fittings can be found in the Alternatives sub folder.

To visualize the parameters, you need to analyze the .skflib output documents.
. LE - .
Click the DFTB+ ™8 " button on the Modules toolbar and select Analysis or choose Modules |
DFTB+ | Analysis from the menu bar.

This opens the DFTB+ Analysis dialog.
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DFTB+ Analysis dialog, Slater Koster Parameters

Select Slater Koster parameters and ensure the CH Paral.skf1ib fileis available. The filename is

displayed as the Results file. Check the View Hamiltonian matrix elements and the View overlap
matrix elements checkboxes. Click the View button.

This will open two charts, one showing the short range potentials and one showing the Hamiltonian and
overlap matrix elements.

DFTB+ Short range potential

Potential (eV)

0.9 1.2 1.5 1.8 2.1 2.4
Distance (Angstrom)

¢ [¥] CH V] HH

DFTB+ Analysis view, Short range potential
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DFTB+ Analysis view, Slater Koster Parameters

The Short range potential chart is important, oscillations in the tail indicate that not enough data to fit
against in this region. If the curve oscillates around zero you are likely better of with a shorter cut-off
radii, otherwise you will need to extend the conformation path responsible for the data in that region.

Zoom in at the tail of the curves and check for oscillations.

Generate the same analysis charts for the other two jobs and compare the results.

To evaluate your parameterization you will perform a geometry optimization on hydrocarbon structures
using both DFTB+and DMol® and compare the results. Since a parameter evaluation is likely to be
repeated many times it is good practice to script the test. For this tutorial a Materials Studio script is
supplied which compares geometry optimization results between DMol® and DFTB+.

Select the CHparameters root in the Project Explorer and create a new folder named Testing. Import
DFTBEval.pl from the Examples\Scripting folder.

Move the un-optimized methane.xsd, ethane.xsd, ethene.xsd, and benzene.xsd structures into the
Testing folder.

Open CH Paral.skflibinthe CH Paral DFTB+ Parameterization results folder. Open the Save As
dialog and navigate to the Testing folder, append .skflib to the filename and click the Save button.

The DFTBEval.pl Perl script will perform geometry optimization on all 3D Atomistic documents in the
folder and compare any distance and angle measurements in the files. It will also calculate the
atomization energy for the structures. The results will be returned in an output. txt file with detailed
data for each structure and a statistical analyses of the results.
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Create a distance measurement for each bond type and an angle measurement for each angle type in
each of the structures.

In DFTBEval.pl change the name of the $skflibFile variable to CH Paral.skflib and save the file.

Ensure that DFTBEval.pl is the active document and click the Run on Server 23 button.

The calculations will take a few minutes. You should also save . skf1ib files for the other two
parameterizations in the Testing folder and start a calculation for each.

Save the CH Para2.skflib and CH Para3.skflib parameterization result files to the Testing folder.

Change the name of the $skflibFile variable in DFTBEval.pl to CH Para2.skflib, save the file, and click

the Run on Server B button.

Change the name of the SskflibFile variable in DFTBEval.pl to CH Para3.skflib, save the file, and click
the Run on Server & button.

The evaluation script generates an output. txt file containing the comparisons between each of the
geometry monitor lengths or angles after optimization with DFTB+and DMol3, for example using CH
Para2.skflib:

benzene

DMol3 C3-C2 = 1.39838 (C3-H9 = 1.09097
DFTB+ C3-C2 = 1.41183 (C3-H9 = 1.10388
Diff C3-C2 = 0.01345 C(C3-H9 = 0.01291

DMol3 C2-C7-C6 = 120.00000 H12-C7-C6 = 120.00000
DFTB+ C2-C7-C6 = 119.99743 H12-C7-C6 = 120.00193
Diff (C2-C7-C6 = -0.00257 H12-C7-C6 = 0.00193

Atomization Diff = -111.42031

DMol3 C2-C1 = 1.52883 (2-H6 = 1.10051
DFTB+ C2-C1 = 1.53114 (C2-H6 = 1.10342
Diff (C2-Cl = 0.00232 (2-H6 = 0.00292

DMol3 C1-C2-H6 111.46185 H3-Cl1l-H4 = 107.40931
DFTB+ C1-C2-H6 110.80505 H3-C1l-H4 = 108.09995
Diff (C1-C2-H6 = -0.65681 H3-C1-H4 = 0.69064

Atomization Diff = -64.02598
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ethene

DMol3 C2-C1l = 1.33543 (2-H5 = 1.09169
DFTB+ C2-C1 = 1.33113 (C2-H5 = 1.09893
Diff (C2-Cl = -0.00430 C2-H5 = 0.00724

DMol3 C1-C2-H6 = 121.65149 H4-C1-H3 116.69702
DFTB+ C1-C2-H6 = 121.55766 H4-C1-H3 = 116.88250
Diff C1-C2-H6 = -0.09383 H4-C1-H3 = 0.18548

Atomization Diff = -48.44674

DMol3 C2-H3 = 1.09771
DFTB+ C2-H3 1.09173
Diff (C2-H3 -0.00598

DMol3 H1-C2-H5 = 109.47122
DFTB+ H1-C2-H5 = 109.47021
Diff H1-C2-H5 = -0.00101

Atomization Diff = -39.03390

C-C = 6.68714e-003
C-H = 7.26190e-003

Total Average = 7.01557e-003

Angle Error Statistics:
HCH = 2.92376e-001
CCC = 2.56980e-003
HCC = 2.50853e-001

Total Average = 2.33180e-001

Your results will vary as the conformations for the perturb paths are randomly generated. An error for a
bond distance below 0.02 A is acceptable.

If you compare the evaluation data between the three parameterizations you will find that, as expected,
the CH Para2 gives the best results. The CH Paral parameterization shows acceptable results for all
test structures. The CH Para3 parameterization performs very well but not as well as the CH Para2
parameterization.

The accuracy for bond types that give poor results can be improved by adding more data or, if the
number of steps is already high, the weight for the corresponding path can be increased. It is also
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possible that data from neighboring bond types disturb the fitting, in this case a decrease in the
conformation width and the weight function width could counteract the problem.

Select File | Save Project from the menu bar, followed by Window | Close All.

This is the end of the tutorial.
Suggested further studies:

B Compare carbon nanotube band structures between DMol3 and the DFTB+ potential and density
generated parameters. Notice that the band structure is independent of the short range potential so
the CH Paraland CH Para2 parameterizations should give the same result. You expect to see
better results for the parameters generated using the potential mode.

B Expand the evaluation set, locate and try to correct poorly performing structures. Notice that
sometimes the poor performance is due to missing physics and cannot be corrected.

B Expand the parameterization setup with a third element.
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Simulating electron transport with DFTB+

Purpose: To introduce DFTB+ calculations on transport devices

Modules: Materials Visualizer, DFTB+

Time: = Wi

Prerequisites:Building transport devices for electron transport calculations Visualizer Tutorial, and

Sketching a porphyrin, Working with isosurfaces and slices, Geometry optimization of a carbon
nanotube

Background

DFTB+ is a semi-empirical tight binding method based on a two-centered approach to density functional
theory (DFT). The use of a tight binding approach makes it faster than ordinary DFT methods but it also
makes it dependent on parameter sets known as Slater-Koster libraries. Libraries are provided for
standard organic molecules and semi-conductors.

The Electron Transport task in DFTB+ applies the non-equilibrium Green's function (NEGF) formalism to
model electron transport between two or more electrodes. The Electron Transport task allows you to
calculate properties such as transmission function and current voltage characteristics as well as potential
charge density distributions.

Introduction

In this tutorial you will use the DFTB+ module to calculate transport properties for graphene nano
ribbons.

This tutorial covers:

B Getting started

Initial preparation

To set up the electron transport job
To analyze the transmission

To analyze the electron potential

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter DFTB Transport as the project name, click the OK button.

The new project is created with DFTB Transport listed in the Project Explorer.
2. Initial preparation
The first step is to import a graphene unit cell.
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Select File | Import... from the menu bar to open the Import Document dialog. Navigate to and
select Examples\Documents\3D Model\Graphene.xsd, then click the Open button.

From the graphene unit cell you will create a zig-zag graphene nanoribbon.
Select Build | Symmetry | Supercell to open the Supercell dialog. Set B to 6 and click the Create
Supercell button. Close the dialog.

Delete the top-most hexagon and cap the edges with hydrogen atoms by clicking the Adjust
Hydrogen button.

Graphene unit cell

Increase the lattice constants to avoid interaction between periodic copies.

Right-click in the document and select Lattice Parameters. On the Advanced tab uncheck the Keep
fractional coordinates fixed during changes to the lattice checkbox. On the Parameters tab, set b to
80 A and cto 50 A. Close the dialog.

Optimize the geometry of the nano ribbon using the DFTB+ Geometry optimization task.
oF -
Click the DFTB+.™2 ™ | button on the Modules toolbar and select Calculation or choose Modules |
DFTB+ | Calculation from the menu bar.
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DFTB+ Calculation dialog, Setup tab

Change the Task from Energy to Geometry Optimization. Click the More... button to open the
Geometry Optimization dialog, check the Optimize cell checkbox and close the dialog.

Ensure the Quality is set to Medium.

On the Electronic tab set the Slater-Koster library to mio.

To improve the SCC convergence it is good to use a non-zero temperature for the calculation.
Check the Use smearing checkbox and set the Smearing to 0.001 Ha.

Start the geometry optimization calculation.
Click the Run button and close the dialog.

Afolder is created, Graphene DFTB+ GeomOpt, which will contain the optimized structure when the
calculation is complete.

You will now use the optimized nanoribbon to create an ideal nanoribbon and a nanoribbon containing
a quantum dot for transport.
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Use copy and paste to create two copies of the optimized Graphene.xsd document in the top level of
the project. Rename them GrapheneWireldeal.xsd and GrapheneWireQD.xsd.

Ensure that GrapheneWireldeal.xsd is the active document. Open the Supercell dialog and set A to 7.
Click the Create Supercell button.

Open the Display Style dialog, on the Lattice tab change the Style to Original.

Select Build | Symmetry | Nonperiodic Superstructure from the menu bar. Ensure the ends are
straight and remove atoms until they are aligned as shown in this image.

Nanoribbon

The structure is now ready to have electrodes added to it.

Select Build | Build Transport Device | Build Electrode to open the Build Electrode dialog. Set
Electrode direction to -X and click the Build button. Then set Electrode direction to +X and click the
Build button again.

Use the optimized nano ribbon to create a nanoribbon with a central quantum dot.
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Make GrapheneWireQD.xsd the active document. On the Supercell dialog set A to 32 and click the
Create Supercell button. Close the dialog.
Change the display style for the lattice to Original and close the Display Style dialog.

Remove atoms and cap the edges with hydrogen atoms using the Adjust Hydrogen tool to create the
nanoribbon in the image below. Do not adjust the hydrogens for the terminal carbon atoms at the
limits of the unit cell.

Tips:

B There are 18 carbons (9 hydrogens) on the left edges before the first defects and 18 carbons (9
hydrogens) on the right after the second defects.

B The central sections have 13 carbons (6 hydrogens) along the edge.

B You may need to remove some carbon atoms along the left side to obtain a structure matching
the image below.

[
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Nanoribbon with quantum dot

Tip: If you wish to geometry optimize the new structure it can be done now. Remember to constrain
the atoms on both sides of the central structure to ensure that they remain periodic.

Once you are happy with the structure remove the periodicity and add electrodes to the end of the
device.

Select Build | Symmetry | Nonperiodic Superstructure from the menu bar. Ensure the ends are
straight, remove atoms until they are straight.

On the Build Electrode dialog, set Electrode direction to -X and click the Build button. Then set
Electrode direction to +X and click the Build button again. Close the Build Electrode dialog.
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Tip: If the Build button on the Build Electrode dialog is disabled, this means that the structure's
periodicity is not sufficient. To improve the organization of the structure, click the Clean button (you
may need to do this more than once before the Build button becomes enabled).

3. To set up the electron transport job
You now have two device structures ready for use with the DFTB+ Electron transport task.

Begin by setting up a calculation of the transmission for the ideal nanoribbon.

Make GrapheneWireldeal.xsd the active document.

Open the DFTB+ Calculation dialog, on the Setup tab select Electron Transport from the Task to
dropdown list. Click the More... button to open the DFTB+ Electron transport dialog.

|'1

DFI'B+ Transport | 28|

Setup l Bectrodes ] Blectrostatics ]

Transport task: |Devi|:e Eneray j
[ Calculate transmission function
[ Calculate curent/voltage characteristics

| Calculate potertial and charge density

Help

The DFTB+ Electron transport dialog contains settings specific to the Electron transport task.

L

Check the Calculate transmission function and Calculate potential and charge density checkboxes.

The job will now calculate the transmission functions between the electrodes and return data for
electron potential and charge density.

Select the Electrodes tab.
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DFTB+ Transport 2

Setup Hectrodes Electn:nstatics]

Blectrode Name Potential (V) | Direction (X...
¢ | Hectrode(1) 0 (-100)
Hectrode(2) 0 (100)

Help

b, e

The Electrodes tab shows information about and allows you to modify settings for the electrodes.
Change the name of the electrodes.

Change the name of Electrode(1) to source and Electrode(2) to drain . Close the DFTB+ Transport
dialog.

The names of the electrode objects are also modified in the 3D Atomistic document.

Note: If you use the Properties Explorer to change the name of electrodes, the electrode will use any
settings related to new name. If no settings exist the default settings will be applied. When the name
is changed on the DFTB+ Transport dialog the current settings will be used with the new name.

As part of the calculation each electrode will be modeled as a semiperiodic structure in order to calculate
charge, potential and Fermi level. You need to set the k-point settings to be used for the calculation. For
2D periodic devices you also need to set the k-points perpendicular to the device. Employing the
Separation setting allows you to specify a custom value of 0.02, this provides better sampling than the
Fine Quality option.

Systems with open boundary conditions often have problems with convergence for the self consistent
convergence. To improve the convergence reduce the mixing parameter for the charge mixing.

On the Electronic tab of the DFTB+ Calculation dialog click the More... button to open the
DFTB+ Electronic Options dialog.

On the SCC tab set the Max. SCC cycles to 500 and the Mixing amplitude to 0.05.

On the k-points tab select the Separation radio button and set a value of 0.02 1/A. Close the dialog.

You are now ready to start the transport job.

Click the Run button.
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Atext document named Status.txt is displayed, reporting the status of the calculation. This
document is updated regularly until the calculation is complete, it can be a useful aid to indicate the
progress of your calculation.

You will now set up a calculation for the nano ribbon with the central quantum dot.

First change the name of the electrodes to source and drain.

Make GrapheneWireQD.xsd the active document. Open the DFTB+ Transport dialog, on the
Electrodes tab change the name of Electrode(1) to source and Electrode(2) to drain .

Since we expect the transmission spectra of this device to be more complex you should increase the
number of steps for the transmission function.

On the Setup tab of the DFTB+ Transport dialog, click the More... button for Calculate transmission
function and set the number of Steps to 401. Close both dialogs.

You are now ready to launch the job.
Click the Run button and close the dialog.

4. To analyze the transmission function

When the calculations are complete the results are returned in the GrapheneWireideal DFTB+
Transport and GrapheneWireQD DFTB+ Transport folders in the Project Explorer.

Select File | Save Project from the menu bar, followed by Window | Close All.

In the GrapheneWireldeal DFTB+ Transport folder double-click on GrapheneWireldeal.xsd
You will now analyze the results using the DFTB+ Analysis module.
o,F -
Click the DFTB+ T2 ™ button on the Modules toolbar and select Analysis or choose Modules |

DFTB+ | Analysis from the menu bar.

This opens the DFTB+ Analysis dialog.
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Select Transmission from the list and click the View button.

A plot of the transmission function is shown.

DFTB+ Transmission

Transmission

-1 0 1 i
Energy (eV)
source-drain

The transmission for an ideal wire will have a step like structure where the transmission value is equal to
the number of available bands in the band structure for the wire. The energies of the transmission
function are plotted relative to the lowest chemical potential of the electrodes. Notice that zig-zag
nanoribbons have a characteristic peak at the Fermi level.
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In the GrapheneWireQD DFTB+ Transport folder double-click on GrapheneWireQD.xsd and click the
View button on the DFTB+ Analysis dialog.

This shows the transmission function for the nanoribbon with a quantum dot.

DFTB+ Transmission

5 2.5
2 2 y
§ 15 fy
& 1 Arﬂl‘—\\/\ i \_/"U\ |rJJ
= I

0.5 | UI lI] UUU UU

- 0 1 z
Energy (eV)
source=drain

Note: If your Transmission chart has two graphs plotted (one for drain-source and the other for
source-drain) this indicates that your electrodes are not symmetric. In this case the graphs
correspond to transmission in each direction, a single graph indicates that transmission is identical in
both directions.

The quantum dot causes electrons to scatter and creates a more complicated transmission function.
5. To analyze the electron potential

Further insight into the electron transport properties of the structure can be gained.

Select Electron potential from the list and uncheck the View isosurface on import checkbox.
Make GrapheneWireQD.xsd the active document and click the Import button.

This imports the electron potential field to the document.

Click the arrow for the Create Slices button % T on the toolbar and select Parallel to A & B axis.

Click the Color Maps button Mo open the Color Maps dialog, change the range to -0.85 and 0.85
and set the Spectrum to Blue-White-Red.

This creates a slice along the X and Y plane of the structure where blue is negative potential and red is
positive potential.
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The hydrogen atoms have a large positive potential while the carbon atoms have a large negative
potential at the surface and a potential close to zero in the central region.

This is the end of the tutorial.
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DMol3 tutorials

The following tutorials illustrate how to utilize DMol3's capabilities.

Computing band structure and density of states with DMol?

Geometry optimization for solids using delocalized internal coordinates in DMol3
Transition state searching using LST/QST tools

Calculating the free energies of chemical reactions

Exploring the minimum energy path of chemical reactions using DMol3's LST/QST and NEB tools

Calculating optical properties of Coumarin
Kinetics of a Diels-Alder reaction
Simulating electron transport with DMol3

Computing band structure and density of states with DMol3

Purpose: To introduce the electronic properties of band structures and density of states.
Modules: Materials Visualizer, DMol3
Time: !

Prerequisites: Using the crystal builder Visualizer Tutorial

Background

Extended periodic systems can be characterized by their energy bands, which are analogous to orbital
eigenvalues in molecular systems. Unlike the orbital eigenvalues, the energy of each band varies at
different points in reciprocal space. The bands are conventionally plotted in the reciprocal space to
show the dispersion of eigenvalues in different directions. There are a limited number of unique high
symmetry directions in reciprocal space, so only a finite number of points are needed to characterize the
bands. By observing the energy gaps between bands at various points, it is possible to draw conclusions
about the nature of a material; whether it is an insulator, a conductor, or a semiconductor.

Another way of characterizing the electronic structure of a material is by the density of states (DOS). The
DOS counts the relative number of energy levels in each energy range. In a molecule, there are distinct
energy eigenvalues, so the DOS has a value of 1 at each of these values and a value of 0 elsewhere. In
contrast, for a crystal the energy levels constitute a continuum, and DOS charts provide a useful tool for
gualitative analysis of the electronic structure of the material. Examining the DOS also allows you to see
whether a system is conducting or insulating. In addition, the partial density of states (PDOS) allows you
to characterize the DOS in terms of the contributions from particular atomic orbitals, s, p, d, or f.

Introduction

In this tutorial, you will use DMol3 to compute and analyze the band structure, DOS, and PDOS of a
semiconductor.

This tutorial covers:
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Getting started
To set up the DMol3 calculation

To control the job settings and running the job

To analyze the band structure
To analyze the DOS and PDOS

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started

Begin by starting Materials Studio and creating a new project.

Open the New Project dialog and enter AlAs_DOS as the project name, click the OK button.

The new project is created with AlAs_DOS listed in the Project Explorer. Now you willimport the input file
you will be studying.

The next step is to import the structure that you will analyze. Materials Studio includes a wide range of
prebuilt structures. In this tutorial, you will perform calculations on AlAs (a semiconductor).

Select File | Import... from the menu bar to open the Import Document dialog. Navigate to and
select Structures\semiconductors\AlAs.msi, then click the Open button.

The structure of AlAs is displayed. The crystal structure in the 3D Viewer is the conventional unit cell,
which shows the cubic symmetry of the lattice.

2. To set up the DMol? calculation

DMol3 uses the full symmetry of the lattice, if any exists. The primitive lattice, containing 2 atoms per
unit cell, can be used instead of the conventional cell, which contains 8 atoms. The charge density, bond
distances, and total energy per atom will all be the same no matter how the unit cell is defined. By using
fewer atoms in the unit cell, the computation time will be decreased.

Choose Build | Symmetry | Primitive Cell from the menu bar.
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The primitive cell of AlAs

Ly .
Click the DMol3 button on the Modules toolbar and choose Calculation or select Modules |

DMol3 | Calculation from the menu bar.

This opens the DMol3 Calculation dialog.

[51] DMol3 Calculation N

Setup | Bectronic I Properties I Job Cantral |

Cuality: I Medium ;I

Task: IEnerg:.r ;I Mare... |

[ Use IOBS vI method for OFT-D correction

[T Spinunresticted [ Use formal spin az initial

Functional. [toa | fPwc  ~]

[ Metal kA Liltiplicity: Auto -
¥ Use symmetry Charge: Iﬂ :II

Run |»| Fles. |  Heb

DMol3 Calculation dialog, Setup tab

Select Energy from the Task dropdown list. Set the Functional to LDA and PWC, and the Quality to

Medium.
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You will use all the default options for the Medium quality setting, there is no need to change any of the
other calculation parameters.

Select the Properties tab.

This tab allows you to calculate certain properties after the structure is optimized.

' ]l DMol3 Calculation | = |

Setup | Blectronic  Properties | Job Cortrol |

Band structure -
Density of states ‘

Electron density
Electrostatics
Freguency
Fulcwi function -

Run j Fles. |  Hep |

DMol3 Calculation dialog, Properties tab
Check the Band structure checkbox.

Notice that the default number of Empty bands to be included is 12 and the default value of k-point set
is Medium. These values are suitable for most applications. However, you should examine the k-point
set in more detail.

Click the Path... button to display the Brillouin Zone Path dialog. Click the Create button.

The button name changes to Reset when the Brillouin Zone has been created.
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Brillouin Zone Path | =

ﬂ Brillouin zone path

From To
» W 0500 0.250 0.750 + | L: 0.500 0500 0.500

L. 0.500 0.500 0.500 G: 0.000 0.000 0.000
G: 0.000 0.000 0.000 X: 0500 0.000 0.500
¥ 0500 0.000 0500 W 0.500 0250 0.750
W 0.500 0.250 0.750 K: 0.375 0.375 0.750

[v Display reciprocal lattice S T S #|
Add new point: I_ | | |

Help

L

Brillouin Zone Path dialog

The structure in the 3D Viewer is updated to display the reciprocal lattice in light blue and the Brillouin
zone paths in magenta, the k-points are labeled with the letters reported on the Brillouin Zone Path
dialog.

Each row of the table indicates a path through symmetry-unique points in the Brillouin zone. The
coordinates are given in fractional coordinates in reciprocal space. In row 1, for example, a path will be
traced from [0.5, 0.25, 0.75] to [0.5, 0.5, 0.5]. The energy will be computed at a number of points along
the path, and the results will be displayed as a plot of electron energy vs k-vector. By convention, each
of the high symmetry points in Brillouin zone is assigned a letter. As you can see, for example, W
corresponds to [0.5, 0.25, 0.75]. The gamma point, I, represented here by G, corresponds to [0, O, 0].

Using the controls at the bottom of the panel, you can add or delete rows or you can change the value
of the coordinates. You could also change the number of divisions along each segment of the path by
changing the value of k-point set on the Properties tab. However, you do not need to change any of
these values for this tutorial.

Close the Brillouin Zone Path dialog.

On the Properties tab check the Density of states and Calculate PDOS checkboxes to compute the
full and partial density of states.

3. To control the job settings and running the job

You will use the commands on the Job Control tab to control the DMol3 calculation.

Select the Job Control tab.
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[&1] DMol3 Calculation | %

Setup | Blectronic | Properties Job Control l

Gateway location: ||"-'1'_.rl:u:|m|:n_rter j
| v Automatic
Run in parallel on: |1 :II of & cores

Mz, memany: |2D43 :‘ ME
File usage: |Smart -

Mare...

J Files... | Help |

DMol3 Calculation dialog, Job Control tab

Here, you can choose the gateway location where you will run your calculation and set various options,
such as the job description, whether the job will be launched using multiple cores, and the number of
cores to employ. You can access further job options by clicking the More... button, including live update
settings and controls that determine what happens when the job completes.

You are now ready to run your DMol3 calculation.
Click the Run button and close the dialog.

The Job Explorer opens, containing information about status of the calculation.

Atext document called Status.txt, containing the DMol3 run status opens. This document is updated
regularly until the calculation is complete.

4. To analyze the band structure

When the calculation is complete, the results are returned to the A1As DMol3 Energy folderin the
Project Explorer.

In the AlIAs DMol3 Energy folder, double-click on AlAs.xsd.

The AlAs structure is displayed. The crystal structure is the same as that of the original, but this structure
has results associated with it from running a DMol? calculation. In the remainder of this tutorial, you will
analyze the band structure and DOS results.

Ly
Click the DMol3 button | - " on the Modules toolbar and choose Analysis or select Modules |
DMol3 | Analysis from the menu bar.

This opens the DMol3 Analysis dialog.
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DMol3 Analysis dialog, Band structure selection

Select Band structure from the list and click the View button.

A band structure plot is displayed.

DMol3 Band Structure
Band gap is 0.054 Ha

Energy (Ha)

Band energy

DMol3 band structure for AlAs
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The energies of the bands are plotted with respect to the Fermi level, which is assigned a value of zero.
Notice that the band gap at the I point, (G), is only about 0.1 Hartree, indicating that thisis a
semiconductor. You can use the zoom controls to expand this area of the chart and measure the band
gap more precisely. The actual band gap is reported in the chart as 0.054 Ha (1.5 eV) and you can see
from the plot that AlAs has an indirect band gap in qualitative agreement with experimental findings [1].
The absolute value of the band gap is underestimated by the density functional approach, with the
experimental band gap at low temperatures being about 2.2 eV.

5. To analyze the DOS and PDOS

In the AlIAs DMol3 Energy folder, double-click on AlAs.xsd.

Select Density of states on the DMol3 Analysis dialog. Click the Partial radio button and check thes,
p, d, and Sum checkboxes. Click the View button.

APDOS plotis displayed.

DMol3 Partial Density of States
50 i [\l I|"|| ||'"II \M I| n
] f || |'| ﬁ% M \II | | || || ||

o | | | ',l' vlllr\/\”b(\ .||| |
y \f s -m;\}’\f“ Viky
o - /\'\N\N\,J\A/\/\.\J\»/\, A

-0.4 -0.3 -0.2 -0.1 0.9

Density of States(electrons/Ha)

Energy {Haj
E P d Sum

DMol3 PDOS for AlAs

Examine the number of energy states at the Fermi level, where Energy = 0. An insulator will have a
distinct gap, while a conductor will have many states. The plot here is typical of a semi-conductor. Notice
that you can see how many of the states arise from each type of orbital, s, p, or d.

It also is possible to see how many of the states are associated with a particular atom in the structure.

In the AlIAs DMol3 Energy folder, double-click on AlAs.xsd.
Select one of the Al atoms by clicking on it (the Al atoms are at the corners of the cell).
Recreate the PDOS chart using the same procedure as above.

Now, select the As atom in AlAs and create another PDOS plot for this atom.

Compare the results for Al, As, and for the entire unit cell.
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Tip: In order to improve the quality of DOS and PDOS plots you can change the integration method
employed for the density of states calculation.

Click the More... button on the DMol3 Analysis dialog when Density of states is selected, this opens
the DMol3 DOS Analysis Options dialog. Select Interpolation from the Integration method dropdown
list and Fine as the Accuracy level. Click the OK button and then the View button on the DMol3
Analysis dialog. This will produce more accurate DOS, with sharper features and more clearly defined
band gap.

Select File | Save Project from the menu bar, followed by Window | Close All.

This is the end of the tutorial.
[1] Semiconductors Information
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Geometry optimization for solids using delocalized internal coordinates in
DMol3

Purpose: To introduce the use of the delocalized internal coordinate optimizer for periodic systems
and the volume visualization tools.

Modules: Materials Visualizer, DMol3
Time: =¥ W2 W

Prerequisites: Working with isosurfaces and slices Visualizer Tutorial

Background

DMol3's delocalized internal coordinate optimization scheme for molecules provides good performance
for large molecular systems. This scheme has been extended to periodic systems in DMol? in Materials
Studio.

The new optimizer, built on the delocalized internal coordinates, also has the capability to handle:

B Highly coordinated systems such as close packed solids

B Fragmented systems, such as molecular crystals, in which the internal coordinates do not span the
optimization space

B The inclusion of Cartesian constraints during the optimization process

In-house validation work shows that this state-of-the-art delocalized internal coordinate optimization
scheme for periodic systems is typically 2-5 times more efficient than the Cartesian approaches that are
the standard in solid-state calculations today.

Introduction

In this tutorial you will use the DMol3 optimizer, employing delocalized internal coordinates to perform
a geometry optimization on a zeolite structure.

This tutorial covers:

Getting started
To set up the DMol3 calculation

To control the job settings and run the job

To examine the results

Note: In order to ensure that you can follow this tutorial exactly as intended, you should use the
Settings Organizer dialog to ensure that all your project settings are set to their BIOVIA default values.
See the Creating a project tutorial for instructions on how to restore default project settings.

1. Getting started
Begin 