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Homework 2: Structure and Defects in Crystalline and Amorphous Materials 

 

Muhammad Ashraful Alam 

Network of Computational Nanotechnology 

Discovery Park, Purdue University. 

 

In Lectures 4-6, we have discussed (i) structural origin of defect-free crystalline and amorphous materials 

based on Euler relationship, (ii) statistical origin of defects, (iii) notion of co-ordination and composition, 

(iv) stability and structural origin of defects based on Maxwell’s constraints, (v) over- and under-

constrained structures, and finally (v) defects in binary solids and their interfaces. To understand these 

concepts, the following home works should be useful. 

 

Part 1 is for self test, you need not submit. Among the problems, you can either do problems 2-5 

or just problem 6.  
 

 

Part I: Review Questions for Self-Test 

1. Explain how defect reduce the over-all free energy of the system and therefore make it a 

thermodynamic necessity.  

2. Write down the 3D version of the Euler’s relationship and interpret its meaning. Is there a 1D 

version of Euler’s relationship? Does it explain why there is only one Bravais lattice in 1D? 

3. Is there a generalization of Euler’s rule when two different types of atoms with two different 

types of bonding are involved? If so, would it help explain the Kepler tiles? (Note. I did not 

cover all these materials in the class – if a term sounds unfamiliar, Google it.) 

4. What is the symbol of an interstitial in the Kroger-Vink notation? Intuitively why do you 

think there are so many defect types in crystalline material that they need a notation system 

to classify them?  

5. Given that vacancy activation energy in Silicon is 4 eV and typical temperature of processing 

1000C, how can you argue that the perfect ordering of silicon atoms shown in one of the 

slides is not a digital fake? How many pictures must one take to catch one defect?  

6. What is the difference between a Frenkel Defect and a Schottky defect? Which one of the 

defect is typically associated with binary material?  

7. Point defects in a crystalline material are often called a color center. Explain why.  

8. What is the difference between coordination and  composition? Does material with high 

coordination give rise to metallic, ionic, or covalent bonding?  

9. Is periodicity essential for a defect-free structure? 
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10. Why can’t the amorphous material have arbitrary ring distribution? 

11. How does Temperature enter in Maxwell’s relationship?  

12. Do you expect more or less defect for over-constrained systems? 

13. Why is single stranded DNA floppy, while Graphene is so strong? 

14. Why do we not account for angle constraint in for oxygen in SiO2?  

15.  Explain why amorphous structures actually have fewer types of defects 

16.  If you needed to calculate HfO2/SiO2 interface properties – How many monolayers of atoms 

should you consider in HfO2 side?  

17. What is the difference between a Pb center and E’ center?   

18.  Support the statement that “Hydrogen incorporation in c-Si makes the structure amorphous”. 

19. 10.4 Gauss doublets and 74Gauss doublet indicates the backbonding of which atom?  

20. Name a technique other than ESR that might be used to characterize defects?  

21. Why is negative U traps invisible to ESR?   
 

 

Problem 2: Exercise involving Euler’s relationship  

 

 Show that the atoms with 6-bonds must create a triangular lattice. Calculate and plot  the ring 

statistics: Primitive ring, number of rings through an atom, etc.  

 

 Prove that a 5-ring lattice is impossible for an elemental semiconductor. 
 

 

Problem 3: Exercise on Crystal Defects  

 

 Show that the interstitial concentration is 
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Hint: Calculate entropy change as a product of the following two configurations 
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Problem 4: Exercise on Maxwell Constraints  

Coordination/defects  in a bulk material:  

 

Calculate the average coordination of SiO2 (4,2) , Al2O3 (4/6 at 3:1 ratio, 3), HfO2(8,4), Si3N4 

(4,3), Zr(Hf)O2 (12,12,2). The numbers in the bracket are the coordination of the corresponding 

atoms Order the materials in terms of defect densities.  

 

Ans. SiO2 (2.33), Si3N4 (3.43), Al2O3 (3.6), HfO2( Zr(Hf)O2 (5.33). 

 

 
Problem 5: Interpreting the ESR Experiments 

 

a) What is hyperfine interaction? Draw a cartoon of an electron  circling a proton to explain the 

meaning of the spin-orbit coupling that leads to hyperfine interaction? Ref. 

http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/hydfin.html  

b) What is the g parameter for a free electron, such as that of the electron in an hydrogen atom?  

c) Use a simple cartoon of an E’ center (silicon atom backbonded to three oxygen and a 

dangling fourth bond) to argue why the g parameter of the dangling bond should be different 

from its free electron value. Will this be the case if the neighboring oxygen had no net 

magnetic moment.  A short answer is fine.  

d) You find two peaks in your ESR measurement, one at 3393 Gauss and the other at 3379 

Guass. The microwave frequency is 9.5 GHz,               
    J/Gauss. Calculate the 

value of g to find which one of these defects is likely to be E’ center vs. Pb center.  

Note. For full and complete MATLAB simulation toolkit for ESR system, see  

http://easyspin.org/ .  

  + = 

http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/hydfin.html
http://easyspin.org/
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Problem 6: Statistics of Structures Simulated by Molecular Dynamics and Density 

Functional Theory (The problem and the associated software was created by R. Vedula). 

 

To gain additional insight into the amorphous materials and better understand the applicability of 

Maxwell’s relaxations and constraint theory for describing these materials, we suggest the 

following exercises: 

 

(1) Visualize the xyz files provided using a molecular visualization tool. Structure (xyz) files 

containing the atomic positions are  provided for (check the included zip folder) 

 

i. Crystalline SiO2  

ii. Amorphous SiO2 

iii. Crystalline Si3N4 

iv. Amorphous Si3N4 

Record the differences between the crystalline and amorphous structures and also between the 

different amorphous structures themselves. Look for how disorder manifests as change in bond-

lengths, bond-angles and ring distributions. 

 

(2) Once you have observed and recorded the differences visually , you can quantify these 

features (bond-lengths, bond-angles and defects) using the characterization code provided 

( Executable for this purpose is provided with the xyz files) 

As a first step towards understanding the method and use of these resources, an example of 

crystalline-Si is worked out as a tutorial at the end of this file. Please review it before attempting 

the exercise. 

 

Resources required: 

 

 You will need the following software’s to do this exercise: 

(1) VESTA: this is an open source software that allows for visualization of the atomic 

structures provided in xyz format [You can download the software here: http://jp-

minerals.org/vesta/en/download.html] 

(2) Defect Analysis Code: This is an in-house code developed for analysis of coordination, 

angle distributions, and radial distribution functions of atomic structures. (Unix 

Executable compatible on ecnlinux machines (ecegrid-lnx.ecn.purdue.edu)is provided 

along with the input files) 

Note: If you are new to Linux and need help accessing the ecnunix machines remotely, please 

refer to this documentation 

(https://engineering.purdue.edu/AAE/AboutUs/Help/ComputerResources.pdf, slide 8-12). Also 

for forwarding X11 packets you can use http://www.straightrunning.com/XmingNotes/ for 

windows. Note:  The following example and a few additional examples can be found in the 

examples folder. 

http://jp-minerals.org/vesta/en/download.html
http://jp-minerals.org/vesta/en/download.html
https://engineering.purdue.edu/AAE/AboutUs/Help/ComputerResources.pdf
http://www.straightrunning.com/XmingNotes/
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Background Tutorial Exercise: 

 

Part 1: Visualization 

(1) Once you have downloaded VESTA, run the executable VESTA.exe 

(2) Now drag and drop the xyz filein structures folder(Si_222.xyz, in this case)  into VESTA. 

You should see something like this 

 
(3) Now select Edit>Bonds and set the Maximum length for the species of atoms to the bond 

length. 

(Values to used Si Si: 2.5Å , Si N: 2.2Å , Si O: 2.0Å  ) 

 

 
(4) Now you can rotate the structure and play around with additional options to find bond-

lengths and bond-angles (see bottom pane in picture) , count the number of atoms in the 

rings (allhexagonal rings in this case). For additional notes on usage refer VESTA 

documentation. 
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Part 2:  Quantitative Analysis 

 

For this we use the defect_analysis executable given in the zip files. 

 

(1) Create an analysis directory likeSi_analysis .Now copy the relevant xyz 

file ,defect_analysis executable and sample in-script for the executable. 

(2) To run this code, we need 2 files (a) input script (described below) (b) xyz files (given in 

the zip file) 

(3)  This  is the how a sample input file would look 

 
Additional notes: 

 Read this to understand about radial distribution function (rdf) and pair-correlation 

function:http://www.physics.emory.edu/~weeks/idl/gofr.html 

 Co-ordination defects have been discussed in the class 

 

Bond length and bond 

angle options 

http://www.physics.emory.edu/~weeks/idl/gofr.html
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Detailed explanations for specifying each option are presented in the next picture 

 
 

For SiO2: 

coordination_stats              Si   cutoff 2.0        perfect_coord  4  O 

coordination_stats              O   cutoff 2.0        perfect_coord  2  Si 

 

For Si3N4: 

coordination_stats              Si   cutoff 2.2        perfect_coord  4  N 

coordination_stats              N   cutoff 2.2        perfect_coord  3  Si 

 

For Si: 

coordination_stats              Si   cutoff 2.5        perfect_coord  4  Si 

 

Notice the cutoff’s mentioned here are the same as the MAX bondlength used in the 

visualization program. These represent the maximum distance between 1
st
 nearest 

neighbors for the particular atom under consideration. 

 

(4) Once you create the appropriate input script file . run the program using the command 

./defect_analysis [Name of input script file]  

Note: You can safely ignore 

options for bin, cutoff for  

paircorrelation, rdf, angle 

distributions 

For coordination_stats: Please use 

the commands mentioned below 

according to system in consideration 
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 In this case that will be  

  ./defect_analysis inputfile 

(5) Now you should see an output like this 

 
(6) You can use a plotting program of your choice to plot these (gnuplot is one of the options 

available on command line, my personal preference) 

 

This gives you percentage of 

defects  by coordination starting 

from 1 to 

MAX_COORINATION+2 

Since we started with pure Si, we 

have 100% of Si to be 4-

coordinated 

In addition it prints out a bunch of 

files- of which you can plot the rdf 

file and angle distribution file 
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Radial Distribution Function:

 
Angle Distributions: 
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[1] X. Yuan and A. Cormack, Computational Material Science, 24, p. 343, 2002. 

Notice the sharp spikes in the 

radial distribution. Think about 

what you would expect for an 

amorphous structure? 

The peak  in the angle distribution 

is ta 109.4
o
corresponding to 

tetrahedral Si atoms in bulk Si 

structure. Think about what you 

would expect for an amorphous 

structure? 
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[4] Lenahan review in “Defects in Materials, 2004’ edited by Fleetwood.  

http://rings-code.sourceforge.net/

