HW6 Modeling crystals with plane-wave basis sets

First-principles calculations of the structures and properties of crystals are similar in many ways to the calculations you’ve already done on molecules:

• Approximate, self-consistent solutions to Schrodinger’s equation (or the equivalent density functional theory) yield the lowest-energy electronic structure, with lower electronic energies generally indicating better accuracy.

• Nuclei are assumed to be fixed in space (Born-Oppenheimer approximation).

• Crystal structures, like molecular structures, can be optimized using calculated forces on atomic nuclei, and vibrational frequencies (phonons in the case of crystals), elastic properties, infrared and Raman intensities can be estimated from the second derivatives of the energy with respect to atomic positions.

There are, however, some important differences:

• Crystal structures are generally assumed to be periodic in three-dimensional space. Models thus deal with a repeating unit cell rather than an isolated molecule.

• Plane wave basis sets are used much more often than Gaussian basis sets;
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 is the wave vector defining the wavelength. A large [image: image4.png]


 indicates a short wavelength, and generally higher electronic kinetic energy (remember, electrons have a low kinetic energy when they occupy broad, smooth wavefunctions). The size of a plane-wave basis set is defined by the maximum kinetic energy of an included plane wave, i.e. the kinetic energy cutoff. Thus a large cutoff energy will give a larger basis set, implying more accurate energies, but also extra computing time. 
• Because of the cutoff energy, plane waves are not well suited to describing the sharp, squiggly wavefunctions of electrons close to atomic nuclei. So we don’t try to do it that way, instead making a simplified, effective potential (pseudopotential) that describes how the inner-shell electrons affect the valence electrons. We also simplify the near-nucleus part of the valence electron wavefunctions so that they are broad and smooth. Finding the right pseudopotential for a particular modeling problem is something of an art – and beyond the scope of this class – so we’ll stick to publicly available general-purpose wave functions. These are available for most light main group elements (e.g., H, Mg, O, Si, S).

• Unfortunately Gaussian03 cannot model crystals (at least not yet). So we need to learn how to use a new piece of software: ABINIT (www.abinit.org).

Part 1. 


Go to the American Mineralogist Crystal Structure Database (AMSCD) (http://rruff.geo.arizona.edu/AMS/amcsd.php) and search for entries on the structure of stishovite, the high-pressure polymorph of SiO2. Each entry gives a bibliographic reference, followed by the crystal structure, i.e., 

Stishovite

Ross N L, Shu J F, Hazen R M, Gasparik T

American Mineralogist 75 (1990) 739-747

High-pressure crystal chemistry of stishovite

P = 0, but in the diamond cell

4.1801 4.1801 2.6678 90 90 90 P4_2/mnm

atom     x     y z Biso

Si       0     0 0  .15

O    .3067 .3067 0  .31
The line “4.1801 …” gives the unit cell dimensions in Å (first 3 numbers), then the angles between the unit cell vectors (all 90º in this case), and finally the space group (P42/mnm -- tetragonal) of the mineral. The last lines give the atomic positions of Si and O in the crystal lattice. “Biso” is a dynamic property that we won’t worry about today.

By default, the AMSCD does not give the position of every single atom in the unit cell. This is because the positions of the other Si atom and 3 O atoms are related to these by symmetry. Luckily ABINIT can work this out for you automatically

.

Find an example of a crystal structure with this point group – a good place to look is the Naval Research Laboratory website (http://cst-www.nrl.navy.mil/lattice/spcgrp/). What is the space group number of P42/mnm?
Convert the unit cell lengths into units of bohr (1 bohr = 0.529177). ABINIT uses bohr units by default.

In your brainbug account, find the folder named abinit-4.4.4 and cd into it. You will see a subfolder named Psps, containing a bunch of pseudopotentials, and files named abinis, sio2_stish_optx.files, and sio2_stish_opt.in. abinis is the program we will use in this homework (abinis = abinit serial, abinip = abinit parallel), and the two sio2* files are input. Take a look at the input files in your favorite text editor.


sio2_stish_optx.files is a short script that tells abinis where to look for input files and what to call output files. Note that the first line says “sio2_stish_opt.in”, the name of the other file in your directory. The last two lines: 

./Psps/14si.phoney.mod

./Psps/8o.phoney.mod
give the names of the files containing pseudopotentials describing silicon and oxygen. I don’t think phoney is a comment on their quality, but you can make up your own mind.

Now look at the file sio2_stish_opt.in. Notice that the # symbol precedes a comment – i.e., abinis will stop reading a line in the file when it finds a #. This makes it easy to annotate your input files.

The lines “ionmov  2” and “optcell 2”  are particularly important for this homework.  Look at the online ABINIT manual (http://www.abinit.org/Infos_v4.4/keyhr.html) to see what type of calculation this input file will do. What is being optimized?
Now note the space group number and unit cell size given in the input. How do these agree or disagree with your results from above?

Part 2

You are ready to run ABINIT. Find a free compute node, cd into the abinit-4.4.4 folder, and run the command:

nice ./abinis < sio2_stish_optx.files > sio2_stish_optx.log &

This may take ~15-30 minutes to run. When it is done, look at the sio2_stish_optx.OUT file. Note the final energy, pressure, unit cell dimensions (acell), and atomic positions (xred). This is the optimized structure of stishovite at 1 atm pressure and 0 K. How does this compare with the measured structure? A copy of the output file is available on the class website so you can check your results.

Since stishovite is a high-pressure mineral, it might be interesting to simulate how the structure changes in response to pressure, and compare this to experiments:

Using the ABINIT manual as a guide, edit your input file so that it optimizes the atomic positions in a unit cell with a volume 97% of the optimized 1 atm volume (HINT: you will change the lines acell and optcell). What are the energy, pressure, and optimized unit cell dimensions of this pressurized structure?

Calculate energies and pressures for similarly optimized structures with 2-3 more, progressively smaller, volumes -- down to 89% or so. Make two plots: P vs. V, and P vs. V/V1atm. Compare both with the diamond anvil cell results in Andrault et al., 2003. 

Part 3 (Optional)

Calculate the energy of a different SiO2 polymorph at 1 atm. Does the model correctly predict the more stable polymorph?

