NSF/DOE Quantum Science Summer School

Introduction to density functional theory
Connecting to MARCC, Maryland Advanced Research Computing Center

Two-factor authentication
In order to connect to MARCC we need to setup the ‘two-factor authentication’ protocol.
For this you will need:
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• The username sent to you by MARCC via email
• The temporary password sent to you by MARCC via email
• The Google Authenticator
The Google Authenticator can be installed from the Play Store on your mobile device. You will also
need a Barcode Scanner. The two apps look as follows:

Now open this webpage (just follow the hyperlink):
https://password.marcc.jhu.edu/?action=qrretrieve
You will be prompted for username and password, here we need to enter the username and password
that we have received by email:
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After entering our username and password, the webpage shows a barcode. Here we link the Google
Authenticator to our MARCC account by scanning the barcode:

The above steps are performed only once. From now on we can login into MARCC using our
username, password, and verification code. The verification code is the number provided by the
Google Authenticator, as in the following snapshot:

The standard procedure for logging in is described in Tutorial T1.
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Connecting from a Windows machine
If you are using Windows on your laptop/desktop, then in order to connect to MARCC you will need
a software that can handle a secure shell (SSH) connection.
A popular choice is Putty, which can be downloaded from:
http://www.putty.org
If you are unsure whether you have a 32 bit or 64 bit architecture, then the safest option is to download the following executable:
https://the.earth.li/~sgtatham/putty/latest/w32/putty.exe
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When you execute Putty you will see something like the following:

In the field ‘Host Name’ we enter:
gateway2.marcc.jhu.edu
In order to be able to see graphics over this connection, we need to enable ‘X11 forwarding’.
For this we proceed as indicated below:
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Now we can save these settings, so that next time we will just click on the session name, say ‘marcc’:

Visualizing graphics from a Windows laptop
In order to visualize graphics when using Putty, your machine must be able to understand the X11
protocol. This can be done by downloading the program Xming.
The installation file can be found at the following link:
https://sourceforge.net/projects/xming/files/Xming/6.9.0.31/Xming-6-9-0-31-setup.exe/download

After installing Xming the procedure for running calculations and visualizing graphics on MARCC is
as follows:
• Start Xming. This application will now run in the background.
• Start Putty and open a session.
From this point onward everything works exactly in the same way as for users of Linux or Mac.
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NSF/DOE Quantum Science Summer School

Introduction to density functional theory
Tutorial T1

Login shell and compilation
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We will perform calculations on the Blue Crab Linux cluster of MARCC. Blue Crab hosts 676 Intel
Haswell dual socket 12-core processors, and for this tutorial we will be using between 4 and 24 cores
at a time. In order to work on Blue Crab we need to establish a secure connection. We first open a
terminal (on Ubuntu/Mac machines; instead we launch Putty from Windows), then we type:
$ ssh -X gateway2.marcc.jhu.edu -l fgiusti1.temp@jhu.edu
where fgiusti1.temp@jhu.edu must be replaced by the username that you have been assigned.
After entering your verification code from the Google Authenticator and your password you will see
something like:
[fgiusti1.temp@jhu.edu@login-node01 ~]$
We can customize the Unix ‘shell’ environment by shortening the prompt, creating a couple of ‘aliases’,
and adding modules that we will need later on. We copy/paste the following into the terminal (it is
important to copy/paste exactly as it is, since the bash shell is very strict with spaces):
cat >> .bashrc << EOF
PS1="$ "
alias c="clear"
alias l="ls -lh"
module load openmpi/intel/2.0.1
module load fftw3/intel/3.3.7
module load xcrysden/1.5.53
module load gnuplot/5.0.0
EOF
source ~/.bashrc
From now on the prompt will be simply ‘$’ and the command ‘c’ and ‘l’ will clear the screen and
list the content of a directory, respectively. We can now create our working directory for this school
(mkdir) and we move inside this directory (cd):
$ mkdir scratch/summerschool ; cd scratch/summerschool
In this school we will be using the Quantum ESPRESSO (QE) software package. QE is an open-source
suite of ab initio electronic structure codes based on pseudopotentials and planewaves.
The project website can be found at www.quantum-espresso.org
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In order to use QE we download the latest release as a compressed archive, and we install it in
our working directory. The latest snapshot can be found at http://www.quantum-espresso.org/
download. To make sure that we all run the same version, we download a snaphot from 15 May
2018 that I temporarily placed in a private directory:
$ wget http://giustino.materials.ox.ac.uk/q-e-master.tar.gz
Then we unzip and unpack the compressed archive (tar xfz):
$ tar xfz q-e-master.tar.gz
QE is now unpacked. It is useful to take a look inside the directory:
$ cd q-e-master ; l
total 228K
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drwxr-xr-x 2 fgiusti1.temp@jhu.edu paradim 4.0K
-rw-r--r-- 1 fgiusti1.temp@jhu.edu paradim 14K
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In this school we will be mainly interested in the program pw.x, which is contained in the directory
PW. In order to use this program we need to compile the fortran source into an executable. This
operation is performed by the script Makefile. Makefile in turn needs to know where to look for
the compilers and numerical libraries. This information is retrieved by the program configure, which
probes the host system for available software. To make this happen we issue:
$ ./configure ; make pw
This operation will require approximately 7 min.
Note pw.x and the other QE programs are available as precompiled executables on many HPC
platforms, including MARCC. The reason for downloading and compiling this program by ourselves
is to learn how to get started in case QE was not already available. This will allow you to use this
tutorial on your own computer after the user accounts on MARCC will have been deleted.
While we wait we might as well check the page of MARCC where the cluster Blue Crab is described:
Maryland Advanced Research Computing Center.
At the end of the compilation we should find a pointer to the newly-created executable pw.x inside
the directory bin:
$ l bin
lrwxrwxrwx 1 fgiusti1.temp@jhu.edu paradim 14 May 15 14:39 pw.x -> ../PW/src/pw.x

Test run
Now we want to execute a simple job on the cluster. The goal of this operation is to make sure that
everything runs smoothly.
We will consider a simple total energy calculation for silicon in the diamond structure. In order
to proceed we first need a ‘pseudopotential’. The concept of pseudopotentials is covered in the
theory lectures; for now it suffices to know that we need one pseudopotential for each atomic species,
and that the pseudopotential describes the atomic nucleus and all the electrons except the outermost
(valence) shell. The QE pseudopotential libraries can be found at http://www.quantum-espresso.
org/pseudopotentials. Using the menu on the left we can select the ‘Original QE PP table’, which
looks like the following:
QS3@Cornell, June 10-22, 2018
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If we click on silicon we see a list of available pseudopotentials. In this example we will use the
pseudopotential labelled Si.pz-vbc.UPF. By hovering on this link with the mouse we can copy/paste
the web link, and we can use it to download the file directly in our working directory:
$ cd ..
$ mkdir tutorial-T1 ; cd tutorial-T1
$ wget https://www.quantum-espresso.org/upf_files/Si.pz-vbc.UPF
Now we should have the pseudopotential file inside the directory tutorial-T1. We can look inside
this plain text file by using the command more:
$ more Si.pz-vbc.UPF
<PP_INFO>
...
Info: Si LDA 3s2 3p2 VonBarth-Car, l=2 local
0
The Pseudo was generated with a Non-Relativistic Calculation
0.00000000000E+00
Local Potential cutoff radius
nl pn l
occ
Rcut
Rcut US
E pseu
3S 0 0 2.00
0.00000000000
0.00000000000
0.00000000000
3P 0 1 2.00
0.00000000000
0.00000000000
0.00000000000
</PP_INFO>
<PP_HEADER>
0
Si
NC
F
SLA PZ
NOGX NOGC
4.00000000000
0.00000000000
0.0000000 0.0000000
1
431
2
2
Wavefunctions

Version Number
Element
Norm - Conserving pseudopotential
Nonlinear Core Correction
PZ
Exchange-Correlation functional
Z valence
Total energy
Suggested cutoff for wfc and rho
Max angular momentum component
Number of points in mesh
Number of Wavefunctions, Number of Projectors
nl l
occ
3S 0 2.00
3P 1 2.00

</PP_HEADER>
...
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Note For all production calculations it is recommended to use pseudopotentials from the ‘PSlibrary
table’. This library reports the most up-to-date and carefully validated pseudopotentials. The table
is accessed at http://www.quantum-espresso.org/pseudopotentials and looks as follows:

For simplicity we also copy (cp) the executable inside the current working directory (this is not
standard practice but it makes things easier to understand at the beginning):
$ cp ../q-e-master/bin/pw.x ./
At this point we have the executable pw.x and the pseudopotential for silicon Si.pz-vbc.UPF. We
are missing the input file for the executable.
We can create the simplest possible input file, silicon-1.in, as follows:
$ cat << EOF > silicon-1.in
&control
calculation = 'scf',
prefix = 'silicon',
pseudo_dir = './',
outdir = './'
/
&system
ibrav = 2,
celldm(1) = 10.28,
nat = 2,
ntyp = 1,
ecutwfc = 18.0,
/
&electrons
/
QS3@Cornell, June 10-22, 2018
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ATOMIC_SPECIES
Si 28.086 Si.pz-vbc.UPF
ATOMIC_POSITIONS alat
Si 0.00 0.00 0.00
Si 0.25 0.25 0.25
K_POINTS automatic
4 4 4 1 1 1
EOF
In order to run our jobs we will mostly use interactive sessions on Blue Crab. An interactive session
is launched by issuing the following command:
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$ interact -p skylaketest -p parallel -n 12 -c 1 -t 60 -m 12G [to be updated]
This command is requesting 12 CPUs, obtained as 12 tasks (-n 12) and 1 core per task (-c 1), for
a duration of 60 min (-t 60), and a total memory of 12 GB (-m 12G). Generally for the exercises in
this tutorial we will need much less memory than 1 GB/core.
When the interactive session starts, we can run pw.x by issuing:
$ mpirun -n 4 pw.x -npool 4 < silicon-1.in > silicon-1.out
This job will take less than a second to complete. The output file is silicon-1.out and should look
like the following:
$ more silicon-1.out
Program PWSCF v.6.2.2 starts on 15May2018 at 14:42:20
This program is part of the open-source Quantum ESPRESSO suite
for quantum simulation of materials; please cite
"P. Giannozzi et al., J. Phys.:Condens. Matter 21 395502 (2009);
"P. Giannozzi et al., J. Phys.:Condens. Matter 29 465901 (2017);
URL http://www.quantum-espresso.org",
in publications or presentations arising from this work. More details at
http://www.quantum-espresso.org/quote
Parallel version (MPI), running on

4 processors

MPI processes distributed on
1 nodes
K-points division:
npool
=
4
Waiting for input...
Reading input from standard input
...
PWSCF

:

0.40s CPU

This run was terminated on:

14:42:23

0.88s WALL
15May2018

=------------------------------------------------------------------------------=
JOB DONE.
=------------------------------------------------------------------------------=

Note Interactive sessions are mostly used for software development purposes. For most production
jobs we do not run interactive sessions, instead we use a batch queuing system. In this case we
prepare a ‘job’ submission script that instructs the machine about the resources that we need, and
QS3@Cornell, June 10-22, 2018
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then we place it in a queue with all the other jobs pending. A job scheduler (SLURM in Blue Crab)
monitors the available resources on the cluster and allocates them in order of priority.
This route is not worth the effort for small, fast jobs, but it becomes a necessity for jobs that are
expected to require days or weeks of HPC time.
If we want to follow this route we need to create a submission script job-1.pbs as follows:
$ cat << EOF > job-1.pbs
#!/bin/bash -l
#SBATCH --reservation=skylaketest [to be updated]
#SBATCH --job-name=job-1
#SBATCH --time=00:30:00
#SBATCH --partition=parallel
#SBATCH --nodes=1
#SBATCH --ntasks-per-node=12
#SBATCH --mem-per-cpu=1000MB
mpirun -np 12 pw.x -npool 4 < silicon-1.in > silicon-1.out
EOF
The SBATCH directives are used to request the appropriate resources, as we did for the interactive
session. We submit this job to the queue by issuing:
$ qsub job-1.pbs
We can check the status of this job in the queue using the command qstat. If we do not remember
our username we can find this information using:
$ whoami
fgiusti1.temp@jhu.edu

$ qstat -u fgiusti1.temp@jhu.edu
login-node01.cm.cluster:
Req'd
Job id
Username Queue
Name
SessID NDS
TSK
Memory Time
-------------- -------- -------- --------- ------ ----- ----- ------ ----27175243
fgiusti1 parallel job-1
-1
12
-- 00:30

Req'd Elap
Use S Time
- ----Q 00:00

At the end of the execution we will find the results in the file silicon-1.out, as for the interactive
session.
Generating new input files
In the following we will prepare input files by modifying the file silicon-1.in.
Instead of using the cat command as we did in the previous section, we first create a new file by just
copying the previous one:
$ cp silicon-1.in silicon-2.in
Now we use vi to modify the as-created file:
$ vi silicon-2.in
QS3@Cornell, June 10-22, 2018
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This command will open the file inside the current terminal window. The rules for using vi are simple:
1 We move around using ↑

↓

→

←

2 In order to change the text we press i and modify as we wish
3 When we are done making changes we press ESC
4 We write the modified file and exit by typing :

w

q
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As an example we now change the parameter ecutwfc from 18 Ry to 40 Ry. This parameter
represents the kinetic energy cutoff of the planewaves used in the Fourier expansion of the electron
wavefunctions (see theory lectures). We can also change the Brillouin zone sampling from 4 4 4 1
1 1 to something more accurate, say 8 8 8 1 1 1.
We execute once again pw.x using the new input file:
$ mpirun -n 4 pw.x -npool 4 < silicon-2.in > silicon-2.out
The calculation parameters and runtime flags will become more clear as we progress with the tutorials.
Documentation
A comprehensive description of the input variables accepted by pw.x can be found here:
https://www.quantum-espresso.org/Doc/INPUT_PW.html

A comprehensive description of the QE project and the most recent developments is provided in the
following manuscript:
P. Giannozzi et al., Advanced capabilities for materials modelling with Quantum ESPRESSO, J. Phys.:
Condens. Matter 29, 465901 (2017).
Information about the job scheduling system of MARCC can be found at:
http://www.marcc.jhu.edu/getting-started/running-jobs
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Introduction to density functional theory
Tutorial T2

Exercise 1: Setup and test run

I Repeat the steps illustrated during Tutorial T1, in particular:
1 Login into your account, set the modules in the file .bashrc, and create your working directory
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2 Download the QE package, unzip, configure, and make the executable pw.x
3 Download the pseudopotential for silicon Si.pz-vbc.UPF
4 Create the input files silicon-1.in
5 Execute pw.x and check the output file silicon-1.out
You should be able to directly copy/paste the instructions from the PDF document of Tutorial T1,
or you can type everything if you are patient.

Exercise 2: Planewaves cutoff
Now we want to familiarize ourselves with one important convergence parameter of DFT calculations
based on pseudopotentials and planewaves, the planewave kinetic energy cutoff ecutwfc.
To this aim we create a new directory:
$ cd ~/scratch/summerschool ; mkdir tutorial-T2 ; cd tutorial-T2
and we copy over the executable, pseudopotential, and input files generated in the previous exercise:
$ cp ../tutorial-T1/pw.x ./
$ cp ../tutorial-T1/Si.pz-vbc.UPF ./
$ cp ../tutorial-T1/silicon-1.in ./silicon-3.in
Using vi we modify the input variable ecutwf to 5.0 Ry (note 1 Ry = 13.6058 eV). After this change,
line #12 of silicon-3.in should read:
ecutwfc

= 5.0,

Now we execute pw.x as usual:
$ mpirun -n 4 pw.x -npool 1 < silicon-3.in > silicon-3.out
When the job is completed we can analyze the output file silicon-3.out. This output file contains
the most important information regarding your run. During the tutorials we will become familiar with
the various sections of this file. For now we concentrate only on some key info.
First of all we can check that we are using the local density approximation (LDA) to DFT. To see
this, open the output file using vi, and search for the words Exchange-correlation. To activate
the search function in vi we simply press / and enter the search word. You will find:
QS3@Cornell, June 10-22, 2018
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Exchange-correlation

=

SLA

PZ

NOGX NOGC ( 1

1

0

0 0 0)

Here SLA stands for ‘Slater exchange’, PZ stands for Perdew-Zunger parametrization of the LDA,
NOGX and NOGC say that density gradients are not taken into account (the meaning of this will become clear from the theory lectures). The numbers are internal codes of pw.x.
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Now we search for the words kinetic-energy cutoff. This should be indentical to the value of
ecutwfc set in the input file. This parameter is the kinetic energy cutoff of the planewaves basis set,
and sets the number of planewaves in which every Kohn-Sham wavefunction is expanded (i.e. the
number of Fourier components used to represent electron wavefunctions). The number of planewaves
corresponding to the cutoff ecutwfc can be found by searching for the keyword Parallelization
info. You will see the following line:
Parallelization info
-------------------sticks:
dense smooth
...
Sum
73
73

PW

G-vecs:

dense

smooth

PW

411

411

137

37

This means that each wavefunction is expressed as a linear combination of 137 planewaves. The
number of electrons and wavefunctions is found by searching for the keywords number of electrons
and number of Kohn-Sham states. We find:
number of electrons
=
number of Kohn-Sham states=

8.00
4

meaning that we have 8 electrons in 4 Kohn-Sham states. This is consistent with the fact that in
silicon we have no spin-polarization, so each spatial wavefunction describes two electrons (spin-up
and spin-down).
Now we want to look at the most important quantity in the output file, the DFT total energy. Search
for the marker ! in the output file. You should find:
!

total energy

=

-15.60437807 Ry

This value should be taken with caution: it contains an offset which depends on the chosen pseudopotentials and on conventions in the code. This value is not referred to vacuum, since there is no
vacuum reference when we perform a calculation in a infinitely-extended crystal. This means that
the absolute value of DFT total energies in extended solids is not meaningful; what is meaningful is
any total energy difference where the artificial offset cancels out.
Finally we look at the timing: search for the word ‘WALL’. You should find:
init_run
...
PWSCF

:

0.03s CPU

0.03s WALL (

:

0.08s CPU

0.11s WALL

1 calls)

The number on the left is the CPU-time, that is the execution time as measured on each individual
CPU. The number on the right is the ‘wall-clock’ time, and indicates the actual time elapsed from
the beginning to the end of the run. The code provides a breakdown of the time spent in each key
subroutine, and the grand total at the end.
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Now we want to study how the total energy, the number of planewaves, and the timing vary as a
function of the planewaves cutoff ecutwfc.

I Repeat the above steps by setting ecutwfc to 5, 10, 15, 20, 25, 30, 35, 40 in the input file.

It
is convenient to generate separate input/output files and then search for the energy, the number of
planewaves, and the CPU time in each output file. You can collect the results for example by creating
a text file using vi exercise2.txt and entering your results one by one. You should be able to
construct a file looking like this:
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$ more excercise2.txt
# ecutwfc (Ry)
5
10
15
20
25
30
35
40

planewaves
137
283
459
645
893
1139
1363
1639

energy (Ry)
-15.60437807
-15.77558549
-15.83422231
-15.84721985
-15.85087566
-15.85182958
-15.85235148
-15.85268613

time (s)
0.08
0.09
0.14
0.22
0.21
0.23
0.31
0.41

Note: If you do not want to change each input file manually, you can use the following to generate the files:
$ cat > loop.tcsh << EOF
foreach ECUTWFC ( 5 10 15 20 25 30 35 40 )
sed "s/5\\.0/\${ECUTWFC}/g" silicon-3.in > silicon-\${ECUTWFC}.in
end
EOF
$ tcsh loop.tcsh
Furthermore you can use the command grep in order to extract the information that you are looking for
automatically. For example:
$ grep "\!" silicon-5.out
!

total energy

=

-15.60437814 Ry

At this point we can analyze our results. For this you can either use gnuplot directly on the cluster,
or you can transfer the file exercise2.txt using the command scp or the program filezilla, and
then plot the data using your favourite software (e.g. Origin or Excel).
For the total energy you should find something like this:
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Here we see that, using a cutoff of 25 Ry, we obtain a total energy which is only 12 meV/atom higher
than our best-converged value at 40 Ry. In principle we should test even higher values of ecutwfc
(the exact result corresponds to the limit of infinite cutoff), but in practice 25 Ry is good enough
for this tutorial. Most quantities that can be computed using DFT depend critically on this cutoff,
therefore we should always perform this test when running DFT calculations. In general, different
properties (total energy, equilibrium structure, band structures, vibrations, etc.) will exhibit a slightly
different convergence behavior, therefore it is very important to always check that a given property
is converged with respect to the planewaves cutoff.
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Since the planewaves cutoff is so important, can we not use a very large value to be on the safe side?
The answer is that the higher the cutoff, the more time-consuming the calculation. You can test this
directly by plotting the CPU time vs. the cutoff using the values inside the file exercise2.txt.
In this example the runtime is below 1 sec, therefore we can use a very high cutoff without problems.
However, in most DFT calculations a careful choice of cutoff can save us weeks of computer time.
The longer times required for higher cutoffs relate to the fact that we are performing linear algebra
operations using larger arrays to describe the electron wavefunctions.

I Verify that the number of planewaves increases with the cutoff.
I Verify that a plot of the number of planewaves vs. ecutwfc3/2 yields approximately a straight line:

I Can you explain the origin of this relation between the cutoff and the number of planewaves?
Exercise 3: Brillouin zone sampling
We now want to explore one other convergence parameter of DFT calculations for crystals, the Brillouin zone sampling K POINTS. This is important for calculations on extended (periodic) systems, e.g.
crystals.
In the input file silicon-3.in we had requested a uniform sampling of Bloch wavevectors k by
setting 4 4 4 1 1 1. This means that we want to slice the Brillouin zone in a 4 × 4 × 4 grid, and we
shift this grid by half a grid spacing in each direction (1 1 1). This shift is used because it usually
provides a better sampling. So now we expect the code to work with exactly 4 × 4 × 4 = 64 k-vectors.

I Now search for ‘number

of k points’ in the output file silicon-3.in. You should find:
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number of k points=

10

Therefore the code is using only 10 k-points instead of the expected 64 points. The reason for this
difference is that many points in our grid are equivalent by symmetry. The code recognizes these
symmetries and only performs explicit calculations for the inequivalent points.

I Determine
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how the total energy of silicon varies with the number of k-points, using the same
procedure as in Exercise 2. Consider the following situations for the input parameters
K POINTS: 1 1 1 0 0 0 / 2 2 2 0 0 0 / 4 4 4 0 0 0 / 8 8 8 0 0 0 / 16 16 16 0 0 0. For
these calculations you can use our ‘converged’ cutoff ecutwfc = 25.0 Ry.
Note. For these calculations it is convenient to set the execution flag -npool inside the command line to 1,
mpirun pw.x -n 12 pw.x -npool 1. This flag tells the code to distribute the k-points among groups of
CPUs. For example if we use -n 12 -npool 4 we are telling the code to use 12 CPUs, and to distribute the
k-points in 4 groups of 12/4=3 CPUs.
The number of ‘pools’ cannot be smaller than the total number of k-points.

I Repeat the last operation, this time using nonzero shifts, eg 1

1 1 1 1 1/2 2 2 1 1 1/4 4
4 1 1 1 and so on.
You should be able to construct two files similar to the ones below:
$ more excercise3a.txt
#

grid
1 1 1
2 2 2
4 4 4
8 8 8
16 16 16

shift
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

energy (Ry)
-14.59239644
-15.66198419
-15.83707677
-15.85079063
-15.85108165

inequiv. k-points
1
3
8
29
145

time (s)
0.08
0.15
0.23
0.56
2.34

inequiv. k-points
1
2
10
60
408

time (s)
0.12
0.10
0.26
0.88
5.64

$ more excercise3b.txt
#

grid
1 1 1
2 2 2
4 4 4
8 8 8
16 16 16

shift
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1

energy (Ry)
-15.66368661
-15.83894842
-15.85087567
-15.85108289
-15.85108127

I Plot the total energy as a function of the number of inequivalent k-points in each calculation, both
for the case of the unshifted grid (0 0 0) and the shifted grid (1 1 1). You should obtain something
similar to the following (note the logarithmic scale in the horizontal axis):
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Here we can see that by using the 4 4 4 1 1 1 grid we obtain a total energy which is already very
good, < 2 meV/atom away from our best value at 8 8 8 1 1 1. We also see that the shifted grid
converges faster (in terms of k-point count and CPU time) than the unshifted grid.

I Plot the CPU time vs. the number of inequivalent k-points and verify that the time scales approximately linearly with the number of such points. Can you explain why this is the case?

Exercise 4: Equilibrium structure of a crystal
In this exercise we study the equilibrium structure of a bulk crystal. We consider again a silicon
crystal, since we already studied the convergence parameters in the previous exercises.
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From the previous exercises we know that the input file with the converged parameters for planewaves
cutoff and Brillouin-zone sampling is:
$ more silicon-4.in
&control
calculation = 'scf'
prefix = 'silicon',
pseudo_dir = './',
outdir = './'
/
&system
ibrav = 2,
celldm(1) = 10.28,
nat = 2,
ntyp = 1,
ecutwfc = 25.0,
/
&electrons
/
ATOMIC_SPECIES
Si 28.086 Si.pz-vbc.UPF
ATOMIC_POSITIONS alat
Si 0.00 0.00 0.00
Si 0.25 0.25 0.25
K_POINTS automatic
4 4 4 1 1 1

In the case of bulk crystals we often have information about the structure from XRD measurements.
This information simplifies drastically the calculation of the equilibrium structure.
For example, in the case of silicon, the diamond structure is uniquely determined by the lattice parameter, therefore finding the the equilibrium structure simply requires us to determine the lattice
parameter that minimizes the DFT total energy.
In the above input file the keyword ibrav = 2 selects an fcc lattice, and celldm(1) specifies the
lattice parameter. The atomic positions are specified in Cartesian coordinates, in units of the lattice
parameter (ATOMIC_POSITIONS alat).
More information about these input variables can be found at https://www.quantum-espresso.
org/Doc/INPUT_PW.html, for example:
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For the structure optimization we can proceed in one of two ways: (i) we calculate the total energy
as a function of lattice parameter and locate the minimum; (ii) we ask pw.x to perform this operation for us automatically. In this exercise we explore the former strategy. In Exercise 6 we try the latter.
To find the equilibrium lattice parameter of silicon we perform total energy calculations for a series
of plausible parameters. We can generate multiple input files at once by using the following script:
$ cat > loop2.tcsh << EOF
foreach ALAT ( 9.8 9.9 10.0 10.1 10.2 10.3 10.4 10.5 10.6 )
sed "s/10\.28/\${ALAT}/g" silicon-4.in > silicon_\${ALAT}.in
end
EOF
$ tcsh loop2.tcsh
Now we can execute pw.x using the generated input files. Once again we can enter all the instances
of execution in the same submission script, e.g.:
mpirun -n 12 pw.x -npool 4 < silicon_9.8.in > silicon_9.8.out
...
...
mpirun -n 12 pw.x -npool 4 < silicon_10.6.in > silicon_10.6.out
After running the batch job on the cluster, we should be able to see the output files silicon_9.8.out,
· · ·, silicon_10.6.out, and extract the total energies as follows:
$ grep "\!" silicon_*.out
silicon_9.8.out:!
silicon_9.9.out:!
silicon_10.0.out:!
silicon_10.1.out:!
silicon_10.2.out:!
silicon_10.3.out:!
silicon_10.4.out:!
silicon_10.5.out:!
silicon_10.6.out:!

total
total
total
total
total
total
total
total
total

energy
energy
energy
energy
energy
energy
energy
energy
energy
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-15.83706523
-15.84334817
-15.84770895
-15.85028960
-15.85121712
-15.85065978
-15.84873486
-15.84558104
-15.84131398

Ry
Ry
Ry
Ry
Ry
Ry
Ry
Ry
Ry
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A plot of the total energy vs. lattice parameter is shown below:

The blue disks are the calculated datapoints, and the black line is a smooth interpolating function
(obtained using ‘smooth csplines’ in gnuplot).
By zooming near the bottom we see that the equilibrium lattice parameter is a = 10.2110 bohr
= 5.403 Å. This calculated value is very close to the measured equilibrium parameter of 5.43 Å;
DFT/LDA underestimates the measured value by 0.5%.

Exercise 5: Cohesive energy of a crystal
The cohesive energy provides a basic approximate measure of the stability of a solid. The cohesive
energy is defined as the heat of sublimation of the solid into its elements.
In order to calculate the cohesive energy we take the difference between the total energy at the
equilibrium lattice parameter, and the total energy of each atom in isolation.
To find the energy at equilibrium we just repeat a calculation using the same input file as in Exercise 4,
this time using the optimized lattice parameter:
...
celldm(1) = 10.2110,
...
This calculation yields:
Ebulk = -15.85121927 Ry
which represents the total energy per unit cell. Each unit cell contains 2 Si atoms in this example.
To determine the total energy of one Si atom in isolation we consider a fictitious cubic crystal with a
large lattice parameter and one Si atom per unit cell. In this case we need to consider that Si has 4
valence electrons in the configuration 3s 2 p 2 . According to Hund’s rules the spins in the p shell must
↑
.
be arranged as follows: ↑
In order to consider this electronic configuration we need to perform a ‘spin-polarized’ calculation.
The input file needs to be modified as follows:
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&control
calculation = 'scf'
prefix = 'silicon',
pseudo_dir = './',
outdir = './'
/
&system
ibrav = 1,
celldm(1) = 20,
nat = 1,
ntyp = 1,
ecutwfc = 25.0,
nspin = 2,
tot_magnetization = 2.0,
occupations = 'smearing',
degauss = 0.001,
/
&electrons
/
ATOMIC_SPECIES
Si 28.086 Si.pz-vbc.UPF
ATOMIC_POSITIONS
Si 0.00 0.00 0.00
K_POINTS gamma

Here the input variable tot_magnetization = 2 is used to request that the code finds the lowestenergy electronic configuration with two electron spins pointing in the same direction. Note that in
this case we need to execute pw.x using the flag -npool 1, since we have one single k-point (gamma
indicates the Γ point, k = 0).

I Calculate the cohesive energy of silicon, and compare your result to the measured heat of sublimation, 4.62 eV.
You should find that the DFT/LDA calculation overestimates the experimental value by 14%. The
underestimation of lattice parameters and the overestimation of cohesive energies is quite typical
with DFT/LDA. We can summarize these observations by stating that DFT/LDA tends to overbind
molecules and solids.
Note While the DFT/LDA tends to overbind, another popular approximation to the exchange and
correlation functional, the PBE functional [Perdew, Burke, Ernzerhof, PRL 77, 3865 (1996)] tends to
underbind. For example, DFT/PBE usually yields lattice parameter slightly larger than in experiments.

Exercise 6: Automatic structure optimization
In this exercise we want to learn how to find the equilibrium geometry of a crystal when we do not
have sufficient information from experiments.
QE provides two kinds of structure optimization. If we set calculation = 'relax' in the input
file, then the code optimizes the atomic coordinates, leaving the lattice parameters unchanged. If
we set calculation = 'vc-relax', then also the unit cell is optimized (in fact ‘vc‘ stands for
‘variable-cell’).
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Let us try to optimize the structure of silicon, this time starting from a highly-compressed unit cell,
with the Si atoms displaced from their Wyckoff sites.

I Prepare an input file for a silicon crystal with the following specifications:
...
celldm(1) = 9.0,
...
ATOMIC_POSITIONS alat
Si 0.05 0.00 0.00
Si 0.25 0.35 0.20
...
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I Perform a standard self-consistent calculation like in Exercise 4, and verify that the total energy
of this distorted configuration is higher than the energy of the equilibrium geometry determined in
Exercise 4.

I Now

optimize the structure by setting the calculation type to vc-relax. This calculation also
requires adding the ‘cards’ &ions and &cell to the input file, as follows:
...
calculation = 'vc-relax'
...
&electrons
/
&ions
/
&cell
/
ATOMIC_SPECIES
...
In this exercise the two new ‘cards’ are left empty. In more difficult cases we can specify additional
parameters to fine-tune the optimization procedure.
Let us execute pw.x using the above input file. At the end of the run we can look inside the output
file using vi and search for the following words:
/

Forces

We will see something like:
Forces acting on atoms (cartesian axes, Ry/au):
atom
atom

1 type
2 type

1
1

force =
force =

0.04279236
-0.04279236

0.28072107
-0.28072107

0.04280316
-0.04280316

and then
/

stress

This time we should find:
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Computing stress (Cartesian axis) and pressure
total
stress (Ry/bohr**3)
0.00731067
0.00130338 -0.00492897
0.00130338
0.00412605
0.00130352
-0.00492897
0.00130352
0.00731086

1075.44
191.73
-725.08

(kbar)
191.73
606.96
191.75

P= 919.29
-725.08
191.75
1075.46

The nonzero forces and the nonzero stress tensor indicate that, in the initial configuration, (i) the
atoms are not in their equilibrium positions, and (ii) the crystal unit cell is not the one at equilibrium.
After this first iteration pw.x modifies the atomic positions and the lattice vectors in such a way as
to reduce the forces and the stress. The operation is repeated until forces and stresses are below a
given threshold (set by default).
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The final optimized structure is found by looking for
/

Begin final coordinates

Begin final coordinates
new unit-cell volume =
263.57758 a.u.^3 (
density =
2.38813 g/cm^3

39.05817 Ang^3 )

CELL_PARAMETERS (alat= 9.00000000)
-0.565548369 -0.000000091
0.565548355
-0.000736449
0.565940120
0.564811830
-0.566160786
0.564729017 -0.000612514
ATOMIC_POSITIONS (alat)
Si
0.028200343
0.056519006
Si
0.310594559
0.339820785
End final coordinates

-0.028354379
0.254039552

In this output file we should note that the lattice vectors are given in units of the original lattice
parameter in input, that is alat = 9.0 bohr. Therefore the optimized lattice parameter is now:
a ' 0.565/0.5 · 9.0 = 10.17 bohr = 5.38 Å
which is close to what we found in Exercise 4. The total energy in this configuration is -15.85113793 Ry,
only 0.5 meV/atom higher than the value calculated in Exercise 4.
Note The optimized lattice parameters and atomic positions do not look as neat as in the input file of
Exercise 4. For example the first Si atom is not located at (0, 0, 0) but at (0.028, 0.056, −0.028)·9.0
in Cartesian coordinates. This happens because the code does not impose any restrictions on where
the atoms should sit relative to the origin of the reference frame, and the same crystal structure
can be represented in terms of atomic coordinates and lattice parameters in many different ways. In
Exercise 7 we will see that, if we visualize the optimized structure, we obtain the diamond lattice as
expected.

Exercise 7: Visualizing structures
In this excercise we want to see how the optimized structure of silicon from Exercise 6 looks like in a
ball-and-stick model.
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The software xcryden can import QE input files and visualize the atomistic structures. General info
about this project can be found at http://www.xcrysden.org.
We launch xcryden by typing:
$ xcrysden
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The user interface is very simple and intuitive. The following snapshots may be helpful to get started.

This last snapshot shows that the optimized geometry determined in Exercise 6 corresponds indeed
to the diamond lattice.
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NSF/DOE Quantum Science Summer School

Introduction to density functional theory
Tutorial T3

Self-consistent calculations for metals
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In this tutorial we will see how to calculate band structures and Fermi surfaces. We will use fcc
copper as an example, then in Tutorial T4 we will move to the more complex case of Sr2 RuO4 .
First we create a new directory for this tutorial, and we copy the executable from Tutorial 2:
$ cd ~/scratch/summerschool ; mkdir tutorial-T3 ; cd tutorial-T3
$ cp ../tutorial-T2/pw.x ./
We need a pseudopotential for Cu. We can select any pseudopotential among those available from
https://www.quantum-espresso.org/pseudopotentials. For consistency let us select a pseudopotential based on the DFT/LDA functional:
$ wget https://www.quantum-espresso.org/upf_files/Cu.pz-n-van_ak.UPF
For the input file we can recycle what we had for silicon in Tutorial T2, with a few modifications:
$ cat > copper-1.in << EOF
&control
calculation = 'scf',
prefix = 'copper',
pseudo_dir = './',
outdir = './'
/
&system
ibrav = 2,
celldm(1) = 6.678,
nat = 1,
ntyp = 1,
ecutwfc = 40,
ecutrho = 300,
occupations = 'smearing',
smearing = 'mp',
degauss = 0.01,
/
&electrons
/
ATOMIC_SPECIES
Cu 63.546 Cu.pz-n-van_ak.UPF
ATOMIC_POSITIONS alat
Cu 0.00 0.00 0.00
K_POINTS automatic
8 8 8 1 1 1
EOF
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The parameters celldm(1), ecutwfc, ecutrho, and K_POINTS have been optimized separately. Using these parameters the total energy is converged to better than 5 meV/atom. The new parameter
ecutrho is needed since we are using a ‘Vanderbilt’s ultrasoft’ pseudopotential. In this case we also
need to specify a kinetic energy cutoff for the electron charge density. In Tutorials 1 and 2 this was
not needed as we were using ‘norm-conserving’ pseudopotentials (for which ecutrho is by default
four times ecutwfc).
The new keywords in red are needed whenever we deal with metals. These keywords instruct pw.x that
we want to allow for fractional occupations of the Kohn-Sham states (occupations = 'smearing'),
and that occupations are described using a function similar to the Fermi-Dirac distribution (smearing
= 'mp'), with a width of 0.01 Ry (degauss = 0.01).
We test that everything is in place by performing the usual test run:
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mpirun -np 12 pw.x -npool 4 < copper-1.in > copper-1.out

If we now look inside copper-1.out and search for
/

Fermi

we find the Fermi level in units of eV:
the Fermi energy is

13.3639 eV

Band structures
Now we want to calculate the band structure of copper. This calculation is ‘non self-consistent’, in the
sense that we use the ground-state electron density, Hartree, and exchange and correlation potentials
determined in the previous self-consistent calculation. In a non self-consistent calculation the code
pw.x determines the Kohn-Sham eigenfunctions and eigenvalues without upgrading the Kohn-Sham
Hamiltonian at every step. This is achieved by using the keyword calculation = 'bands' and by
specifying the k-points where we want the eigenvalues:
$ cat > copper-2.in << EOF
&control
calculation = 'bands',
prefix = 'copper',
pseudo_dir = './',
outdir = './'
verbosity = 'high'
/
&system
ibrav = 2,
celldm(1) = 6.678,
nat = 1,
ntyp = 1,
ecutwfc = 40,
ecutrho = 300,
occupations = 'smearing',
smearing = 'mp',
degauss = 0.01,
nbnd = 8
/
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&electrons
/
ATOMIC_SPECIES
Cu 63.546 Cu.pz-n-van_ak.UPF
ATOMIC_POSITIONS alat
Cu 0.00 0.00 0.00
K_POINTS tpiba_b
6
0.00 0.00 0.00 50 ! G
0.00 1.00 0.00 50 ! X
0.50 1.00 0.00 50 ! W
0.50 0.50 0.50 50 ! L
0.00 0.00 0.00 50 ! G
0.75 0.75 0.00 50 ! K
EOF

In this input file we are asking pw.x to calculate Kohn-Sham wavefunctions for 8 bands (nbnd = 8)
along a reciprocal space path with 6 vertices specified in Cartesian coordinates and in units of the
lattice parameter (tpiba_b). Along each segment we want 50 points. So in this case we will have
50 points from Γ = (0, 0, 0) to X = (0, 1, 0)2π/a, and so on.
To decide on the path we can use XCrysDen, which has an option for selecting special points in the
Brillouin zone (mind that XCrysDen provides special points in reciprocal lattice coordinates):

After executing pw.x:
$ mpirun -np 12 pw.x -npool 12 < copper-2.in > copper-2.out
we can find the Kohn-Sham eigenvalues in the output file using vi and and / band:
...
End of band structure calculation
k = 0.0000 0.0000 0.0000 (
3.4650

10.1330

10.1330

10.1330

k = 0.0000 0.0200 0.0000 (

331 PWs)
11.0567
331 PWs)

bands (ev):
11.0567

36.7189

39.6340

bands (ev):

...

Here, for each k-point in the input file, we have the coordinates of the point (blue) and the calculated
eigenvalues in eV (red). We see 8 eigenvalues because we have requested 8 bands. In order to plot the
bands along the chosen path, we must extract these eigenvalues, and calculate the distance covered
as we move along the path Γ → X → W → L → Γ → K. We can use the following script:
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$ more extract.tcsh
set filename = copper-2.out
set nrows = 1
set klines = `grep -nr " k =" $filename | cut -d : -f 1`
set k0 = `head -$klines[1] $filename | tail -1`
set len = 0
foreach nline ( $klines )
set k = `head -$nline $filename | tail -1`
@ nline = $nline + $nrows + 1
set eig = `head -$nline $filename | tail -${nrows}`
set len=`awk "BEGIN{print $len +sqrt(($k[3]-$k0[3])^2+($k[4]-$k0[4])^2+($k[5]-$k0[5])^2)}"`
set k0 = `echo $k`
echo $len $eig
end
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$ tcsh extract.tcsh > bands.txt

At this point the file bands.txt contains the distance along the path in reciprocal space, and the
eigenvalues in each column. We can plot this file using the following gnuplot instructions (note the
variable efermi taken from the previous section):
$ more plot.gp
efermi = 13.3639
unset key
set ylabel "Energy (eV)"
set xtics ("G" 0.0, "X" 1.0, "W" 1.5, "L" 2.207, "G" 3.073, "K" 4.133)
set xlabel "k-point path [2pi/a]"
set grid xtics
set grid ytics
plot [] [-10:10] 0 w l lc 0, for [i=2:9] "bands.txt" using 1:(column(i)-efermi) w l lc 3 lw 2
$ gnuplot
gnuplot> load "plot.gp"

The result should look as follows:

Note An alternative, faster way to plot band structures is to use the post-processing program bands.x. In
order to use this program we need to go back to the QE directory and compile the source as follows:
$ cd ~/scratch/summerschool/q-e-master ; make pp
$ cp PP/src/bands.x ~/scratch/summerschool/tutorial-T3/
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Now we can simply create a new input file for plotting the band structure:
$ cat > bands.in << EOF
&bands
prefix = 'copper', outdir = './', filband = 'bands2',
/
EOF
and execute:
$ ./bands.x < bands.in
The results will be placed in the file bands2.gnu, and can be plotted using plot "bands2.gnu" w l inside
gnuplot. More details about the use of this program can be found at
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https://www.quantum-espresso.org/Doc/INPUT_BANDS.html

Fermi surfaces
In this section we want to generate a Fermi surface plot. We will follow the the simplest strategy,
which consists of generating Kohn-Sham eigenvalues on a uniform Brillouin zone grid, and using the
post-processing utility fs.x to convert these data into a format readable by XCrysDen.
We create a new input file as follows:
$ cat > copper-3.in << EOF
&control
calculation = 'bands',
prefix = 'copper',
pseudo_dir = './',
outdir = './'
/
&system
ibrav = 2,
celldm(1) = 6.678,
nat = 1,
ntyp = 1,
ecutwfc = 40,
ecutrho = 300,
occupations = 'smearing',
smearing = 'mp',
degauss = 0.01,
nbnd = 8
/
&electrons
/
ATOMIC_SPECIES
Cu 63.546 Cu.pz-n-van_ak.UPF
ATOMIC_POSITIONS alat
Cu 0.00 0.00 0.00
K_POINTS automatic
30 30 30 0 0 0
EOF
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The only change with respect to the file copper-2.in of the previous section is that we now use
an unshifted Brillouin zone grid. This is again a ‘non self-consistent calculation’, and must follow
the standard self-consistent calculation corresponding to the input file copper-1.in. Note the much
finer grid of points (30 30 30), which is needed to produce a smooth surface.
We also need to prepare a simple input file for the post-processing program fs.x:
$ cp ../q-e-master/bin/fs.x ./
$ cat > fs.in << EOF
&fermi
outdir='./', prefix='copper'
/
EOF
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At this point we can run the calculation:
$ mpirun -n 12 pw.x -npool 12 < copper-3.in > copper-3.out
$ ./fs.x < fs.in > fs.out
If you open the output file fs.out you will see that fs.x automatically reads the Fermi energy
from the self-consistent run. This information is stored in the file copper.xml (and its copy
copper.save/data-file-schema.xml), along with the electron eigenvalues. fs.x reconstructs
the eigenvalues on the complete 30 × 30 × 30 Brillouin zone grid starting from the irreducible wedge
and using crystal symmetry operations.
The file with the Fermi surface data is copper_fs.bxsf. We visualize the Fermi surface by simply
executing XCrysDen:
$ xcrysden --bxsf copper_fs.bxsf

Note. The interactive visualization on Blue Crab may be slow. In this case it is recommended to
transfer the copper_fs.bxsf file on your local laptop/desktop computer, and use XCrysDen locally.
The visualization of fermi surfaces with XCrysDen is very intuitive and does not require much explanation. We obtain the following plot:

QS3@Cornell, June 10-22, 2018

F Giustino

Tutorial T3 | 30 of 44

NSF/DOE Quantum Science Summer School

Introduction to density functional theory
Tutorial T4

In this tutorial we will study Sr2 RuO4 . This oxide is the n = 1 member of the Ruddlesden-Popper
series Srn+1 Run O3n+1 , and crystallizes in a tetragonal structure of the K2 NiF4 type.
We start by creating a new folder as usual:
$ cd ~/scratch/summerschool; mkdir tutorial-T4 ; cd tutorial-T4
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Exercise 1: Structure of Sr2 RuO4
To find the crystal structure and initial atomic coordinates we can use the Materials Project database.
If you do not already have an account you will need to create one (this operation takes only a few
seconds). Once we are logged in, We type Sr Ru O in the search bar, and we are shown the following
table:

Here we select the entry mp-4596, and we download the crystal structure in POSCAR format:
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Now you should be able to see the following file:
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$ more POSCAR.mp-4596_Sr2RuO4
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Sr4 Ru2 O8
1.0
3.903492 0.000000
0.000000 3.903492
0.000000 0.000000
Sr Ru O
4 2 8
direct
0.000000 0.000000
0.500000 0.500000
0.500000 0.500000
0.000000 0.000000
0.000000 0.000000
0.500000 0.500000
0.500000 0.500000
0.000000 0.000000
0.500000 0.000000
0.000000 0.500000
0.000000 0.000000
0.500000 0.500000
0.000000 0.500000
0.500000 0.000000

0.000000
0.000000
12.901948

0.352579
0.147421
0.852579
0.647421
0.000000
0.500000
0.337101
0.162899
0.500000
0.500000
0.837101
0.662899
0.000000
0.000000

Sr
Sr
Sr
Sr
Ru
Ru
O
O
O
O
O
O
O
O

The POSCAR format is used by VASP, another popular electronic structure code. This file tells us
that we have 14 atoms in the unit cell (4×Sr, 2×Ru, and 8×O, i.e. 2 formula units of Sr2 RuO4 ).
The direct lattice vectors are given in lines 3-5, in units of Å, and the atomic positions are in lines
9-22. These coordinates are expressed in terms of the direct lattice vectors (line 8).
We can convert this information in a QE input file as follows
(the instances [ ] are for you to complete):
$ cat > sro-1.in << EOF
&control
calculation = 'scf',
prefix = 'sro',
pseudo_dir = './',
outdir = './'
/
&system
ibrav = 6,
celldm(1) = 7.37667,
celldm(3) = 3.30523,
nat = 14,
ntyp = 3,
ecutwfc = [ ],
ecutrho = [ ],
occupations = 'smearing',
smearing = 'mp',
degauss = 0.01,
/
&electrons
/
ATOMIC_SPECIES
Sr 87.62 [ ]
Ru 101.07 [ ]
O 16.00 [ ]
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ATOMIC_POSITIONS alat
Sr 0.00000 0.00000 1.16535
Sr 0.50000 0.50000 0.48726
Sr 0.50000 0.50000 2.81797
Sr 0.00000 0.00000 2.13988
Ru 0.00000 0.00000 0.00000
Ru 0.50000 0.50000 1.65261
O 0.50000 0.50000 1.11420
O 0.00000 0.00000 0.53842
O 0.50000 0.00000 1.65261
O 0.00000 0.50000 1.65261
O 0.00000 0.00000 2.76681
O 0.50000 0.50000 2.19103
O 0.00000 0.50000 0.00000
O 0.50000 0.00000 0.00000
K_POINTS automatic
[ ]
EOF

The lattice parameter a is given in bohr (1 bohr = 0.529167 Å), and we specified that we want a
simple teragonal lattice (ibrav = 6), with the ratio c/a written into celldm(3). Note that the
z-coordinates of the POSCAR file have been scaled by the ratio c/a since here everything is expressed
in units of a (ATOMIC_POSITIONS alat).

I Download appropriate pseudopotentials for Sr, Ru, and O. We will use Vanderbilt ultrasoft pseudopotentials from the library https://www.quantum-espresso.org. We want to use the LDA
exchange and correlation functional. Once selected and downloaded the pseudopotentials, we can
complete the input file sro-1.in above.
The recommended pseudos are:
Sr.pz-spn-rrkjus_psl.1.0.0.UPF Ru.pz-spn-rrkjus_psl.1.0.0.UPF O.pz-n-rrkjus_psl.0.1.UPF

I Perform

a test run using the above input file, a wavefunction cutoff of 30 Ry, a charge density
cutoff of 150 Ry, and a shifted 4 × 4 × 4 Brillouin zone grid.

I Now perform a convergence test for the wavefunction cutoff ecutwfc, and determine the cutoff
required for converging the total energy to within 10 meV/atom. For this exercise you can use the
procedure described on pag. 15.
For this test you can set the charge density cutoff to 400 Ry, and keep everything else unchanged.

You should be ablo to produce the following plot:
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Therefore we can set the wavefunction cutoff to 65 Ry.

I Now perform a convergence test on the charge density cutoff ecutrho, using the wavefunction
cutoff just determined. Determine the cutoff that yields a total energy converged to within 1 meV.
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You should obtain:

Therefore we can set the charge density cutoff to 280 Ry.

I The last remaining convergence parameter is the sampling of the Brillouin zone. After setting
ecutwfc = 65 and ecutrho = 280 from the previous tests, check the convergence with the k-point
grid. Since in Sr2 RuO4 c ∼ 3a, we consider shifted k-point grids of the type 3N 3N N 1 1 1, so
that the density of points is approximately uniform in the Brillouin zone.
You should obtain the following trend:

Based on these results we can choose a grid 6 6 2 1 1 1, which yields a total energy converged to
better than 5 meV/atom.

I Perform

a structural optimization of Sr2 RuO4 using the parameters determined in the previous
steps. In order to optimize both lattice parameters and atomic coordinates at once, use the keyword
calculation = 'vc-relax', and remember to add the cards &ions and &cell to the input file
(see Exercise 6 of Tutorial T2).
As a sanity check, the final optimized structure is summarized in the following input file:
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$ cat > sro-2.in << EOF
&control
calculation = 'scf',
prefix = 'sro',
pseudo_dir = './',
outdir = './'
/
&system
ibrav = 6,
celldm(1) = 7.17617,
celldm(3) = 3.30065,
nat = 14,
ntyp = 3,
ecutwfc = 65,
ecutrho = 280,
occupations = 'smearing',
smearing = 'mp',
degauss = 0.01,
/
&electrons
/
ATOMIC_SPECIES
Sr 87.62 Sr.pz-spn-rrkjus_psl.1.0.0.UPF
Ru 101.07 Ru.pz-spn-rrkjus_psl.1.0.0.UPF
O 16.00 O.pz-n-rrkjus_psl.0.1.UPF
ATOMIC_POSITIONS alat
Sr 0.00000 0.00000 1.16437
Sr 0.50000 0.50000 0.48597
Sr 0.50000 0.50000 2.81468
Sr 0.00000 0.00000 2.13628
Ru 0.00000 0.00000 0.00000
Ru 0.50000 0.50000 1.65032
O 0.50000 0.50000 1.11179
O 0.00000 0.00000 0.53856
O 0.50000 0.00000 1.65032
O 0.00000 0.50000 1.65032
O 0.00000 0.00000 2.76210
O 0.50000 0.50000 2.18887
O 0.00000 0.50000 0.00000
O 0.50000 0.00000 0.00000
K_POINTS automatic
6 6 2 1 1 1
EOF

I Compare your calculated lattice parameters with the experimental data from Randall and Ward,
JACS 81, 2629 (1959). What is the deviation between the DFT prediction and the experiments?
I Visualize the structure of Sr2 RuO4 using XCrysDen.
Note Another popular software for visualizing crystal structures is VESTA. This program can be dowloaded
from http://jp-minerals.org/vesta/en.
In order to visualize our structure on VESTA we need to convert the file sro-2.in into the .xsf format. This
is done by opening our initial file with XCrysden:
$ xcrsyden --pw_inp sro-2.in
and then saving it as sro-2.xsf (go to the menu File and select Save XSF Structure). At this point we
can execute:
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$ VESTA sro-2.xsf
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You should be able to obtain something like the following:

Here Sr is in green, Ru in grey, and O in red.

Exercise 2: Band structure of Sr2 RuO4
In this exercise we want to calculate the band structure of Sr2 RuO4 .

I Using

the input file sro-2.in and XCrysDen, find the coordinates of the following path in the
Brillouin zone: Γ → M → X → Γ → Z → R → A → Z.

As a sanity check you should be able to obtain (remember that the keyword tpiba_b indicates that
we are using Cartesian coordinates in units of 2π/a):
K_POINTS tpiba_b
8
0.0 0.0 0.0 30
0.5 0.0 0.0 30
0.5 0.5 0.0 30
0.0 0.0 0.0 30
0.0 0.0 0.151 30
0.5 0.0 0.151 30
0.5 0.5 0.151 30
0.0 0.0 0.151 30

I Copy the file sro-2.in into sro-3.in, and modify this new file in order to perform a band structure calculation using calculation = 'bands', verbosity = 'high', and the above k-path.
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For this operation we need to run a self-consistent calculation first, in order to determine the selfconsistent potential:
$ mpirun -n 24 pw.x -npool 6 < sro-2.in > sro-2.out
$ mpirun -n 24 pw.x -npool 6 < sro-3.in > sro-3.out

At this point we can follow the same procedure as in pag. 28 to plot the band structure. The only
lines that need changing in the scripts extract.tcsh and plot.gp are in blue. Note that the Fermi
level indicated in the variable efermi has been taken from sro-2.out (grep Fermi sro-2.out).
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$ more extract.tcsh
set filename = sro-3.out
set nrows = 9
set klines = `grep -nr " k =" $filename | cut -d : -f 1`
set k0 = `head -$klines[1] $filename | tail -1`
set len = 0
foreach nline ( $klines )
set k = `head -$nline $filename | tail -1`
@ nline = $nline + $nrows + 1
set eig = `head -$nline $filename | tail -${nrows}`
set len=`awk "BEGIN{print $len +sqrt(($k[3]-$k0[3])^2+($k[4]-$k0[4])^2+($k[5]-$k0[5])^2)}"`
set k0 = `echo $k`
echo $len $eig
end

$ more plot.gp
efermi = 12.2335
unset key
set ylabel "Energy (eV)"
set xtics ("G" 0.0, "M" 0.5, "X" 1.0, "G" 1.707, "Z" 1.858, "R" 2.358, "A" 2.858, "Z" 3.565 )
set xlabel "k-point path [2pi/a]"
set grid xtics
set grid ytics
plot [] [-3.5:3.5] 0 w l lc 0, for [i=45:73] "bands.txt" using 1:(column(i)-efermi) w l lc 3 lw 1.2

$ tcsh extract.tcsh > bands.txt
$ gnuplot
gnuplot> load "plot.gp"
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From this plot we can see that the band structure of Sr2 RuO4 is rather two-dimensional, since the
dispersion relations at kz = 0 (ΓMXΓ) and at kz = π/c (ZRAZ) are very similar.

Exercise 3: Band structure of Sr2 RuO4 in the primitive unit cell

Feliciano Giustino, QS3 School, Cornell, June 2018

The primitive unit cell of Sr2 RuO4 corresponds to a body-centered tetragonal lattice with one formula
unit (7 atoms). For simplicity so far we have considered the simple tetragonal lattice with two formula
units per cell. This simplification is helpful for understanding the structure in the most intuitive way,
but if we want to compare with the literature it is better to use the bct structure.
In order to study Sr2 RuO4 using the primitive unit cell, we simply change the lattice type in the input
file sro-2.in to bct (ibrav = 7, https://www.quantum-espresso.org/Doc/INPUT_PW.html#
idm199), and we remove one formula unit of Sr2 RuO4 . We can leave cutoffs, lattice parameters, and
atomic coordinates unchanged since these were optimized in Exercise 1, but we now use a uniform
Brillouin zone grid since the reciprocal lattice vectors have similar length in the bct structure.
$ cat > sro-4.in << EOF
&control
calculation = 'scf', prefix = 'sro', pseudo_dir = './', outdir = './'
/
&system
ibrav = 7,
celldm(1) = 7.17617,
celldm(3) = 3.30065,
nat = 7,
ntyp = 3,
ecutwfc = 65,
ecutrho = 280,
occupations = 'smearing', smearing = 'mp',
degauss = 0.01,
/
&electrons
/
ATOMIC_SPECIES
Sr 87.62 Sr.pz-spn-rrkjus_psl.1.0.0.UPF
Ru 101.07 Ru.pz-spn-rrkjus_psl.1.0.0.UPF
O 16.00 O.pz-n-rrkjus_psl.0.1.UPF
ATOMIC_POSITIONS alat
Sr 0.00000 0.00000 1.16437
Sr 0.50000 0.50000 0.48597
Sr 0.50000 0.50000 2.81468
Sr 0.00000 0.00000 2.13628
Ru 0.00000 0.00000 0.00000
Ru 0.50000 0.50000 1.65032
O 0.50000 0.50000 1.11179
O 0.00000 0.00000 0.53856
O 0.50000 0.00000 1.65032
O 0.00000 0.50000 1.65032
O 0.00000 0.00000 2.76210
O 0.50000 0.50000 2.18887
O 0.00000 0.50000 0.00000
O 0.50000 0.00000 0.00000
K_POINTS automatic
4 4 4 1 1 1
EOF

I Using XCrysDen, verify that the new structure is identical to the one used in Exercises 1 and 2.
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The following schematic representation of the Brillouin zone of Sr2 RuO4 in the primitive unit cell is
adapted from Hase and Nishihara, J. Phys. Soc. Jpn. 65, 3957 (1996).
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Note that Z in the first Brillouin zone coincides with Z 0 in the extended zone scheme. We also
indicated the midpoint between two adjacent X points: this is not a high-symmetry point but is
conventionally indicated as M.

I Calculate the band structure of Sr2 RuO4

starting from the primitive unit cell, and using the following path Γ → Z 0 → X → Γ (remember that we use Cartesian coordinates in units of 2π/a):
K_POINTS tpiba_b
4
0.0 0.0 0.0 30 !G
1.0 0.0 0.0 30 !Z'
0.5 0.5 0.0 30 !X
0.0 0.0 0.0 30 !G

In order to generate the plot you will need to replace the blue lines in the scripts extract.tcsh and
plot.gp on pag. 37 as follows (assuming that sro-5.out is the output file with the band structure):
$ more extract.tcsh
set filename = sro-5.out
set nrows = 5
...
$ more plot.gp
efermi = 11.8850
...
set xtics ("G" 0.0, "-M" 0.5, "Z'" 1.0, "X" 1.7072, "G" 2.4144 )
...
plot [] [-3.5:3.5] 0 w l lc 0, for [i=2:37] "bands.txt" using 1:(column(i)-efermi) w l lc 3 lw 1.2

You should obtain something like the following:
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Exercise 4: Fermi surface of Sr2 RuO4
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In this exercise we calculate the Fermi surface of Sr2 RuO4 . We start from the bct structure as it
contains fewer atoms. The procedure is identical to what was done for copper on pag. 29.
We create the input file for the non self-consistent calculation on a uniform grid:
$ cat > sro-6.in << EOF
&control
calculation = 'bands', prefix = 'sro', pseudo_dir = './', outdir = './'
/
&system
ibrav = 7,
celldm(1) = 7.17617,
celldm(3) = 3.30065,
nat = 7,
ntyp = 3,
ecutwfc = 65,
ecutrho = 280,
occupations = 'smearing', smearing = 'mp', degauss = 0.01,
/
&electrons
/
ATOMIC_SPECIES
Sr 87.62 Sr.pz-spn-rrkjus_psl.1.0.0.UPF
Ru 101.07 Ru.pz-spn-rrkjus_psl.1.0.0.UPF
O 16.00 O.pz-n-rrkjus_psl.0.1.UPF
ATOMIC_POSITIONS alat
Sr 0.00000 0.00000 1.16437
Sr 0.50000 0.50000 0.48597
Ru 0.00000 0.00000 0.00000
O 0.00000 0.00000 0.53856
O 0.00000 0.00000 2.76210
O 0.00000 0.50000 0.00000
O 0.50000 0.00000 0.00000
K_POINTS automatic
20 20 20 0 0 0
EOF

We prepare the input file for the post-processing program fs.x:
$ cat > fs.in << EOF
&fermi
outdir='./', prefix='sro'
/
EOF

I Perform

a self-consistent calculation on Sr2 RuO4 using the input file sro-4.in, followed by a
non-self-consistent calculation using the input file sro-6.in. Then execute the program fs.x to
generate the Fermi surface file.

I Transfer the Fermi surface file sro_fs.bxsf into your local laptop/desktop computer using scp
or filezilla, and execute
$ xcrysen --bxsf sro_fs.bxsf
to visualize the Fermi surface of Sr2 RuO4 . You should obtain something like the following:
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Here we can see that the three Fermi surface sheets exhibit very little dispersion along the kz axis,
thereby confirming once again that the electronic structure of Sr2 RuO4 is rather two-dimensional.
In the following plot we show the three Fermi surface sheets together (left), and the ARPES map
reported by Damascelli et al, PRL 85, 5194 (2000) (middle). In the panel on the right we overlaid
the calculated (yellow) and the measured (red) Fermi surfaces. The agreement between theory and
experiment is very good.

Exercise 5: Visualizing Kohn-Sham wavefunctions of Sr2 RuO4
In this exercise we want to visualize the Kohn-Sham states on the Fermi surface of Sr2 RuO4 . We will
be looking a the points A, B, and C indicated in the following figure. These wavefunctions should
give us an idea of the character of the states in each of the three Fermi surface sheets.
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By analyzing the band structure that we calculated in Exercise 3 we can observe that the desired points
have (approximately) the coordinates (0.33, 0, 0)2π/a, (0.39, 0, 0)2π/a, and (0.5, 0.26, 0)2π/a.

I Run a non-self-constent calculation by modifying the input file sro-5.in as follows:
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...
K_POINTS tpiba
3
0.33 0.00 0.00 1.0 ! A
0.39 0.00 0.00 1.0 ! B
0.50 0.26 0.00 1.0 ! C

In the output file we look for the Kohn-Sham eigenvalues closest to the Fermi energy (11.8850 eV),
and we discover that the crossing of the Fermi level occurs for band number 31 at k-point A, band
30 at k-point B, and band 29 at k-point C. Therefore we will need to plot the wavefunctions corresponding to these bands.
In order to plot wavefunctions we use the post-processing utility pp.x. If you have not already
compiled this utility in Tutorial T3, you need to proceed as follows:
$ cd ~/scratch/summerschool/q-e-master ; make pp
$ cp PP/src/pp.x ~/scratch/summerschool/tutorial-T4
$ cd ~/scratch/summerschool/tutorial-T4/
This utility reads the output of a pw.x run, and rewrites it into a format compatible with XCrysDen
or VESTA. The structure of the input file of pp.x is:
cat > pp.in << EOF
&inputpp
prefix = 'sro'
outdir = './',
filplot = 'wavefc'
plot_num = 7
kpoint = 1
kband = 31
/
&plot
iflag = 3
output_format = 5
fileout = 'sro_A.xsf'
/
EOF

Here plot_num = 7 specifies that we want to plot the square modulus of Kohn-Sham wavefunctions,
and the variables kpoint and kband indicate the k-point and band that we want to plot. The values
kpoint = 1, kband = 31 correspond to point A on the Fermi surface. The flags iflag = 3 and
output_format = 5 specify that we want a 3D plot and that this must be in XCrysDen format,
respectively.
There are many other options for plotting other quantities of interest, for the complete range please
see the documentation page:
http://www.quantum-espresso.org/Doc/INPUT_PP.html
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After executing pp.x (for example: mpirun -n 12 pp.x < pp.in) we will find the file sro.xsf
that contains the wavefunction. We visualize this wavefunction by launching XCrysDen and following
the steps below:

I Plot the Kohn-Sham wavefunction corresponding to the point A on the Fermi surface, and establish the character of this state.
You should be able to find something similar to the following (this image has been processed for
clarity):

Here the Ru-d orbitals are contained within the xz plane, therefore this state is a combination of
Ru-dxz and O-pz .

I Now generate the .xsf file corresponding to points B and C on the Fermi surface.

To this aim
you will need to modify the pp.in input file above by considering kpoint = 2, kband = 30, and
kpoint = 3, kband = 29.

I By plotting the wavefunctions corresponding to the states B and C, verify that the orbital character
is Ru-dxy and O-py for B, and Ru-dxz and O-pz for C.
These observations allow us to conclude that the three Fermi surface sheets of Sr2 RuO4 are mostly
made of the t2g orbitals of Ru, as well as O p states.
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I Compare

our conclusion with the discussion of these orbitals in the literature, for example in
Burganov et al, PRL 116, 197003 (2016).
Note If you are interested in plotting the density of states (DOS) or the partial DOS, you can use
the post-processing programs dos.x and projwfc.x. These utilities are described in the QE documentation:
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https://www.quantum-espresso.org/Doc/INPUT_DOS.html

https://www.quantum-espresso.org/Doc/INPUT_PROJWFC.html
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