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Introduction

The goal of the tutorial is to provide a working example on how it is possible to model strongly
correlated magnetic materials applying DFT+U methods ° ° 1, We will be working with hematite as an
example of such materials but the method can be applied to a plethora of materials.

Hematite

Hematite is a blood-red iron oxide with formula o — Fe5 O3 with a melting point of 1350 °C. It belongs
to the hexagonal crystal family, in particular, it is a Ditrigonal scalenohedral with a R3C space group
(167), sharing the same structure as corundum. The lattice parameters a, b, c are a = b = 5.0356 A
and ¢ = 13.7489 A with 6 formula units per cell with a band gap of 1.9 — 2.2 eV. Its structure is an
hpc anion stacking of O~ along the [001] direction with Fe*" occupying 2/3 of the interstitial
octahedrical positions *. Below the Néel temperature (Ty = 963 K), Fe2Q3 is antiferromagnetic with
weak ferromagnetism. The high-spin d5Fe37 cations within one bilayer in the (0001) planes are
ferromagnetically coupled to each other while antiferromagnetically coupled to the adjacent Fe bilayers
2, The magnetic moment is determined to be 4.6 pp per atom. The upper edge of the valence band is
dominated by oxygen p states, while the bottom of the conduction band is dominated by Fe d states.
Hematite is generally considered to be a charge transfer rather than a Mott-Hubbard insulator 2 4 5,
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Fig.1: Primitive rhombohedral cell (left), Conventional hexagonal cell (right).
Iron atoms in brown, oxygen in red.

Magnetism

The weak ferromagnetism is due to spin-canting which is a relativistic effect. Luckily for us it is possible
to obtain Hematite in an antiferromagnetic state with magnetic moments close to the experimental
values by properly setting up the simulation without the need to include relativistic effects explicitly.

If we consider the primitive hematite cell along the Z axis there are 3 possible different
antiferromagnetic states:

e + — +— (up-down-up-down)
e + + —— (up-up-down-down)
e + — —+4 (up-down-down-up)

Out of all these states the last one (+ — —-) is the ground state, we would like to be able to force our
system to end up Out of all these states the last one (+ — —-) is the ground state, we would like to be
able to force our system to end up in the ground state.

Fe1l

Fe1l

Fig.2: Ground state antiferromagnetic state for hematite in primitive cell, Fel
labels iron with up spin configuration, Fe2 for down spin configuration.

Magnetic systems are challenging to model due to the existence of very many different local minima
which, in most cases, are very close in energy Forcing the system into a specific state may not be easy,
but there are methods that can help us achieve what we want.

DFT+U

The problem of DFT to describe correlated systems can be attributed to the tendency of xc functionals
to over-delocalize valence electrons and to over-stabilize metallic ground states, this prevents materials
like Hematite to be described by DFT. LDA and GGA both predict hematite to be a metallic system and
they also underestimate local magnetic moments. The reason behind this delocalization is rooted to the
inability of the approximated xc to completely cancel out the electronic self-interaction contained in the
Hartree term. The main advantage of the DFT+U method is that it is within the realm of DFT, thus does
not require significant effort to be implemented in the existing DFT codes and its computational cost is
only slightly higher than that of normal DFT computations.
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DFT+U treats the d and f orbitals as localised while keep the rest at the delocalised LDA/GGA level. In
order to do that it projects the bands into localised orbitals and compute a new potential. The DFT+U
method can be used to penalise the non-integer occupancy of these orbitals, tending to fill states with
occupancy greater than 0.5 and empty states with occupancy less than 0.5.
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The U and J values are screened Coloumb and Exchange terms which are system and implementation
dependent. In general, you are not able to plug and play an U or J value from the literature. What is
usually done it's empirically testing different values (run multiple calculations with different combination

of U and J) or most software (including ONETEP) have a linear response theory implementation to

calculate the parameters from first principles 2 ¢ 7.

Setting up the calculations

Now we start with the actual tutorial, we will setup a bulk hematite simulation where we apply a DFT+U
correction on the d orbitals of the iron atom. We also have to label atoms based on their spin which
allow us to assign different parameters for spin down and spin up Fe atoms. This will help us achieve
the AFM state we are looking for. We will see what we should look out in an output and what are the
interesting properties for this material.

You will see that the cell and atoms we are using are neither from a primitive or a conventional cell, It is
a orthogonal 3x2x1 supercell and this because orthogonal cell are easier to deal with and due to having
11 bohr radius NGWFs we need to have bigger cells.

Input files

ONETEP requires different files to work properly.

1. A .dat file which contains all the information about your sytem (positions and cell) and the
simulations parameters

2. Pseudopotentials files, we will be using on the fly generated by CASTEP, but you could use your
favourites.

All the files needed for the simulation can be downloaded from:

« 3Fe NCP19 PBE_OTF.usp
« ¥0_NCP19 PBE_OTF.usp
« ¥ hematite.out

o ¥ hematite.dat

Dat
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file:///files/Fe_NCP19_PBE_OTF.usp
file:///files/Fe_NCP19_PBE_OTF.usp
file:///files/Fe_NCP19_PBE_OTF.usp
file:///files/O_NCP19_PBE_OTF.usp
file:///files/O_NCP19_PBE_OTF.usp
file:///files/O_NCP19_PBE_OTF.usp
file:///files/hematite.out
file:///files/hematite.out
file:///files/hematite.out
file:///files/hematite.dat
file:///files/hematite.dat
file:///files/hematite.dat

The first two blocks are the cell and atoms positions. You might see that iron atoms are labelled Fel or
Fe2 depending if they will be treated as spin up atoms or spin down atoms.

The third block is

1  %BLOCK SPECIES

2 Fel Fe 26 13 11.000000
3 Fe2 Fe 26 13 11.000000
4 008 4 11.000000

5  %ENDBLOCK SPECIES

This block tells us which atom type we should assing to Fel, Fe2, and O, their atomic number and how
many NGWFS we should use for each atom type as well as their radius. For strongly correlated
systems NGWFs radius of 11.00 bohr is suggested. The next block is

1 %BLOCK SPECIES ATOMIC SET

2 Fel "SOLVE conf=3s2 3p6 3d5 4s0 4p0 SPIN=+5 CHARGE=+3"
3 Fe2 "SOLVE conf=3s2 3p6 3d5 4s0 4p0 SPIN=-5 CHARGE=+3"
4 0 "SOLVE INIT SPIN=0 CHARGE=-1"

5 %ENDBLOCK SPECIES ATOMIC SET

This block setup the initial configurations for the atoms. Fel and Fe2 atoms will have a charge of +3
and a spin of + or - 5. We have also setup the electronic configurations. The atomic solver generates
the first guess for the density kernel for the first scf iteration, it does it by calculating the atomic density.

The next block is the Hubbard block where we setup the DFT+U parameters

%block hubbard
Fel 2 6.0 0.0 -10.0 0.00 5.0
Fe2 2 6.0 0.0 -10.0 0.00 -5.0
%endblock hubbard

A W N

In this block we setup on the d (I=2) orbitals a U value of 6 the rest are the default parameters except
the last column (5,-5). The last column is the spin-splitting functionality that help certain system to break
the spin symmetry in AFM configurations.

The rest of the blocks are to tell ONETEP for which atom types it has to compute the Idos and dos.
Related to this functionality we also have to paratemers called dos_smear and pdos_max_|. The First
relates to the gaussian smearing applied to the dos and the max | quantum number to compute the
pdos for.

The rest of the parameters are self-explanatory with some exception such as maxit_palser_mano and
maxit_hotelling which are related to the diagonalisation library.

If require more explanation you can refer to the ONETEP keyword database.

Pseudopotentials

It is important to know is that the number of NGWFs depends on your Pseudopotentials. If you use your
own be sure to modify them.
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Evaluating the outputs

ONETEP will generate many files based on we configured the calculations, but for this tutorial we will
be focusing on few ones.

e .out :the main output file

e DOS.txt : Density of states file

e LDOS.txt : Local density of states file

e PDOS.txt : Partial density of states file

e spindensity.cube : Cube file necessary to visualise the spin density

What to look for in the main output file

First thing is to check is the whether the atoms are in the configuration you wanted to (in our case a
Fe®™ with spin UP or DOWN). This can be seen by looking for this block for each atom (shown here
the down Fe atom)

1 Config String: 3s2 3p6 3d5 4s0 4p0 SPIN=-5 CHARGE=+3
2 Orbitals (num,occ): 5 2.00 6.00 5.00 0.00 0.00
3 Orbitals (num,1l): 5 0 1 2 0 1

As you can see it was properly set as we have the occupancies as we wanted them to be

The second step is, as explained in the DFT+U part, the occupancies for the majority spin (either UP or
DOWN for different Fe atoms) has to be > 0.5 while < 0.5 for the minority spin. This is very important
to allow DFT+U to do its job and it can be checked in the following table by looking at the diagonal
elements.

ONO UL WN R

NNHEFEHERRPR R RHR P 2
H ©OOWOoONO URNAWNREOOO
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Another important thing to check are the bands occupancies. Hematite is a semiconductor with a 2 eV
band gap, we would then expect to have fully occupied bands and unoccupied virtual bands. If we were
to treat it as a metal we could expect fractional occupancies occurring, but that would be physically

B B B B B B e R
DFT+U information on atom 1 of Hubbard species Fel
B e e e e T e e et
Occupancy matrix of Hubbard site 1 and spin 1 is
ml= -2 -1 0 1 2
0.98677750 0.00064944 0.00008254 -0.00024296 -0.00055787
0.00064545 0.99097329 -0.00010565 0.00019818 0.00042874
0.00006971 -0.00009587 0.97935271 0.00006742 0.00560449
-0.00024459 0.00020075 0.00009975 0.99062614 -0.00144761
-0.00055154 0.00042561 0.00602074 -0.00142407 0.96101391
B e e e e (T e e ot
Occupancy matrix of Hubbard site 1 and spin 2 is
ml= -2 -1 0 1 2
0.17854088 -0.10543254 -0.00014018 -0.01900359 -0.00209684
-0.10478392 0.27925352 -0.00100259 0.00081665 -0.01300318
-0.00018286 -0.00127346 0.07647309 0.00442738 0.00630459
-0.01913097 0.00082721 0.00279433 0.25746916 0.08014266
-0.00208260 -0.01299767 0.00576137 0.07901457 0.10302424
B e e e e e e e e e e e e e e e e e et

Total occupancy of Hubbard site 1 is 5.80350444 e
Local magnetic moment of Hubbard site 1 is 4.01398264 mu B
DFT+U energy of Hubbard site 1 is 0.08324891 Ha

B i

wrong for our system.

If you look at the band occupancies for both spin up and down, you can see that we indeed obtain fully
occupied bands and unoccupied bands. This reassure us that the structure we obtained is chemically
and physically sensible. The small number you see in the "unoccupied" bands is due to numerical

errors.

This is for spin 1 (up)

Orbital | Energy (Eh) | Occupancy

-3.063849888 1.0000000

1791 0.357172741  0.9999996
1792 0.357225976  0.9999996
1793 0.357724185  0.9999996
1794 0.357733628  0.9999996
1795 0.358380935  0.9999997
1796 0.358393032  0.9999997
1797 0.360316821  0.9999996
1798 0.360327604  0.9999996
1799 0.366378308  0.9999993
1800 0.366387961  0.9999993

...... -- gap at OK -- .........
1801 0.438702297 0.0000005
1802 0.438704363 0.0000005
1803 0.438802525 0.0000005
1804 0.438803496 0.0000005

This is for spin 2 (down)
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1 Orbital | Energy (Eh) | Occupancy
2 1 -3.062779703 1.0000000
P
4 1791 0.357161543  0.9999996
5 1792 0.357225094  0.9999996
6 1793 0.357691641  0.9999996
7 1794 0.357691940  0.9999996
8 1795 0.358354526  0.9999997
9 1796 0.358355045  0.9999997
10 1797 0.360301824  0.9999996
11 1798 0.360302485  0.9999996
12 1799 0.366369520  0.9999993
13 1800 0.366387326  0.9999993
14 ..., -- gap at OK -- .........
15 1801 0.438975662 0.0000005
16 1802 0.438982779 0.0000005
17 1803 0.439082674 0.0000005
18 1804 0.439094865 0.0000005

And as last we should also check that we obtain a band gap and its value is close to experiment. This
can be seen from the output by looking for these lines.

Why do we get two band gaps? Because we are studying a magnetic system, we get a band gap for
each spin channel and for an AFM material the bandgap should be the same (numerical errors aside).

1  HOMO-LUMO gap: 0.072314337 Eh
2 HOMO-LUMO gap: 0.072588336 Eh

DOS and PDOS

Next step is to plot the density of states. It will tell us the distribution of electrons and states in our
system we would expect to have gap around 0 of about 2 eV as this is the band gap of the material.

Density of States
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We indeed obtain a gap between the states but it does not tell us much more. To obtain more
information we will be plotting the local density of states (LDOS) and the partial density of states
(PDOS).

Page 8 of 12



Local Density of States
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Partial Density of States
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From the local density of states we can immediately notice that the lowest lying bands in the plot are
mostly made of Fel bands but, this is very important, the top of the valence band is made mostly by O
bands. The bottom of the conduction band is made of Fe2 orbitals. This allow us to classify hematite as
a charge transfer insulator between the oxygen and the iron atoms. What if we would like to know
which atomic orbitals contribute the most in this charge transfering? We need to plot the PDOS.

It will project the bands into the atomic components, in this way, as you can see in the graph the top of
the valence band is dominated by O 2p states while the bottom of the conduction band by Fe2 3d
states.

Mulliken population analysis

The Mulliken population analysis is a very good tool to understand if our system is behaving correctly.
In an AFM material the total spin should be 0 and the local spin should be the same for the same
atoms. In this case we have two different types The spin up and down Fe atoms. The absolute value of
the local spin should be the same with just different signs.

The material is also charge neutral and we would expect that the similar atoms should carry similar

charges.
Species lon Total Charge (e) Spin (hbar)
0 1 6.906 -0.906 0.01
0 2 6.906 -0.906 0.01
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0 4 6.905 -0.905 -0.01

0 5 6.906 -0.906 -0.00
0 6 6.907 -0.907 -0.00
Fe 7 14.641 1.359 2.20
Fe 8 14.641 1.359 2.20
Fe 9 14.641 1.359 -2.20
Fe 10 14.641 1.359 -2.20

As you can see from this snapshot we do indeed obtain the same charge and same spin for all similar
atoms as we would expect.

Spin Density

Now it is time to visualise the spin density which is the total electron density of electrons of one spin
minus the total electron density of the electrons of the other spin. We would like to visualise it to know if
we obtained the afm state we wanted, the up-down-down-up configuration.

You can directly open and visualise The .cube generated at the end of the calculations with VESTA,
VMD or lots of other softwares.

Fig.3: Hematite spin density, blu spheres refers to atom with up spin and yellow
to down spin

You can see from the picture that we did get the AFM states with +--+ configuration as we wanted.

What to do next

The tutorial is now complete, but you could still move forward. What can you do next?

ONETEP outputs many. more information than the one showed you here.
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You can plot

e The electrostatic potential

The orbitals

The electron density

The band plot
You can then relax the structure and recompute the properties to see what changed and how.

We have chosen to use U=6, but you could try different U values and see how it affects the system.
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