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Anglicky

uchovani dat pomoci jednotlivych atomua a katalyza pomoci

samostatnych atomu pro spravnou funkci potfebuji specifickou pozici, kterda by pevné
uchytila “aktivni* atomy a zabranila jim ve shlukovani. Tato teoreticka bakalafska prace
ukazuje, ze adsorpce vybranych atomu pfechodnych kovu (Fe, Co, Ni, Ru, Rh, Pd, Os, Ir,
Pt) do defektd v defektivnim grafenu (jedna vakance, jedna vakance dekorovana
pyridinickymi dusiky, dvojvakance, dvojvakance dekorovana pyridinickymi dusiky) je
energeticky vyhodna, ve spoust¢ piipadu byla vazba silné¢jsi nez 5 eV. Zatimco atomy Pt jsou
na C¢istém grafenu pomérné mobilni, vakance ukotvuji adatom silnéji nez pozice vzdalenéjsi
od defektu. Strukturni, elektronické a magnetické vlastnosti byly peclivé analyzovany. Trendy
ve vypoctenych charakteristikich byly prozkoumany a byla vypoctena jejich korelace
s adsorpcni energif. Relativistické nekolinearni kalkulace ukazaly vyznamné hodnoty
magnetické anizotropni energie IrDVG (~ 7 meV) s jednoduchou osou magnetizace kolmou
na rovinu grafenu. Opacnym pifpadem je [ISVNG, kde je jednoducha osa paralelni s rovinou
grafenu oproti ose kolmé na rovinu grafenu preferovana o ~ 10 meV. Vlastnosti obou

systému jsou diskutovany na zaklade relativistickych elektronickych struktur.
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Introduction

Nearly everybody knows that everything around us consists of atoms, but it is not a long
time ago when people started to be able to observe and work with single atoms. Important
milestone was famous visionary lecture “There's Plenty of Room at the Bottom” ' held
in 1959 by Richard Feynman, where he sketched his hope of manipulating single atoms and
creating useful devices of them. These thoughts are now considered as basis
of nanotechnology. Development of advanced laboratory techniques — transmission electron
microscopy (TEM) allowed scientists to achieve atomic resolution, in addition scanning
tunnelling microscopy (STM) and atomic force microscopy (AFM) added the possibility
to manipulate with single atoms along the surface. At the same time the rapid development
of computers performance allowed researchers to carry out quantum chemistry calculations
of model systems representing real systems with very good precision. Both approaches are
today on an equal footing — (a) quantum chemistry calculations can describe why synthesized
substance has right those properties when precise geometry of it is known, or (b) theoretical
calculations can predict materials with interesting features in advance and after that the
information is passed to research chemists in laboratory that thereafter examine the
properties in real conditions.

The past decade has witnessed a large increase of digital information amount, the actual
trend is to double the existing amount of data every second year. It was predicted that from
2005 to 2020 the saved data will be multiplied 300 times.” The actual development of hard
disk drives (HDDs) does not follow the famous Moore’s law which states that the areal
density of HDDs will double every second yeat.” It is clear, that if the number of HHDs
would be constant, the gap between storage demand and actual capacity would constantly
spread. In addition, in year 1999 Roger Wood* predicted, that information density limit
is in order of 1 Tb / in’ that means 155 Gb / cm® To continue with its enhancement,
new approaches therefore have to come. Review paper by Shiroishi e 2/’ summarizes
possibilities how to reach 1 Tb / in” limit and also go beyond it — bit patterned magnetic
recording, heat assisted magnetic recording, microwave assisted magnetic recording, shingled
writing recording and two dimensional magnetic recording. All the techniques somehow
modify the writing and reading process, but they all strongly depend on the bit patterned

medium (BPM) — the material which should keep the information. For achieving the highest



densities, there are very strict criteria — the magnetic centres must be placed in perfect lattice,
must be independent of the others and their magnetic moment has to be stable enough
to resist random thermal excitations.

Searching for material suitable for use as BPM became very important. To achieve highest
information density, it is useful to start from the smallest imaginable particles that could store
and preserve information — single metal atoms, dimers of transition metals or single
molecules placed on suitable substrates. This work is focused on the single atoms
of transition metals anchored to graphene.

Important quantity of the systems is magnetic anisotropy energy (MAE) which influences
the information stability. In the gas phase, a transition-metal (TM) dimer is the smallest object
showing magnetic anisotropy. Due to the spherical symmetry, single atoms do not show any
magnetic anisotropy, their MAE is zero. However, binding TM atoms to a suitable surface
or matrix breaks the symmetry and could set the ultimate limit of data storage to a single-
atom magnetic bit. Just to briefly mention success in this field, Natterer ez a/® practically
showed that single Ho atom placed on MgO substrate can hold information bit that is stable
for several hours and can be read remotely. Baltic e a/” prepared well-ordered supetlattice
of Dy atoms located on graphene grown on Ir(111). They report information density

" showed that

of 115 Tb/inch®. Theoretical investigations of Blonski and Hafner*!
heteroatomic dimer Ir-Co placed on graphene sheet on Cu(111) has MAE of 204 meV which
would prevent loss of information at temperatures greater than room temperature.

For real applications, atoms or dimers placed on the surface of graphene must be bound
strongly to some particular position to prevent the atoms from clustering. Gan ez al.'' showed
that the barrier for Pt adatoms’ movement on pristine graphene is low and the Pt adatoms
are rather mobile. Defects in graphene can be created unintentionally during preparation
of pristine samples or completely deliberately. Their presence in graphene could serve
as anchoring centre for TM adatom. The aim of this theoretical work is to embed transition
metal atoms of VIII B group of periodic table of elements to the defective graphene — single
vacancy graphene, single vacancy pyridinic graphene, double vacancy graphene and double
vacancy pyridinic graphene. Systems’ geometry and adsorption energy have been examined
as well as electronic properties like density of states (DOS), Bader charges and magnetic

properties including magnetic anisotropy energy (in selected systems). This work also serves



as basis for future work when second metal atom will be added to examine its influence
mainly on the systems’ magnetic properties.

One should also note that TM adatoms anchored on graphene surface could be also
important for single-atom heterogenous catalysis (SAHC), which is without doubt very
important part of many chemical processes in laboratories as well as in the industry. Indeed,
recent papers (for instance by Bakandritsos ez a/'?) show current interest in using graphene
as basis for SAHC. Much information from this field provides review paper by Yang e# a/.”
Numerous reasons of SAHCs’ advantage exist, the most important are following - (a) single
atoms catalysts have always the same geometry of used catalytic centre, (b) unsaturated bonds
lead to enhanced activity, (c) quantum effects playing very important role can be also well
tuned. Aim of many referred papers (as geometry comparison in the subchapter of geometry
results) was indeed theoretical description of catalytic activity of the systems. This thesis aims

to explain some observed systematic geometrical trends in these systems.
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1 Theoretical Background

1.1 Modern Approaches to Information Storage, Limits and
Solutions

Nowadays, information in personal computers is mostly saved in hard disk drives (HDDs)
or solid-state drives (SSDs). Both drives use different approaches — HDDs contain magnetic
media that holds the information and magnetic head that reads and writes the information.
The HDDs contain rotating parts which are their biggest disadvantage.' Information
in SSDs is saved in integrated circuits and they do not contain any moving parts."

SSDs overcome HDDs in their reading speed of scattered information (random access),
they also consume less energy and are very resistant to damage caused by their movement
while they are working. SSDs are often lighter and smaller and in principle they are
completely silent. On the other hand, HDDs are still much cheaper in meaning cost per one
GB and they should not loose stored information after years of inactivity (but mechanical
problems with rotating parts could occur).” In 2016, common information density in HDDs
was 1.1 Tb / in?, for SSDs 2.0 Tb / in*?

HDD contains rotating disks called platters. The basis of platter is nonmagnetic material
(eatlier aluminium alloy, now glass or ceramic)."* Grains of ferromagnetic material — typically
Co-Cr-Pt alloy with some admixture — are placed on the platter’s surface. The grains are
separated by nonmagnetic material.'® After manufacturing, grains are distributed with some
irregularities'” therefore disks are designed to have more grains holding one information bit.*
The second important part is access arm with reading and writing head — one head for one
side of platter. Proper combination of access arm angle and phase of platter rotation allows
the head to access all points on the platter. Operating distance of the head is in the order
of ten nanometres above the surface."

Wood showed in his paper* that simple scaling of size-dependent bit volume (a product
of multiplication of read width, bit length and thickness of the medium) can predict highest
information densities in classical HDDs of about 1 Tb / in®. For information stability over
years the superparamagnetic effect plays very important role - it can cause the flip
of magnetization due to the random thermal excitations, so it needs to be minimized. Wood
derived that the lower limit of grain size to avoid superparamagnetic regime is about 10 nm

in diameter. Very important parameter is also signal to noise ratio (SNR) which defines
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reliability of reading process. If the size of grain is kept at the lowest possible value to resist
superparamagnetic effect, SNR of magnetic media scales with cube of linear scaling factor.
SNR of the head scales in linear or square proportion of linear scale factor (depending
on included criterion). Either way, SNR of magnetic media seems to be greater problem.
Another problem is the above-mentioned distribution of grains, Wood suggests using
5 grains to store one information bit as reasonably safe option.

Some ways how to break the information density limit of 1 Tb / in® are presented
in the review paper by Shiroishi ¢ 4/’ The first option is to use bit-patterned magnetic
recording (BMPR). One bit would be stored in one very well-defined magnetic island.
The islands would have exactly the aimed size to be able to contain information bit with
reasonable stability but not to be unnecessarily large. Islands would be also very well ordered
on the surface of platter. Those properties would allow to achieve higher densities of the
islands as well as would minimize the noise from neighbour islands during reading.
The highest disadvantage comes from the need for an absolutely precise timing — the reading
and writing would have to be done when the head would be exactly above the island. It was
shown that this technique could reach information density of about 4 Tb / in®, this should
be also limit when energy assisted recording is not used. Its creating process would also
contain many new steps like electron beam patterning and self-assembly of polymers. BPM
is the basis of all new high-density approaches as it allows higher SNR and thermal stability
as compared to the presently used media grains. However, both mass fabrication of BPM
and its integration to the existing recording system of HDDs is considered to be the greatest
challenge for its widespread commercial use. Finding suitable basis for BPM is also aim
of this work — the matrix would be defective graphene, the magnetic materials would be
formed by a regular array of TM adatoms.

If the magnetic islands in BPM would be so close to each other, it is possible that
magnetically harder materials would have to be used to reliably save the information. In those
cases, some additional energy would need to be used during writing to change the magnetic
moment orientation. Energy could be delivered by heat (HAMR) or by microwaves
(MAMR). Combination of HAMR with BPM could lead to enormous densities
of 100 Tb / in®

12



1.2 Magnetism of Selected Systems Containing Atom or Dimer
with Remarkable Magnetic Properties

As was mentioned in the introduction, the main interest of this thesis lies in the smallest
systems that have two stable orientations of their magnetic moment with energetic barrier
between them high enough to preserve the moments from spontaneous switching due
to superparamagnetic effect. The height of barrier should be at least 30 meV,
as it corresponds to the energy of thermal excitations of 80 °C. These materials could serve
as BPM for new HDD-like nano-devices, or, at least, they could point out which properties
are important for those features. In this chapter, interesting experimentally prepared
materials are described at first, the second part is devoted to the systems that were

theoretically predicted to be magnetically remarkable.

1.2.1 Experimentally prepared systems with magnetic atoms on surfaces
Single atoms placed on specific surface should provide good starting point for information
storage devices as they are similar to the present materials used in HDD platters - solid
material with specific surface could serve as support, the metal atoms would hold
the information.

Baltic ¢# al” showed strategy how to create highly ordered lattice of Dy atoms catrying
magnetic moments. They used Ir(111) surface covered by a single layer of graphene and thus
creating moiré pattern. If temperature during Dy atom deposition was at about 40 K,
Dy atoms were diffusing over graphene until reached very advantageous position — C-ring
placed directly above Ir atom. Following this approach, they were able to prepare highly
ordered system with Dy adatom every 10 x 10 graphene unit cells. If temperatures during
deposition were lower than 10 K, the Dy atoms stayed in random C-rings, independently
on the moiré pattern. Hysteresis loops measured both on ordered and unordered system
were very similar, magnetism thus origins from Dy atoms alone, not from the interaction
between them, and position of C-ring containing Dy atom in moiré pattern has also
no influence. This system seems to be resistant against quantum tunnelling, so authors
measured quite long magnetic lifetimes (about 1000 s at 2.5 K). Authors supported their
results by theoretical calculations. They found that their system has bartier to magnetism
reversal of 21.4 meV, but also contains one possible path for quantum tunnelling at 5.6 meV

and thus observed information lifetimes are significantly shortened in comparison
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to the ideal systems where the only path would be over the full barrier. Moreover, they
proposed explanations of observed behaviour. At first, the higher the symmetry of adatom
surroundings, the fewer paths for quantum tunnelling — in their case the magnetic centre had
Cs symmetry. At second, graphene acts like filter and strongly limits energy exchange
between Ir(111) and Dy adatom. Further, the interaction between Ir(111) and graphene
creates energy gap at Er of graphene and, consequently, transition of conducting electrons
between Ir(111) and Dy adatom is suppressed. As the last step they proofed that omitting
of one single criterion leads to significant reduction of magnetic relaxation time.

Donati ¢t al." grew few thin MgO(100) films on Ag(100) surface a placed single Ho atom
on its surface. They observed dependence of relaxation times on the thickness of the MgO
layer. They measured hysteresis up to 30 K. Reported reasons for such high temperatures
are similar to the above-mentioned research. They observed nearly identical relaxation times
(approximately 26 minutes) at 10 K and 2.5 K and therefore they assume that at temperatures
under 10 K the relaxation is led primarily by non-thermal processes. When temperature was
at about 20 K, the relaxation time was approximately 11 minutes. Dependence of hysteresis
on the number of MgO monolayers was also examined — it was shown that 3.6 monolayers
are the lower limit for decoupling of adatom from electron and phonon bath of Ag and thus
hysteresis to be observable.

Natterer ¢ al’ used the same system as in Ref. [18] and examined the stability
of magnetically saved information by two independent paths — locally using tunnel
magnetoresistance and remotely using electron spin resonance (ESR) of neighbouring Fe
atom. They wrote the information placing scanning tunnelling microscopy (STM) tip above
Ho atom and applying voltage pulses until change in magnetoresistance was observed. After
that they measured ESR spectra of Fe atom acting as sensor — magnetic moment presented
at Fe is aligned with external magnetic field but quantity of absorption frequency shift is
dependent of the neighbouring Ho atom due to the Zeeman splitting. If magnetic moment
presented at Ho is parallel to the external magnetic field, the adsorption frequency shifts
to lower frequencies and wue versa. They also showed that width of splitting depends
of the distance between Ho and Fe atoms. According to this knowledge they prepared
system where two atoms of Ho were placed in neighbourhood of the Fe atom, but distances
between Ho atoms and Fe atom were different and, indeed, they were able to measure

4 different spectra according to the orientation of magnetic moment of Ho atoms. The closer
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Ho atom, obviously, had higher impact on the peak position, the second one just slightly
shifted it. They also reported that information remained stable for hours at temperature
of 4.3 K, they were not able to examine properties at higher temperatures as their equipment
was not suitable for it. Their work is cleatly illustrated in Fig. 1 reprinted from paper'”
by Roberta Sessoli.

Natterer ¢f a/” then continued examining the same system. They derived that the height
of energy barrier between two stable states is 9.36 meV. They also measured the stability
at higher temperatures and constant magnetic field of 8 T. The information was “written”
to the energetically less favourable state (with opposite direction to the external magnetic
field) and time until it switches to the more favourable state was measured. They found out
that at 35 K the information should be stable as they did not observe spontaneous switching
for 5 minutes. At 45 K spontaneous switching started to be significant, at 50 K the atoms
irreversibly moved to the different positions where they lost their interesting magnetic
properties. Although the single-atom information storage is possible, there are still many
obstacles to overcome to have real applications. Those experiments were performed

in an ultrahigh vacuum and at very low temperatures.

Magnetic field

Magnesium

oxide i T N
‘ Q Spin flip A
, Ho Fe ff‘
fj/
/

Silver substrate

Fig. 1: Tllustration of experiment by Natterer ¢/ /% where they demonstrated writing and reading of information saved
in single Ho atom. Information is written to Ho atom by applying voltage pulses from STM tip. Information is then
remotely read using ESR, Fe atom acts aslocal magnetometer. Reprinted from “Single-atom data storage” 19,

by R. Sessoli, 2017, Nature, vol. 543, 189. Copyright 2017 Nature.
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1.2.2 Theoretically investigated systems with significant magnetic
properties

Another approach is to design systems theoretically and examine their properties when
placed on real substrates. The quantity of central interest is MAE — difference between total
energies of systems with magnetic moment along hard and easy axis. MAE should thus
correspond to the energetic barrier for switching of magnetic moments between two
magnetic axes. DFT calculations for homoatomic dimers of VIII B group elements revealed®
that some dimers have large MAEs exceeding 45 meV, namely Ir» (69.8 meV),
Rh; (47.3 meV) and Pt2 (46.3 meV). Analysis of spin-orbit coupling (SOC) on the Kohn-
Sham eigenvalue spectra elucidated that physical mechanism responsible for the high MAE
is the two-fold degeneracy of a singly occupied state at Er for magnetization perpendicular
to the dimer axis that is lifted for an axial magnetization.

Atoms of 3d elements have large magnetic moments, but negligible SOC, which is crucial
for large MAE values. On the other hand, 5d elements are non-magnetic in bulk state,
but have significant values of SOC and can become magnetic in small clusters.
The substitution of Ir by Co in the Ir dimer keeps the large MAE of ~ 70 meV ’ of Ir..
Moreover, mentioned elements are often included in alloys that are presently used in HDDs
as magnetic media. Importantly, using of DFT for these systems is reasonable choice, as it
gives similar results to reference quantum-chemistry (configuration-interaction) methods.
Furthermore, for homoatomic dimers (Ir, and Pt;) adsorbed on graphene significant
reduction of MAE was found for Pt; (12 meV) and complete vanishing of MAE in case
of Ir,. For dimer of Ir-Co adsorbed on freestanding graphene with Co atom placed above
the centre of the six-fold hole and Ir atom in upward position above it an enormous MAE
of 93 meV was reported’. Although total magnetic moment remained nearly unchanged,
significant changes in local spin and orbital moments were observed. Spin moment of Co
atom was reduced, and orbital moment neatly disappeared. On the other hand, bond in dimer
was weakened and elongated and thus Ir atom got more free-atom-like attributes. Its spin
and orbital moments remarkably enhanced, and it became the centre of magnetic anisotropy
of the system, magnetic moment anisotropy was 1.3 us.

For real application the graphene layer must be placed on solid substrate. Theoretical
DFT calculations", showed that Ir-Co dimers supported on Cu(111) surface in an upright

geometry (Ir atom up) exhibit remarkable MAE of 204 meV. Cu(111) was chosen
16



as the substrate, as graphene grown on it is practically known to be high-quality. It was found
that the most important source of MAE in case of Ir-Co is the doubly-degenerate (during
perpendicular orientation of magnetic moment) orbital located at Er occupied by single
electron. When orientation of magnetic moment changes to parallel to the dimer axis, it splits

under SOC conditions.

1.3 Graphene

Graphene is allotrope of carbon in which carbon atoms are placed in the perfect hexagonal
lattice nearly in the plane. From classical point of view, it is a single sheet of graphite. This
thought also led to its first preparation — Andre Geim and Konstantin Novoselov used
adhesive tape to remove few carbon layers from highly organized graphite. After that they
repeatedly used the tape to achieve preparing of layer with thickness of just single atom.”'
Their discovery restored the interest of many scientists in the field of 2D materials.
For instance, Ashton ef a/* predicted existence of more than 800 other materials that could
be stable in just 2 dimensions.

Single C atom has 4 valence electrons. In graphene, C atoms are sp>hybridized. Each
atom is connected to three other C atoms via o-bonds, the whole structure is similar
to honeycomb. 1 electron is, in model case, left in the p, orbital. Actually, those orbitals
of all C atoms hybridize together and create n-delocalized system. The Bravais lattice consist
of two triangular sublattices, unit cell thus contains two C atoms. Distance between two
neighbouring C atoms is 1.42 A®

Graphene is material that is for its unique properties frequently described as the material
of the future. Various resources state that it is the strongest measured material®, good

52 and excellent electric

thermal conductor even if its measured values significantly vary
conductor”. Actually, it was shown that graphene is actually zero-band-gap semiconductor,
moreover, the electronic bands have shape of cone, and thus electrons behave like massless
fermions.” Pristine graphene is diamagnetic.”® Graphene also has high value of optical
transmittance.” Moreover, derivatives of graphene can have completely different properties,
for instance fluorographene is considered to be the thinnest prepared insulator.”” Graphene
and its derivatives have one of the highest specific surface area among all materials, therefore
they show strong potential as catalysts.” Its other advantageous properties ate strong ballistic

transport, long spin lifeime and weak spin-orbit coupling,” which are demanded

in spintronics — field of electronics where not just electron itself, but also its spin is used
17



to transfer and process the information. If suitable derivatives would be found, the electronic
devices could be significantly improved.”' From other fields of interest the following should
be mentioned: electronics, energy storing and generating, optics, medicine, environment-
treating technologies, e#. The most pronounced problem of application is the synthesis
of pure graphene in large scales.” In the next subchapters, graphene with vacancies
and graphene doped with nitrogen atoms will be presented, as they present the basis

for systems studied in this work.

1.3.1 Graphene with vacancies

All information of graphene with vacancies are well summarized in the review paper
by Tucek e al.” Vacancy is in principle created, when one or more carbon atoms are removed
from the perfect graphene. In this work we focus on single vacancy graphene (SVG)
and divacancy graphene (DVG). When one carbon atom is removed, the created single
vacancy is surrounded by 3 dangling bonds. This state is energetically unfavourable,
so 2 surrounding carbon atoms can form 1 single bond leaving just one dangling bond
in the system. The total formation energy of reconstructed system from the perfect graphene
is about 7.4 — 7.8 €V. The newly created bond is much longer (length about 2 A) than other
bonds in graphene. Both cases (1 and 3 dangling bonds) were predicted theoretically and also
detected using special technique of high-resolution transmission electron microscopy
(HRTEM). Vacancies can diffuse with barrier of 0.9 — 1.7 eV, although it was not observed
during experiments. The situation is different, when 2 or more vacancies are presented
in the system. If two single vacancies are very close, they can merge and create divacancy.

Presence of the single vacancy induces magnetism in the system. The source of magnetism
is particularly the dangling bond. DOS analysis showed that two non-symmetric localized p,
states are presented at Er. Value of the magnetic moment is 1 — 2 pg and depends on the used
calculation functional. Magnetism of single vacancies was also confirmed by STM.

Divacancies can be formed by removing two carbon atoms or by merging two single
vacancies as mentioned above. After such creation 4 dangling bonds exist there and
the system commonly undergoes the relaxation process via forming 2 new single bonds,
similarly as in the case of single vacancy. This structure is called V2(5-8-5) — the numbers
denote the number of carbon atoms in the newly created rings. The system can also

be reconstructed in different ways, for instance by creating energetically more favourable
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structure V(555-777). Both structures were confirmed using HRTEM. Formation energy
of the whole divacancy is approximately 8 eV, only slightly higher than in the case of single
vacancy, meaning that removal of the second atom from single vacancy costs nearly
no energy. This is probably due to the presence of the dangling bond in the single vacancy
system. The diffusion barrier is much higher (about 7 eV) causing that divacancies
do not move.

Additional information about relaxed V2(5-8-5) divacancy graphene is summarized
in paper by Dai ¢z a/** The newly created bonds are 1.8 A long, the distance between these
bonds is 3.1 A. Density of states of resulting structure is completely symmetrical,

consequently, the system is nonmagnetic.

1.3.2 Graphene with vacancies decorated by pyridinic nitrogen atoms
Structure and magnetic properties of single vacancy graphene with pyridinic nitrogen atoms
around the single vacancy (SVNG) and graphene with divacancy decorated by pyridinic
nitrogen atoms (DVNG) was theoretically studied by Fujimoto and Saito.” For SVNG they
found that bonds between nitrogen atom and surrounding carbon atoms are shorter than
common C-C bond in perfect graphene (1.33 A x 1.42 A) and that system preserves D,
symmetry in contrast to the single vacancy graphene. They reported magnetic moment
of 0.89 ug. In DVNG C-N bonds of similar length as in SVNG are presented. This means
that nitrogen atoms are shifted farther from the other nitrogen atoms, in contrast to DVG
where carbon atoms moved closer and created new single bonds. Hou ¢# #/.>* confirm this
behaviour and report that the distance of closer nitrogen atoms is 2.64 A. Fujimoto and
Saito™ state that DVNG is nonmagnetic.

Stability and thermodynamics of creation of SVNG and DVNG was theoretically
examined by Hou ¢# a/” They found that substitution of carbon atom by nitrogen atom
in pristine graphene is energetically unfavourable (0.785 eV) and the reluctance increases
with increasing number of substituted atoms and (generally, but with some exceptions)
with decreasing distance between nitrogen atoms. Situation is completely different if defects
are presented. If just one carbon atom should be replaced, the most favourable is the one
with dangling bond. In the case of two substituted atoms, the second nitrogen atom would
be placed in the corner farthest from the vacancy of the five-membered ring. In the case

of triple substitution, the most favourable and stable is the SVNG geometry described above
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in this subchapter. Furthermore, the SVNG has smaller formation energy than SVG,
meaning that the substitution should be exothermic. In divacancy (585) systems, with two
substituted atoms the nitrogen atoms tend to occupy one side of the 8-membered ring,
leaving the opposite reconstructed bond preserved. Substitution of 4 atoms and thus creating
the DVNG structure (as was described above) is also favourable. This structure is, similarly
as in the case of SVNG, energetically more advantageous than DVG.

The above-mentioned theoretical predictions were practically confirmed by Lin e# a/*
They grew layer of graphene by chemical vapour deposition of methane on Cu foil.
After transferring graphene layer onto SiO; / Si substrate, they bombarded it by gas mixture
of Nz and Os (1:1). Following this procedure, they observed few C — N substitutions,
but much more substitutions leading to formation of pyridinic N around single vacancy
(with ny = 1 — 3), or around divacancy (nx = 4). Total number of single vacancies in region
50 nm x 50 nm was greater than 60. They also showed that these vacancies strongly attract
transition metal atoms — they spontaneously and easily moved into the vacancy, but there
they remained single. Ref. [36] is very important for the aims of this work, as it shows that
preparation of systems similar to the currently examined systems in real conditions is indeed

possible.
1.4 Theoretical part

At first, Born-Oppenheimer approximation, variational principle and pseudopotentials
are presented. The centre of gravity of this work are DFT calculations so greater attention
is devoted to DFT, its drawbacks and also ways to overcome them. Plane-wave approach
is then presented as well as introduction of £-points. All information included in this chapter

come from the book Theoretical Surface Science by Axel GroB3.”

1.4.1 Born-Oppenheimer approximation, variational principle,
pseudopotentials

For description of the ground state of examined system, the basis of quantum chemistry is
the time-independent Schrédinger equation:

HY(r) = E¥(r) 1)
where H stands for Hamiltonian, ¥(r) for wave function and E for energy eigenvalues. If also
relativistic effects are considered, the wave function provides the most accurate description

of ground-state so far. Schrédinger equation is so complex that it is possible to solve it
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analytically just for few very simple cases. Even numerical solution is very demanding as the
number of unknowns in differential equations being solved scales with 3 x number
of electrons. Many approximations thus have to be included to make the calculation
tractable.

One of the most successful approximations is Born-Oppenheimer (BO) approximation,
sometimes called as adiabatic approximation. It follows the observations that atomic nuclei
have mass that is 4 or 5 orders higher than the mass of electrons. If electrons and nuclei had
the same kinetic energy, the velocity of electrons would be 2 or 3 orders higher than
the velocity of nuclei. Electrons thus easily and immediately follow the movement of nuclei.
One could then imply that electrons find ground state for any position of nuclei. At the same
time, electronic configuration determines potentials in which nuclei move. The full
Hamiltonian (H, Eq. 2) is thus divided to two branches. At first, electronic Hamiltonian (H.,
Eq.3) enters the calculations with fixed nuclei coordinates (acting as parameters,

not variables), at second, nuclei Hamiltonian (H,.., Eq. 4) can be similarly derived:

H = Tnucl + Tel + Vnucl—nucl + Vnucl—el + Vel—el (2)
Hep = Ter + Vnuci—er + Vei-et 3)
Hnucl = Tnucl + Vnucl—nucl + Vnucl—el (4)

In the above-mentioned equations, T  stands for kinetic part of Hamiltonian, 17 for electric
potential part. Quantum effects of nuclei motions are often neglected, and classical equation
of motion for #th nuclei is used instead

0°R,, JdE,;

- _ 5
M ot? OR,, ©)

where E, stands for eigenenergy of electronic Hamiltonian, it is also called BO energy
surface, M, and R, are mass and coordinates of #th nuclei respectively. BO approximation
introduces negligible errors to the ground state calculations but can lead to very inaccurate
solutions of excited state calculations.

In existing computational codes, the BO approximation is implemented as following
scheme — the self-consistent electronic loop is performed for fixed ionic coordinates until
required precision is obtained. After that the ions are moved according to the acting forces.
Afterward, another self-consistent electronic loop is carried out and so on, until obtained

accuracy is achieved.
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Variational principle is very important for finding ground state and it applies (with slight
differences) both for wave function approach (HF and post-HF methods) and for electron
density approach (DFT methods). It states that the computed energy is always greater
or equal to the ground state energy. It means that every calculation step leading to a lower
system energy is a step towards more precise ground state wave function (or electron
density).

As complexity of computation increases with number of electrons included
in the calculation, it is beneficial to use as fewer electrons as possible. It is long time known
that chemical properties of atom are at most determined by its valence electrons, while direct
influence of core electrons is negligible. It seems straightforward to substitute the core
electrons by some potential that explicitly enters the calculation, represents well potential
of all core electrons but also has modest computational demands. This potential is,
in contrast to the standard potential, energy-dependent, therefore it is called pseudopotential.
It should fulfil following criterion — it should well describe long-range interaction of the core,
inside the core radius it should be as soft as possible to save computational resources, and
outside of the core radius pseudo wave function should be nearly identical to the full wave
function. Two main approaches exist, the first is norm-conserving (it is normalized), the
second one is ultra-soft, it does not fulfil norm-conserving criterion but uses other tricks to
represent the core well. Pseudopotentials are generated from all-electron calculation for

isolated atom following cumbersome and demanding procedure.

1.4.2 Basics of density functional theory
DFT is younger theory that significantly reduces computation times in contrast
to the classical Hartree-Fock (HF) and post-HF methods. In those methods during
relaxation procedure, the wave function, which is function of 3NN variables (IN standing
for number of electrons), is relaxed. Those calculations scale very quickly with system size
and are extremely demanding or intractable for systems consisting of tenths of atoms.
Another ancestor of DFT was Thomas-Fermi theory, which proposed relation between
effective potential and electron density #(r) in each point of examined space. The drawback
of the method is its non-universality — it is usable just for systems with constant external
potential (potential of nuclei is labelled as external, as was proposed in Born-Oppenheimer

approximation), or with just negligible potential gradient. Also, relation between Thomas-
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Fermi equation and many-body wave function is not clear. The connection was later
described in Hohenberg-Kohn theorem, which is the basis of the DFT.

Hohenberg-Kohn theorem states that effective potential of system is uniquely described
by the ground-state of density of interacting electrons in given external potential. They
proved by contradiction that two different external potentials cannot lead to the same
electron density. Moreover, if number of electrons (IN) is preserved in the system, the full
Hamiltonian is then determined and, therefore, all quantities derivable from it are also
obtainable.

Energy of system in DFT is determined by the energy functional. The total energy
functional is expressed as:

Etot = gl(g)l E [n] = mL?(T[n] + Vext [Tl] + VH [n] + Exc [n]) (6)

where T[#] is kinetic energy functional of non-interacting electrons (which is unfortunately
not well known), I"..[#] is external potential functional, I"4[#] is electrostatic potential
functional (corresponding to the electrostatic interaction term in HF theory), E.[#]
is exchange-correlation functional that contains all many-body effects. The latter
is the biggest drawback of the DFT, as its form is unknown, and it is probably impossible
to analytically determine it. On the other hand, it is universal functional of electron density,
independent on particular system.

In contrast to the HF and post-HF methods, relaxation should be much easier. Following
variational principle, just electron density (function of three coordinates) would be relaxed,
instead of wave function consisting of 3N variables (as mentioned above). This would lead
to the orbital-free DFT approach, which is still rather developing than commonly used.
Practically, now the variation of electron density is not as easy, as not-well-known form
of T[#] should play important role. It seems to be advantageous to express electron density

as sum over single-particle states (using Born's representation of wave function):

n() = ) i) 0

Therefore, for total energy minimization considering single particle states, Kohn and Sham
were able to propose equations (that are similar to HF equations), which are today known

as Kohn-Sham equations:
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where the first term in curly brackets stands for kinetic energy and the other terms together
define effective one-electron potential acting on the electrons. Considering that exchange-

correlation potential (v.(7)) can be expressed as

O6E,.[n]
Uxc (T‘) = # (9)
the total energy of ground state has form:
N
E= Z & + Ex. [n] - f Uxc (T‘)TL(T')d3T — Vi + Vouci—nuct (10)
i=1

The equation differs from formulation of Hartree by just exchange-correlation terms,
thus it is sometimes considered to be its formal extension, but, in contrast to Hartree and
HF theory, the determined ground state should be exactly described. The accuracy of DFT
is strongly dependent on precision of implementation of the exchange-correlation term.
Unfortunately, as its form for general system is not exactly known, one has to use other
approximations.

The exchange-correlation term is known and well-formulated for systems with constant
electron density — homogenous electron gas. Local density approximation (LDA) aims
to adjust this knowledge on examined systems with non-homogenous density. It assigns local
exchange-correlation energy to every point in space as it was in homogenous electron gas
with corresponding electron density. The total exchange-correlation energy is then sum
of the local exchange-correlation energies. LDA fundamentally ignores the fact, that real
exchange-correlation energy is non-local. Regardless of it, LDA predicts in many bulk
systems very precise results. This was not still well described, but the commonly accepted
explanation is that contradictory errors in terms of exchange and correlation eliminate one
another. For systems in gas phase or containing surfaces, LDA usually predicts over-binding
— the cohesive energies are much higher than obtained by experiment and predicted bond
lengths are shorter than observed.

Significant improvement was achieved in the generalized gradient approximation (GGA).
It uses local electron density (as LDA) for construction of local exchange-correlation energies
but counts also with a gradient of the density. Together with adding general scaling properties

and considering asymptotic behaviour of effective potentials, GGA predicts very precise
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solutions for many systems and quickly overcame LDA. Most importantly for this work,
GGA is significantly better than LDA for magnetic metallic systems. In GGA many different
exchange-correlation functionals exist, for instance functional by Perdew and Wang (PW91)
or Perdew, Burke and Ernzerhof (PBE). The choice of functional plays important role and
can, in principle, lead to different results. Moreover, using of each functional is uncontrolled
approximation and there is no systematic path to its improvement. This is not the only
drawback of GGA (and DFT in general), it also fails in some specific cases, for instance in
description of long-range and van der Waals interactions. Some of the problems were solved
in meta-GGA approach (counts with higher orders of electron density gradient) and when
using orbital functionals (the exchange-correlation functional depends on the particular
orbital rather than on local electron density), but it resulted in much higher computational
costs.

Spin-polarized DFT accounts for magnetism. In those calculations, the electron density
is substituted by 2 x 2 Hermitian density matrix. Exchange-correlation GGA functionals
must be (and the most popular are) adapted for this approach. If external magnetic field is
collinear, every system can be reoriented to such way, that the external field is aligned with
direction of its g-axis. In those cases the spin-up and spin-down components are treated
nearly independently. Total magnetic moment (in Bohr magnetons) of supercell is then
defined as difference between the count of spin-up and spin-down electrons. If external
magnetic field is non-collinear, the spin-up and spin-down components cannot be treated
separately, present Hamiltonian matrix is twice the size and calculations are much more

demanding.

1.4.3 Bloch theorem, plane waves, k-points

For periodic systems the computation can be significantly simplified using famous Bloch
theorem. It uses following derivation — many schemes of solving one-particle Schrédinger
equation fulfil the criterion for periodic one-particle effective potential

Vers (1) = vepr(r + R) (11)
where R is any Bravais lattice vector. One can thus assume that

Yi(r + R) = ¢;(R);(r) (12)
where ¢(R) is complex number with modulus equal to 1, it can be therefore expressed as

ci(R) = e'*R (13)
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where £ is crystal-momentum and acts like quantum number. Considering above mentioned

relations, the eigenfunction can be rewritten to form

P (1) = e Ry (r) (14)
with # standing for periodic function that fulfils the following criterion
u(r) = u,(r + R) (15)

for all vectors R.

The basis set for periodic DFT is within plane waves, as this is computationally very
efficient and allows easy change via Fast Fourier Transform (FFT) from a real-space
representation (where the potential energy is diagonal), to momentum-space (where
the kinetic energy is diagonal). Basis set consisting of atomic orbitals can thus be omitted —
basis set of plane waves is used instead, as plane waves fulfil the criterion demanded by Bloch
theorem. Expansion of any wave function entering the Kohn-Sham equations includes plane

waves that vary just by the vector of reciprocal lattice. Eigenfunctions are then
1 .
Yi(r) = \/—Vel(km)r (16)

with G standing for reciprocal lattice vector and £ lying inside the first Brillouin zone.
The ground state energy is thereafter evaluated as an integral over the first Brillouin zone,
the sum consists of all occupied energy bands. Evaluation of this integral would be much
demanding, fortunately, it can be replaced by set of £-points that are inside the first Brillouin
zone. This approximation is relatively accurate and, moreover, can be well controlled
by the number of £-points. The reliability of results can be checked by increment of number
of £-points which always leads to more precise solution. The above described principle is
implemented in the way that Kohn-Sham equations are performed for each £-point. After
that the energies of each occupied state of every £-point are summed to the total energy.
After the self-consistent step, Fourier transformation is used to determine the electronic
density in real space.

This whole approach could look unprofitable, as it adds many new steps
to the calculations. In real, it significantly simplifies the whole solution, as it enables direct
evaluation of the kinetic energy of electrons (through the momentum space), while potential
energy is evaluated in real space. Kinetic energy also provides convenient control over the
plane wave basis set — in these DFT calculations just one parameter (cutoff energy), is used.
It directly determines the size of basis set, as only waves with smaller kinetic energy are
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included in the calculation. The drawback of this approach is the demand of periodicity
of examined system in all three directions. It also needs periodic boundary conditions
of supercell that can introduce new imprecision.

Pseudopotentials here play very important role similarly as in the HF approach. Their
softness has even greater impact, as it directly influences the number of plane waves that are
needed for proper description of the system. However, interaction between core and valence
electrons in some atoms is remarkable and they need all-electron approach for accurate
solution. Probably the most successful method to consider all electrons with efficiency
of ultra-soft pseudopotentials is the projected augmented wave (PAW) method. Its ancestor
is the method of augmented plane waves (APW) proposed by Slater. He suggested to use
different basis sets to expand the wave function inside and outside the core region. This basis
sets consist of APW - they are augmented in the core region by spherical harmonics and
radial function terms. Although this solution is in principle exact, the calculations are rather
expensive and cannot comprehend whole energy spectrum. Following method of linearized
augmented plane waves (LAPW) presented further conditions that introduce small errors,
but basis wave functions are no more energy dependent and radial functions need to be
determined just once during the calculation. The calculations are much simpler, however,
new problem with determination of forces acting on atoms arose. Hellmann-Feynman forces
are not sufficient for these basis sets and additional Pulay forces must be considered. LAPW
gives probably the most precise results among all DFT methods. PAW method determines
partial wave expansions by overlap with localized projector functions. This method has many
properties with ultra-soft pseudopotential method in common, and it combines its efficiency
with the precision of LAPW.

In PAW method the local magnetic moments located on each atom in system are
evaluated using integration of its local DOS. It is created by projection of the plane waves
of all occupied eigenstates onto spherical waves inside the atomic radius. PAW has its own

implementation™ of non-collinear magnetism. The wave function (¥Y) is product of
) = T2) + > (120 - |82)) (] B) a7
i

where terms are pseudo-wave function (F&), partial waves (@;), pseudo partial waves (&,),
projector functions (P,), 7 represents all the variables (quantum numbers /and 7 and number

4 which points to the reference energy &) within core region. Pseudo-wave function is
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constructed from 2N eigenspinors, where NN stands for the number of eigenvalues. Partial
waves are constructed with respect to the nonmagnetic atom, pseudo partial waves are equal

to partial waves outside the core radius but are different inside this radius. Pseudo-wave

functions can be used for direct evaluation of pseudo density matrix (n“ﬁ (T)), the on-site

matrices (1n“3 (r)) and (1n“ﬁ (r)) are calculated (from partial waves and pseudo partial

waves, resp.) on support grid covering the space inside the core radius. Total density matrix

is then evaluated as:
n® (1) = n%(r) + ' (r) — ' (r) (18)

2 Computational details

2.1 Computational Parameters, Structure of Basic Cell

All calculations were performed using Vienna ab-initio simulating package (VASP)”™' that
implements projected augmented wave (PAW) method* to describe electron-ion interaction.
The functional of Perdew, Burke and Ernzerhof” (PBE) was used for evaluation
of electronic exchange and correlation. It is a derivation of Generalized gradient
approximation (GGA) that uses as parameters just internal constants. All executed
calculations were spin-polarized, the symmetry was switched-off. The plane wave basis set
contained waves with kinetic energy smaller than 400 eV. For electronic optimization the
blocked Davidson algorithm was chosen.

The criterion for electronic convergence was 10° eV and forces acting on every atom had
to be smaller than 0.01 eV/A, the A-point mesh was I'-centred and consisted
of 12x 12 x 1 k-points. During all steps the Gaussian smearing of width 0.02 eV for partial
occupancies of orbitals was used. In first 2 steps the conjugate-gradient algorithm for ionic
movement was used, in the next 2 steps RMM-DIIS (quasi-Newton) algorithm was used
instead. In the static calculations performed after successful ionic relaxation, the tetrahedron
method with Blochel corrections with the same width of smearing was used as well
as the same £-point mesh.

A single graphene sheet with single vacancy and with double vacancy was considered
as well as its analogues with vacancies decorated by pyridinic nitrogen atoms. The latter
systems are, respectively, termed single vacancy graphene with pyridinic nitrogen atoms and

double vacancy graphene with pyridinic nitrogen atoms. Their structures are shown in Fig. 2.
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In this work, graphene was represented by a supercell containing 50 C atoms. That should
be large enough to avoid interaction between two vacancies, but also small enough to save
computational times. The vertical distance between two graphene sheets (vacuum layer) was
14 A to avoid the interaction between two graphene sheets due to the periodic boundary

conditions.

Fig. 2: Relaxed structures of a) SVG, b) DVG, ¢) SVNG, d) DVNG

2.2 Tonic Relaxation, Structures and Adsorption Energies
In the first place it was necessary to obtain ground state structures. Graphene sheet
with the lattice constant of 2.47 A and consisting of 50 atoms was taken, one (SVG, SVNG)
ot two carbon atoms (DVG, DVNG) were removed. Total formation energy (Ec, creation,
so it is not misled with Fermi energy) is estimated as:

E. =Eyg —Egrq t - ¢ 19)
where 7 is the number of removed C atoms, Ey is total energy of relaxed defective system
and E,,, is total energy of a perfect graphene system. Chemical potential of carbon atom (uc)
is estimated as total energy of graphene per one C atom. In the case of SVNG and DVNG
particular carbon atoms were substituted by nitrogen atoms. Those structures were relaxed
as mentioned above. Their formation energy is evaluated with respect to the existing

defective graphene systems:
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E. = Eyne — Eyg +n-pc—n-py (20)
where chemical potential of nitrogen atom (ux) was estimated as a half of the total energy
of dinitrogen molecule. After that single metal atoms (Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt)
were initially placed 2.1 A directly above the centre of the vacancy and the entire system was
relaxed again. The structures were characterized by distance between adatom and its
neighbours (d.,), vertical distance between adatom and its neighbour atoms (4,.,), vertical
distance between adatom and graphene sheet (uninfluenced graphene atoms) (d.,) and
graphene buckling amplitude (d,,) defined as:

dpa = dyag-duan 21
Stability of the adatom bonding to the defective graphene is quantified by the adsorption
energy (E.s) defined as:

Eqas = vg+ada™ (Evg + Eqqda) (22)
where E,+.,1s ground state energy of system containing both vacancy graphene and adatom,
E,, of just vacancy graphene and E,. of single adatom in vacuum. In this convention,
the lower adsorption energy is, the more stable bond can be expected. In VASP it is
recommended to perform static calculations (parameters mentioned above) to obtain
the most accurate system ground state energies. In the case of free metal atoms in vacuum,
the width of smearing was in some cases lowered to achieve integer population of energy

levels in every atom.

2.3 Electronic Properties, Magnetism
DOS calculations were performed as part of the static calculations. The energy grid
for evaluating DOS was set to be soft (consisting of 2800 energy levels). Results were
processed using VSTS tool. All DOS plots were then created in Microsoft Excel. Fermi
energy is in all plots shifted to 0.

Scalar-relativistic (SR) calculations provide magnetic moment of adatom, sum of local
magnetic moments of all atoms forming defective graphene and total magnetic moment
of the unit cell for all considered systems. Relativistic calculations including SOC were
executed on all systems with non-zero magnetic moments obtained by SR calculations. MAE

is defined as:

MAE = min(E,, E,)-E,, (23)
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where E., E, and E. are total energies of systems with different initial orientation
of magnetization — x and y correspond to the orientation within the graphene layer (parallel
to graphene), ¢ — perpendicular to it. In this convention, the positive value corresponds to
the perpendicular easy axis. MAE determines the height of the barrier between easy and hard
magnetization directions. The higher it is, the more stable information storage can be
expected, because it resists higher temperatures better. Relativistic calculations were
performed on relaxed systems. Atom coordinates were kept fixed, one self-consistent
electronic loop was executed.

Bader charge analysis provides possibilities how to determine partial charge located
on every atom in the system. Charge of the adatom could be important for properties
of SAHC as localized charge could attract specific parts of molecules that should undergo
the catalysed reaction and modify the catalyst’s selectivity. Moreover, higher charge located
on adatom could correlate with stronger binding. As Bader shown, local maxima of electron
density are located at nuclei, further from nuclei the density vanishes. Nuclei is said to create
around itself so called basin. In the basin all charge density gradient paths head towards the
nuclei. One can then interpret the basin as atom.*** Bader charge analysis was added to

46

VASP owing to the Henkelman group™. Charge on every atom (Q) was evaluated as:

Q = Nyqi~ Npager (24)
where N,,is number of valence electrons in free atom, N s computed number
of (valence) electrons in the atom that is in the system. In this convention, the charge
corresponds to the ionic charge known from classical chemistry.

Charge density difference analysis is together with projected DOS (PDOS) and Bader
charge analysis a powerful tool to research the bonding mechanism of the adatom. For this
analysis it was necessary to run specific calculations. The supercell of fully relaxed system
was divided to two new supercells with the same size. The first one included just the adatom,
the second one just the defective graphene. The atoms were kept at the corresponding
coordinates of the original supercell. Static calculations were then performed. The charge

density difference was calculated using following equation:

Q = ststem - (Qadatom + Qdeffective graphene) (25)
where @ represents final charge difference, other Qs are charge densities of mentioned
supercell. Positive value means that charge density in that point increased after the bonding

of the adatom. From this grid isosurface covering significant positive charge region and
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isosurface covering significant negative charge region were plotted in VESTA. Atomic

positions were also included in this plot.

2.4 Preferred Adsorption Sites
TM atoms can adsorb at pristine graphene®. Each of elements prefers different position
within graphene lattice”’. The high-symmetry positions ate called hollow (H, above the
hexagon), bridge (B, above bond between 2 atoms) and top (T, above one carbon atom)
as shown in Fig. 3. Local minima along the defective graphene (other than the position inside
the vacancy) were also searched in this work and then their adsorption energy was compared
with the adsorption energy in the vacancy to evaluate their significance. If the difference
between the energies was low, the adatoms would not prefer to anchor to a vacancy

and would rather stay elsewhere.

Fig. 3: Schemes of high-symmetry positions on graphene: hollow (H), bridge (B) and top (T).

Adatoms were placed in different initial positions (shown in Fig. 4), always 2.1 A above
graphene sheet. During relaxations all coordinates of all atoms were allowed to optimize.
After each step, final positions of the adatoms were checked — if adatom in two different
systems had very close final position (difference smaller than 0.13 A), only one of these
systems was taken to the next step because it significantly saved computational resources.
Final positions after complete ionic relaxation were recorded. For these systems static
calculations were also performed, so adsorption energies in these systems could be reliably

compared with adsorption energy in the defect.
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Fig. 4: Schemes of initial positions (marked by dark-blue dots) of adatoms: a) SVG, b) DVG and ¢) DVNG

3 Results and Discussion

3.1 Pristine defective graphene

As reference, relaxed vacancy graphene systems without adatom are examined. Structures
were relaxed as described above. In SVG the newly created 6 bond from two dangling bonds
is 211 A long, the distance between concerned atoms and the atom with dangling bond is
2.58 A. The former length is slightly longer (+ 0.1 A) than commonly accepted value.”
Contrary to the literature”, adatom with dangling bond is after relaxation placed
in the graphene plane. System with initial position of C atom (with dangling bond) above
the graphene plane was also considered — mentioned atom was shifted after relaxation 0.29 A
above the graphene plane, but this geometry was energetically unfavourable by ~ 30 meV.
In-plane configuration is therefore considered to be the ground state. Formation energy is
7.73 €V, which is similar to the commonly reported results.”” DOS of SVG is shown
in Fig. 5a, it is in good agreement with Ref. [48]. Localized states are presented at Er, spin
channels are non-symmetric, and therefore the system is magnetic. Calculated value
of magnetic moment (1.71 ps) is within wide range (1 — 2 ps) reported by other papers™.

In DVG the new ¢ bonds have length of 1.83 A, in reasonable agreement with Dai e a/”
(1.78 A). The distance between these bonds is 3.06 A, it is in perfect agreement with Ref. [32].
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Formation energy is 8.06 eV, in good agreement with reports by references® (~ 8 eV), but
significantly lower than observed by Dai e# /> (9.00 eV). Since they used similar method and
computational parameters, the reason for this discrepancy is unclear. DOS of DVG is shown
in Fig. 5b, itis in reasonable agreement with Ref. [32]. DOS is symmetric and therefore DVG
is nonmagnetic, which is in agreement with Ref. [32].

N atoms in SVNG are after relaxation (from in-plane configuration) slightly placed
out of plane — one above (0.18 A), one bellow (0.18 A) and one in graphene plane. Average
bond length C-N is 1.34 A, similar to the observation of Fujimoto and Saito™ (1.33 A).
Average distance between N atoms is 2.62 A. Formation energy from existing SVG
is -4.26 €V, in good agreement with Hou e# a/** Magnetic moment of the system is 0.84 ps,
close to the Ref. [33] (0.89 pp). DOS of SVNG with exchange-splitting of ~ 0.25 eV is shown
in Fig. 5c.

In DVNG the N atoms form rectangle with sides long 2.62 A and 2.83 A similar to results
by Choi ez al® (2.58 A and 2.77 A) and Hou et al* (2.64 A of the shorter one). Average
distance C-N is 1.34 A, which is very close to the value of Fujimoto and Saito®
(1.32 - 1.33 A). The formation energy from existing DVG is -4.24 eV, significantly lower

value was obtained by Hou ez al™ (- 3.6 eV). The possible reason for this discrepancy is
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Fig. 5: DOS of pristine defective graphene: a) SVG, b) DVG, ¢) SVNG, d) DVNG.
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different total energy of the DVG system — they evaluated formation energy of DVG to be
7.44 eV (the same discrepancy of ~ 0.63 eV). System has zero magnetic moment, similarly
as in Ref. [33], and accordingly symmetric spin-up and -down DOS, which is shown

in Fig. 5d.

3.2 Structures and Adsorption Energies
Tab. 1 lists adsorption energies and vertical distances (adatom — average graphene
z-coordinate) together with values from available reference. Average bond lengths (adatom
— neighbour), vertical distances (adatom — neighbour) and graphene distortion are shown in
Tab. A1, A2 and A3 respectively. All the obtained quantities are represented in Fig. 6.
For clarity the adatoms are divided to 3 groups — Fe group (Fe, Co, Ni), Ru group (Ru, Rh,
Pd), Os group (Os, Ir, Pt).

PBE functional was used both in this work and also in all cited references. The obtained
results are compared with literature in Tab. 1, where also the computational methods are
listed — VASP with plane wave and PAW method, QUANTUM-ESPRESSO with plane-
wave approach and pseudopotentials or DMol’ with double numerical plus polarization basis
set and semicore pseudopotentials. In the case of adsorption energy, 36 of 52 cited results
are within deviation of £ 5 %, 43 are in agreement within = 10 %. 5 of the result out
of + 10 % agreement wete obtained using DMol’ package, the remaining 4 were calculated
using VASP package. The agreement is, at first sight, worse in the case of adsorption
distances. The origins are mainly in the different criterion of adsorption distance evaluation,
variant size of supercell (bigger supercell can lead to more significant buckling amplitude) or
distinct initial positions before relaxation (embedding adatom to the graphene plane in the
case of DVG and DVNG can lead to its stay in the graphene plane due to the reflection
symmetry). If bond lengths were presented, they were often very close to those obtained
in this work.

Among 3 groups of elements, the trends in adsorption energies are similar for SVG and
SVNG, and DVG and DVNG. Stronger binding was found for SVG than for SVNG
(of about 2.5 eV), which is among all the systems weakest. Conversely, adatoms bind more
strongly to DVNG than DVG. In DVG and DVNG, exceptions are Ru and Os, while similar

binding energy was found for Ir. Trend in DVNG can be explained according to the covalent
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Tab. 1: Adsorption energies and adatom adsorption distances (adatom — average graphene z-coordinate) in defective
graphene systems — present work (Pres.) compared with references (Ref): Gao e al50 (VASP), Krasheninnikov ez a/5!
(VASDP), Raji ez al>? (QUANTUM-ESPRESSO), Santos ez al.53 (VASP), Sun ez al>* (VASP), Guo ez al>> (VASP), Ambrusi
et al> (VASP), Zhou et al57 (DMol3), Ma et al58, (VASP), Sun et al% (VASP), Han et /%0 (VASP), Fampiou ez al%' (VASP),
Kattel ez al.%2 (VASP), Zhang et al.%3 (DMol’), Yang et al%* (DMol3), Zhou et al.%5 (DMol’), Zhao and Wu® (DMol3), Rangel
and Sansores®” (QUANTUM-ESPRESSO), Rafique ez 2% (VASP). Rafique ez al.% (VASP), Ge et al’0 (VASP).

Adsorption energy (eV) Adsorption distance (A)
SVG SVNG DVG DVNG SVG SVNG DVG DVNG
Pres. | -7.150 -4.479 - 6.095 -7.228 1.397 1.493 0.621 0.023
Fe =745 | - 44150 | 261250 | -7.1450 1.34550 | 123050 | 0.660> | 0.053 30
Ref.
-7.351 -448¢62 | -625 -7.076 | 1.3551 1.33 62 0.6 51 062
Pres. | -7.635 - 4.875 - 6.406 -7.674 1.369 1.380 0.617 0.002
Co -7.65 -49062 | - 645 -7.5462 | 14551 1.25 62 0.55 51
Ref.
-75152 | -48463 | -6.152 -7.604 1.42 52 0.68 52
Pres. | - 6.734 - 4.419 - 6.401 - 7.644 1.275 1.480 0.319 0.002
Ni -6.95! -3.7064 -6.85 -7.8064 125 0.94 65 0.2551
Ref.
-7.0%3 -5.09 65 1215
Pres. | -8.792 -4.915 - 8.030 -7.141 1.705 1.538 0.958 0.436
Ru -9.15 54 - 54255
Ref.
- 8.57 55
Pres. | -8.179 -4.073 - 7.039 -7.375 1.642 1.612 0.873 0.159
Rh -8.3756 | -433066 | 74456 1.50 56 1422066 | (.84 56
Ref.
-8.554
Pres. | -5.283 -2.383 - 4.705 - 5.808 1.619 1.756 0.859 0.074
Pd -5.1057 | -4.44066 | -4235 1.62457 | 1.6146 | 0.866 57
Ref.
-53758 | 24697 | -4.6458 1.52 58 1.61 67 0.61 58
Pres. | -9.394 -4.818 -9.110 - 7.784 1.760 1.569 0.983 0.373
Os -9.8 % -54608 | -857¢ | -8.49¢8 1.52 68 06 08
Ref.
Pres. | -9.165 -3.970 - 8.541 - 8.402 1.705 1.646 0.993 0.068
Ir -9.7% -4.7668 | -87106 | -8.6168 1.68 68 06 08
Ref.
-9.80 60 -8.6470 0.597 70
Pres. | -7.166 -2.874 -7.328 -7.717 1.659 1.758 0.859 0.003
Pt -7.051 -2.87¢6 | -7.151 -7.74068 | 1.851 1.66 68 0.7 51 068
Ref.
-74561 | -33166 | -6.12¢0! 1.12 01 1.600 66 | 0.31 61
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radii of adatoms. Covalent radii descend in all groups. Bigger atoms (Ru and Os in particular)
cannot fit to the vacancy of DVNG and graphene is thus distorted, and the binding is
weakened.

Average bond lengths in SVG are the shortest from all systems, they show systematic
tendency to increase in groups, and they are shortest for Fe group. Bond lengths in Ru and
Os groups are very similar. The trend in SVNG is similar, but the increment in Ru and Os
groups is much more pronounced (from 1.9 to 2.2 A). DVG is the only defective graphene
system, where bond lengths shorten in each group. The shortening is most pronounced
in the Fe group. In DVNG the change in bond lengths in groups is (in comparison with
other defective graphene systems) negligible, there is just one shift between Fe and Ru group
of ~ 0.5 A to longer bonds.

Vertical distances (adatom — neighbout, d.,) follow similar trend as bond lengths. Small
differences are observed in SVG, where total deviation is smaller than 0.3 A. In SVNG
the increment in groups is more significant (total deviation 0.5 A). This distance is globally
shorter in DVG and shortest in DVNG, it, conversely than in SVG and SVNG, even
shortens in groups. In DVG the total deviation of 0.6 A is the biggest among all the systems.
In DVNG the adatoms are placed in the graphene plane or slightly above the neighbours
(dan smaller than 0.24 A).

In SVG, vertical distance (adatom — average graphene z-coordinate, d,,) shows completely
opposite tendency than 4., — it descends in groups, moreover, with more significant
magnitude. This gives rise to significant graphene buckling, in Fe group slightly lower than
in SVNG systems, but the highest in Ru and Os groups, which have also similar values.
Buckling amplitude follows the same trend as dj,, but the difference in groups is even more
pronounced. In SVNG systems, the 4, in Ru and Os groups slightly increases, graphene
buckling amplitude does not follow any systematic trend. In DVG the 4, with small
deviations follow the same trend as d.., graphene buckling amplitude has no observable
tendency. In DVNG systems, 4, strictly follows 4., but with more pronounced magnitude,
which gives rise to the same trends in buckling amplitude.

At first, just qualitative analysis of trends observed in graphs is discussed, in next
paragraph the correlation between obtained values is mathematically summarized. In SVG,
absolute value of adsorption energy proportionally correlates with 4,,, and buckling amplitude
and inverse-proportionally correlates with bond lengths and d... In SVNG, absolute value
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of adsorption energy inverse-proportionally correlates with bond lengths, du., and d,.
In DVG, absolute value of adsorption energy inverse-proportionally correlates with bond
lengths, d,., and d,,,. As adsorption energy in DVNG has minimum in middle of each group,
just the inverse-proportional correlation between bond lengths and absolute value
of adsorption energy is worth mentioning.

Global dependence of obtained values on the adsorption energy as well as on the order
number of adatom (adatoms numbered from 1 to 9, starting from Fe = 1) is presented. It is
advantageous to distinguish between global trends (already presented) and between trends
in groups — for these purposes, correlation coefficient is calculated for each group and then
the three resulting coefficients are averaged. If trends in groups are similar but no significant
global trend is observed, this correlation coefficient has more pronounced value than
the global one, see for instance the dependency of adsorption energies and bond lengths

in SVG. All correlation coefficients are presented in the Tab. 2.

Tab. 2: Correlation coefficients between obtained values, for further explanation see the end of this subchapter.
The abbreviations on the left-hand side stand for global cotrelation (GE) and average correlation (AE) with adsorption
energy; global correlation (GN) and average correlation (AN) with order number of adatom. Top abbreviations stand for
adsorption energy (AdE), bond lengths (BL), vertical distance (adatom — neighbour, VN), vertical distance (adatom —

average graphene g-coordinate, VG) and buckling amplitude (BA).

AdE BL VN VG BA
GE -0.06 0.09 -0.50 -0.81
AE 0.94 0.94 -0.80 -0.88
SVG

GN -0.22 0.88 0.81 0.77 0.50
AN 0.77 0.93 0.92 -0.97 -0.98
GE 0.91 0.83 0.87 -0.68
AE 0.86 0.77 0.99 -0.22

SVNG
GN 0.55 0.74 0.74 0.82 -0.57
AN 0.70 0.42 0.37 0.62 -0.32
GE -0.46 -0.59 -0.52 -0.03
AE -0.39 -0.50 -0.37 0.90

DVG
GN -0.45 0.57 0.22 0.67 0.84
AN 0.34 -0.93 -0.91 -0.88 0.44
GE 0.18 0.03 0.05 0.07
AE 0.52 0.28 0.23 0.17

DVNG
GN -0.20 0.75 0.08 0.14 0.19
AN 0.01 -0.13 -0.90 -0.92 -0.94
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Values in Tab. 2 are rather diverse, from direct correlation (1) via no correlation (0)
to inverse correlation (-1). In many cases, global correlation is remarkably different from
average correlation in groups which points to the quantities that ascend (descend) in groups,
but values in the next group are not higher (lower) than in the previous group. In SVG
the values strongly correlate (with exception of GE), AE and AN point to the similar results.
In SVNG GE and AE point to the stronger dependence than GN and AN but all
the correlations are in good agreement. In DVG the most remarkable correlation is AN (with
exception of BA), GE and AE are weaker and GN predicts opposite and weaker correlation
than AN. In DVNG GE and AE are rather weak, bond lengths correlate well with GN.
The most remarkably, VN, VG and BA correlate very well with AN, which could reflect

the dependency of the adatom size.

3.3 Preferred Adsorption Sites

Preferred adsorption site analysis was performed for all adatoms at DVG and DVNG.
Adatoms at graphene are rather mobile and in many cases, they shifted directly to the vacancy
(as was assumed in all above mentioned systems). If they shifted to other local minima,
the binding was remarkably weaker. Anchoring adatom to the vacancy is therefore
favourable event. On the other hand, other calculations, taking into account more than single
TM atom, would need to be performed to reveal whether this anchoring is strong enough
to prevent the adatoms from clustering.

Ref. ['] showed that Ir-Co dimer in SVG and SVNG systems also shifts to the vacancy.
Moreover, this behaviour was observed for dimer in both possible upright positions (Co
atom closer and farther from graphene). For confirmation, Ir adatom at SVG was also
examined in present work and its shift towards vacancy was also observed. We therefore
humbly expect that adatoms could also move along SVG and SVNG graphene to anchor
to the vacancy. Calculations confirming or rejecting this hypothesis will be performed soon.

3.4 Density of States, Magnetism, Bader Charges, Charge Density

Difference
Comparison of values of charges located on adatom and total magnetic moment
with available reference is shown in Tab. 3. Values of adatom magnetic moment, sum
of magnetic moments of all atoms other than adatom and second biggest magnetic moment
are shown in Tab. A4, A5 and A6 respectively. All obtained values are represented in Fig. 7.

As in the previous subchapter, the adatoms are divided to 3 groups — Fe group (Fe, Co, Ni),
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Ru group (Ru, Rh, Pd), Os group (Os, Ir, Pt). Bader charges, charge density difference and
DOSs of all examined systems are shown in Appendix 2.

The same rules as mentioned in the subchapter 3.2 apply for description of methods
of references — with one exception — Ref. [72] used revised PBE (RPBE) functional. Charge
located on adatom seems to strongly depend on the used charge analysis (Bader or Mulliken
method — results obtained by these methods are not comparable, but for some systems just
the results predicted by Mulliken method were found, so they were left for illustration),
therefore it is noted in Tab. 3 together with used computational method. Just 6 of 23
compared values are in agreement within = 5 %, 7 of 23 agree within = 10 %. Charges
obtained by Mulliken method predict much lower charge transferin 5 / 6 cases, on the other
hand, Bader analysis performed by Refs. [72,73] suggests in all (except one) compared cases
much more significant charge located on adatom. In comparison of total magnetic moments,
28 of 38 compared results agree with deviation of * 5 %, 29 within £ 10 %. What is
surprising — all the results with greater deviation were obtained by references using VASP,
the most significant disagreement is with Refs. [68,69], which in DVG and DVNG systems
initially placed the adatom directly to the graphene plane and their resulting geometries were
different from final positions in this work.

Adatom always donates electrons to the graphene lattice (thus TM could be considered
as n-type dopant). The amount of relocated charge descends in all groups. The highest charge
transfer is observed in DVNG and then SVNG systems. This is due to the presence
of nitrogen atoms which have higher value of electronegativity and thus attract electrons
more than carbon atoms. Less remarkable charge transfer is presented in DVG and SVG
systems.

Total magnetic moment in SVG follows interesting trend — its value for the first and third
member of each group is zero, butitis ~ 1 ug for the second member. Very similar tendency
can be also observed in the case of DVG systems with exception of Fe adatom — here
the total magnetic moment is the highest of all observed (3.39 us). The value of each second
member also seems to decrease by ~ 0.1 ps. In SVNG the trend is similar — system with Fe
adatom is again unsystematically very high, in addition, the third member of each group has

value of 1 ps (Ni system even 1.57 ug) and the second member ~ 2 pp with descending trend
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Tab. 3: Charge located on adatom and total magnetic moment in defective graphene systems — present work (Pres.)
compared with references (Ref.). In case of reference to electronic charge, also method of its evaluation is mentioned.
References: Gao er al> (VASP, Bader), Krasheninnikov ef a/5! (VASP), Raji ez a/5?> (QUANTUM-ESPRESSO), Santos
et al (NVASP), Sun et al>* (VASP), Guo et al55 (VASP, Bader), Ambrusi ez a/5¢ (VASP), Zhou et al57 (DMol3, Mulliken),
Sun et al> (VASP), Kattel e a2 (VASP), Zhang e a3 (DMol3, Mulliken), Zhao ez 2/ (DMol3, Mulliken), Rangel ez /.57
(QUANTUM-ESPRESSO), Rafique ez a/.%8 (VASP), Rafique ef al%® (VASP), Ge ez al70 (VASP, not mentioned), Back ez al.7?
(VASP, Bader), Tang ez al7> (VASP, Bader), Fair ez a/7* (DMoD3).

Charge located on adatom (e) Total magnetic moment (pg)
SVG SVNG DVG DVNG SVG SVNG DVG DVNG
Pres. | 0.669 0.949 1.003 1.071 0.000 3.070 3.388 2.000
Fe 0.68750 | 0.88950 | 0.89550 | 1.08150 | 051 3.11 62 3.351 2.00 62
Ref.
1.07 73 1337 053
Pres. | 0.545 0.789 0.661 0.841 0.997 2.162 1.050 0.772
Co 0.66 72 0.13 63 15 2.29 62 1.4 51 1.00 62
Ref.
1.00 52 1.08 52
Pres. | 0.482 0.784 0.602 0.819 0.000 1.570 0.000 0.000
Ni 0.7572 05t 05t
Ref.
0 53
Pres. | 0.526 0.783 0.635 0.899 0.000 0.000 0.000 1.708
Ru 0.54 55 0.64 55 05+
Ref.
1.10 72
Pres. | 0.392 0.560 0.454 0.615 1.000 2.000 0.988 0.253
Rh 0.58 72 0.30 66 0.965 >+ 0.76 56
Ref.
0 56
Pres. | 0.336 0.482 0.398 0.691 0.000 1.000 0.000 0.000
Pd 0.14757 | 0.35¢6 0.398 57 057 167 057
Ref.
0.63 72 0 5+ 074
Pres. | 0.573 0.818 0.689 0.917 0.000 0.000 0.000 0.146
Os 0.30 72 0% 0.00 8 1.5 0.00 o8
Ref.
Pres. | 0.376 0.594 0.532 0.735 1.000 1.827 0.852 0.480
Ir 0.556 70 0.99 % 1.30 08 0.838 70 0.75 68
Ref.
0.9572 0.217 69
Pres. | 0.249 0.415 0.420 0.713 0.000 1.000 0.000 0.000
Pt 0.21 66 0.79 72 051 1.00 68 051 0.00 8
Ref.
05 0.00 6
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of ~ 0.17 us. InDVNG the tendency seems to be descending within each group
with exception of system with Os adatom that has very modest value of 0.14 up which is
lower than in the case of corresponding Ir system. Trends of adatom magnetic moments are
similar.

Presence of adatom induces magnetism also in the other parts of defective graphene
which is remarkable mostly in the SVG and SVNG systems, while it is very modest in DVNG
systems. Generally, it seems to follow the trend of magnetic moment presented on adatom
with exception in Fe and Co systems where the situation is completely different. Analysis
of magnetic moments presented on each atom showed no significant values. They are
represented as the second biggest magnetic moment. Their trend is also analogous
with the only exception in the third members of each group in SVNG — here the magnetic
moments (located on N atoms) are the highest observed. Correlation between all above

mentioned properties and adsorption energy (or adatom number) is presented in Tab. 4.

Tab. 4: Correlation coefficients between obtained values, for further explanation see the end of subchapter 3.2.
The abbreviations on the left-hand side stand for global correlation (GE) and average correlation (AE) with adsorption
energy; global correlation (GN) and average correlation (AN) with order number of adatom. Top abbreviations stand for
charge located on adatom (CHG), total magnetic moment (TM), adatom magnetic moment (AM), sum of magnetic

moments of all defective graphene atoms (GM) and second biggest magnetic moment presented in the system (SM).

CHG ™ AM GM SM
GE -0.27 -0.35 -0.32 -0.34 -0.36
AE -0.66 -0.55 -0.55 -0.55 -0.55
SVG
GN -0.76 0.00 -0.05 -0.02 0.03
AN -0.98 0.00 0.00 0.00 0.00
GE -0.84 -0.03 -0.20 -0.08 0.80
AE -0.51 0.27 0.34 0.32 0.71
SVNG
GN -0.75 -0.52 -0.72 -0.61 0.34
AN -0.95 0.02 0.09 0.06 0.93
GE -0.06 0.24 0.29 0.26 -0.13
AE -0.27 0.18 0.18 0.18 0.18
DVG
GN -0.69 -0.58 -0.65 -0.61 -0.02
AN -0.96 -0.33 -0.33 -0.33 -0.33
GE -0.09 0.03 0.06 0.04 -0.14
AE 0.40 -0.19 -0.15 -0.19 -0.27
DVNG
GN -0.58 -0.62 -0.67 -0.04 -0.48
AN -0.84 -0.74 -0.82 -0.76 -0.79
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Correlation in this group is better to divide to two groups — CHG and magnetism.
In CHG the correlation with GE and AE is relatively small, more pronounced dependency
can be seen in GN and even more in AN, which could reflect the electronegativity
of the adatom.

In case of magnetism, SVG shows just weak inverse correlation with AE. Most
remarkable dependency in SVNG systems can be seen in SM (in this case the second biggest
magnetic moment is always located on neighbouring N atoms). It is interesting because these
systems also show significant dependency of bond lengths and wvertical distances
on the atomic numbers (see end of subchapter 3.2) — long vertical distances thus induce
magnetic moments on the neighbouring N atoms. In DVG the most significant dependency
can be seen in GN with TM, AM and GM. In DVNG the inverse correlation between GN
and AN, and TM, AM and GM is remarkable. DVNG is (from SM point of view) completely
opposite case than SVNG, there is inverse dependency of SM, similarly as of vertical
distances (see end of subchapter 3.2), on the atomic numbers — it supports the hypothesis

that magnetic moments induced on N adatoms correlate with vertical distances.

3.5 Magnetic anisotropy energy

SOC calculations for MAE evaluation were performed on all systems with non-zero
magnetic moment from SR calculations. Calculated values are shown in Tab. A7 and
in Fig. 8. Differences in spin and orbital magnetic moments of adatom between in-plane and
perpendicular orientation of magnetization are shown in Tab. A8 and A9, resp. Value
of MAE correlates with differences in spin and orbital moments with coefficients 0.61 and
0.55 resp., ze. increment in magnetic moments in perpendicular orientation of magnetization
is connected with more positive value of MAE.

MAE for SVG systems is in the range (-0.29 meV and -0.07 meV), SVNG (-10.10 meV
and 1.10 meV), DVG (-1.09 meV and 6.88 meV) and DVNG (-2.10 meV and -0.40 meV).
Two results with MAE greater than 1 meV were obtained. Both cases are connected with
anisotropy of orbital magnetic moments — for easy axis the increment is 0.013 us (FeSVNG)
and 0.126 ps IrDVG). MAE of ItDVG is 6.88 meV, thus it (according to Eq. 26)
corresponds to thermal energy of ~ 80 K.

Er = kgT (26)
where T stands for thermodynamic temperature and £ for Boltzmann constant. This value

is comparable with “giant magnetic anisotropy” (~ 9 meV) reported in Ref. [75]. Value
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of MAE of IrDVG system obtained by Ref. [70] is much more pronounced (20.79 meV),
the difference seems to be related to the applied £-point mesh (3 x 3 x 1). Other presented
results and DOSs from Ref. [70] are in very good agreement.

MAE of IrSVNG is also worth mentioning. In this case, however, the perpendicular
orientation of magnetization is disfavoured by - 10.29 meV. It is once again connected with
significant anisotropy of orbital magnetic moments. For out-of-plane orientation
of magnetization, the orbital moment is suppressed — the decrement is ~ 0.170 us.

DOSs of ItDVG and IrfSVNG are for better understanding of observed MAE shown
in Fig. 9, arrows show the states that contribute to the value of MAE. In ItDVG
for perpendicular orientation of magnetization, the nq” orbital has 2 sharp peaks — one bellow
and one above Er The peak bellow Er is more pronounced when the orientation
of magnetization is perpendicular to the graphene layer. However, the centres of peaks are
similar for both orientations of the magnetic moments, the perpendicular MAE should be
also related to the upshift of the deeper-laying states for parallel orientation of magnetization
— since peaks for both magnetic orientations slightly vary, it is impossible to assign their
individual contribution to MAE.

In IrSVNG the peaks around Er (n4, 84) have similar shape in both cases of orientation
of magnetization but the peaks corresponding to parallel orientation of magnetization are
slightly shifted to the lower energy values. Nevertheless, this shift is again not very significant
and the role of deeper laying states must be considered. From the DOS plots it is also
apparent that in both IrDVG and IrfSVNG
the states located on neighbours strictly

reflect the states located on Ir adatom

=
in the vicinity of Er. g ° Hg o+ o

=) ° * o

=<

=

N S N T B BN
1
(]

|
-
—_

L

Fe Co Ni Ru Rh Pd Os Ir Pt

oSVG OSVNG eDVNG eDVG

Fig. 8: Values of magnetic anisotropy energy after SOC

calculations.
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Fig. 9: Total DOS, adatom PDOS, sum of local PDOSs of neighbours, sum of local PDOSs of neighbours from SOC run,
adatom PDOS from SOC run. Arrows in the last row point to the areas that contribute to the value of MAE.

On the left-hand side is ItSVNG, on the other side is tDVG.
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4 Summary

In this work, a detailed DFT study of structural, electronic and magnetic properties of TM
adatoms adsorbed on defective graphene is presented. Geometry relaxations showed that
adatom is pulled towards the defect. In SVG and SVNG the adatom after relaxation stayed
still significantly above, in DVG closer and in DVNG closest to the graphene plane.
The resulting binding is in most cases (except SVNG systems) stronger than 5 eV. Present
results revealed that vacancy defects in the graphene can anchor single TM adatoms. Bader
charge analysis predicts that all examined adatoms donate electrons to the graphene lattice
and therefore they act as n-dopants. Trends were analysed in geometry and magnetic
properties.

Relativistic calculations including SOC were performed for systems with non-zero values
of magnetic moment after SR calculations. Examined systems showed correlation between
anisotropy of spin and orbital magnetic moments and MAE. Large MAEs of 6.88 meV
and -10.29 meV were found forIron DVG and SVNG respectively, accompanied
with substantial orbital moment anisotropy (increment 0.126 pp and decrement 0.170 ps
respectively for perpendicular orientation of magnetization). Analysis of PDOSs indicated
that the contribution to MAE come from the slight systematic shift of all peaks around Er
to lower energies for parallel orientation of magnetization (IfSVNG) or from change
of significance of the peaks around Er for perpendicular orientation of magnetization
(ItDVG). The value of MAE is presumably also related to the deeper-laying states.

Although, the perpendicular MAE of ~ 7 meV is only slightly lower than “giant” magnetic
anisotropy of 9 meV experimentally obtained for Co adatoms on Pt(111) reported
in Ref. [75], it is still low to be considered as basis for BPM in new generation of HDDs.
In this sense the results presented here are preliminary to some extent. The investigations
should be continued with the aim of identifying systems with sufficiently high MAEs —
transition metal dimers at vacancy defects in graphene may be possible candidates for such
high-MAE systems.

References in this field of interest are very scattered and according to my best knowledge,
there is lack of some systematic study. Obtained results were in many cases in good
agreement with literature, on the other hand, for some systems no reference was

found — some results obtained and presented in this thesis are to the best of my knowledge

published for the very first time.
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5 Zavér

V této bakalafské praci je prezentovana detailni DFT studie strukturnich, elektronickych
a magnetickych vlastnosti atomu pfechodnych kova adsorbovanych na defektivni grafen.
Relaxace geometrie ukazaly, ze adatom je vtahovan do defektu. VSVG a SVNG adatom
po relaxaci zustal stale vyznamné nad rovinou grafenu, v DVG se dostal blize a v DVNG
nejblize k roviné grafenu. Vysledna vazba je ve vétsiné ptipada (kromé SVNG systému)
silnéj${ nez 5 eV. Vysledky ukazaly, ze defekty mohou ukotvit samostatné atomy
pfechodnych kovi. Analyza Baderovych naboja pfedpovédéla, ze vsechny zkoumané
adatomy pfispivaji svymi elektrony do grafenové mfizky, jedna se tedy o #-dopanty. Trendy
v geometrickych a magnetickych vlastnostech byly analyzovany.

Relativistické kalkulace zahrnujici SOC byly provedeny pro vsechny systémy, které mély
nenulové hodnoty magnetickych momentt po SR kalkulacich. Ve zkoumanych systémech
byla pozorovana korelace mezi anizotropii spinovych a orbitalnich magnetickych momentt
a MAE. Velké hodnoty MAE 6.88 meV a -10.29 meV byly pozorovany u systému Ir na DVG
a SVNG resp., doprovazeny vyznamnou anizotropii orbitalnich magnetickych momentt
(ptirastek 0.126 up a ubytek 0.170 up resp. pro kolmou orientaci magnetizace). Analyza
PDOS ukazala, ze piispévky k MAE pochazeji z mirného systematického posunu vsech pika
v blizkosti Er k niz$im energiim pro paralelni orientaci magnetizace (ItfSVNG) nebo
ze zmény velikosti pika v okoli Er pro kolmou otientaci magnetizace (IrDVG). Hodnota
MAE pravdépodobné souvisi také s hloubé¢ji umisténymi stavy.

I kdyz hodnota kolmé MAE ~ 7 meV je pouze o trochu mensi nez “obrovska‘
magnetickd anizotropie 9 meV experimentilné¢ naméfena pro atomy Co na Pt(111)
v Ref. [75], je to stale piili§ malo, aby tento systém mohl byt povazovan za zaklad BPM
v nové generaci HDD. Kvuli tomu je nutné vysledky dale rozsifit — dalsi vyzkumy by mély
pokracovat s cilem popsat systémy s dostatecné¢ velkymi hodnotami MAE — dimery
pfechodnych kova by mohly byt vhodnymi kandidaty.

Informacni zdroje jsou v této oblasti zajmu velice rozptylené a dle mych nejlepsich
znalostl neexistuje zadna systematickd studie. Obdrzené vysledky byly v mnoha piipadech
v dobrém souladu s literaturou, na druhou stranu pro nékteré vysledky nebyla zadna
reference nalezena — nékteré vysledky obdrzené a uvedené v této praci jsou pravdépodobné

publikovany uplné poprvé.
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7 Appendices
7.1 Appendix 1: Tables with obtained values

Tab. Al: Average bond lengths (adatom — neighbour)

in vacancy graphene systems.

Tab. A4: Local magnetic moment of adatom in defective

graphene systems.

Average bond length (adatom - neighbour) (A) Adatom local magnetic moment (p.p)
SVG SVNG DVG DVNG SVG SVNG DVG DVNG

Fe 1.766 1.867 1.952 1.900 Fe 0.000 3.002 2.334 1.921
Co 1.766 1.828 1.935 1.881 Co 0.317 1.880 0.998 0.701
Ni 1.794 1.837 1.885 1.885 Ni 0.000 1.152 0.000 0.000
Ru 1.882 1.917 2.023 1.963 Ru 0.000 0.000 0.000 1.274
Rh 1.896 2.037 2.024 1.947 Rh 0.204 0.978 0.475 0.155
Pd 1.943 2.175 1.999 1.954 Pd 0.000 0.543 0.000 0.000
Os 1.893 1.913 2.022 1.947 Os 0.000 0.000 0.000 0.154
Ir 1.904 2.011 2.009 1.948 Ir 0.265 0.740 0.353 0.279
Pt 1.934 2.153 1.985 1.956 Pt 0.000 0.533 0.000 0.000
Tab. A2: Vertical distance (adatom — neighbour) Tab. A5: Sum of local magnetic moments of atoms

in vacancy graphene systems.

of defective graphene.

Vertical distances (adatom - neighbour) (A) Defective graphene magnetic moment (up)
SVG SVNG DVG | DVNG SVG SVNG DVG | DVNG
Fe 0.889 0.951 0.434 0.006 Fe 0.000 -0.080 0.225 -0.075
Co 0.890 0.866 0.487 0.002 Co 0.286 0.104 -0.017 0.029
Ni 0.939 0.870 0.161 0.002 Ni 0.000 0.260 0.000 0.000
Ru 1.043 1.067 0.758 0.238 Ru 0.000 0.000 0.000 0.147
Rh 1.064 1.329 0.686 0.044 Rh 0.363 0.580 0.251 0.051
Pd 1.150 1.433 0.454 0.017 Pd 0.000 0.315 0.000 0.000
Os 1.035 1.019 0.738 0.164 Os 0.000 0.000 0.000 -0.014
Ir 1.050 1.278 0.607 0.022 1r 0.299 0.551 0.269 0.105
Pt 1.104 1.403 0.370 0.001 Pt 0.000 0.290 0.000 0.000

Tab. A3: Graphene buckling amplitude (A) after adatom

bondi

ng in vacancy graphene systems.

Tab. AG: Second biggest local magnetic moment of any

atom in defective graphene systems.

Graphene buckling amplitude (A) Second biggest magnetic moment ((up)
SVG SVNG DVG DVNG SVG SVNG DVG DVNG
Fe 0.508 0.542 0.187 0.017 Fe 0.000 0.050 0.022 0.016
Co 0.479 0.514 0.130 0.000 Co 0.042 0.061 0.008 0.009
Ni 0.336 0.610 0.158 0.000 Ni 0.000 0.098 0.000 0.000
Ru 0.662 0.471 0.200 0.198 Ru 0.000 0.000 0.000 0.018
Rh 0.578 0.283 0.187 0.115 Rh 0.052 0.121 0.036 0.006
Pd 0.469 0.323 0.405 0.057 Pd 0.000 0.134 0.000 0.000
Os 0.725 0.550 0.245 0.209 Os 0.000 0.000 0.000 0.004
Ir 0.655 0.368 0.386 0.046 1Ir 0.048 0.105 0.035 0.010
Pt 0.555 0.355 0.489 0.002 Pt 0.000 0.130 0.000 0.000
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Tab. A7: Values of magnetic anisotropy energy after Tab. A9: Change of orbital magnetic moment
SOC calculations. of adatom (up, positive value stands for increment

in perpendicular orientation).

Magnetic anisotropy energy (meV) Orbital magnetic moment difference (ug )
SVG SVNG DVG DVNG SVG SVNG DVG DVNG

Fe 1.10 -1.09 -0.66 Fe 0.000 -0.090 0.013
Co -0.07 0.04 -0.56 -1.69 Co -0.104 -0.207 -0.003 -0.014
Ni -0.02 Ni 0.003
Ru -1.30 Ru -0.092
Rh -0.07 -2.29 0.09 -0.40 Rh 0.062 -0.171 -0.003 -0.083
Pd -0.01 Pd -0.027
Os -2.10 Os -0.037
Ir -0.29 -10.29 6.88 -0.71 Ir 0.126 -0.312 -0.020 -0.178
Pt 0.00 Pt 0.001

Tab. A8: Change of spin magnetic moment of adatom
(uB, positive value stands for increment

in perpendicular orientation).

Spin magnetic moment difference (uz )
SVG SVNG DVG DVNG

Fe -0.001 -0.001 0.000
Co -0.004 -0.008 0.000 -0.001
Ni 0.000
Ru -0.006

Rh 0.008 -0.046 -0.001 -0.001
Pd 0.003
Os -0.042

Ir 0.105 -0.081 -0.017 -0.035
Pt 0.042

7.2 Appendix 2: Graphical summary of each system
In this part each examined system is completely described at one place. At first, top and side
views are presented. In top-view figure also bond lengths between adatom and its neighbours
are shown. In side-view figure the vertical distances are shown — the different criterions
for vertical distance evaluation were described in subchapter 2.2. Next, the Bader charges
located on each atom and charge density difference (isosurface = 0.007) are shown in one
figure. Green (red) regions show regions with increased (decreased) electron density after
the adatom bonding. Three figures from different angles and with isosurface values suitable

for each system are then plotted. Other given results should be self-explanatory.
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Adsorption energy: -3.970 eV

Total magnetic moment: 1.827 us

Adatom magnetic moment: 0.740 ps
Graphene magnetic moment: 0.551 ps
Second biggest magnetic moment: 0.105 ps

Adsorption energy: -8.402 eV

Total magnetic moment: 0.480 ps

Adatom magnetic moment: 0.279 ps
Graphene magnetic moment: 0.105 ps
Second biggest magnetic moment: 0.010 ps
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Adsorption energy: -7.166 eV

Total magnetic moment: -0.000 ps

Adatom magnetic moment: 0.000 ps
Graphene magnetic moment: 0.000 ps
Second biggest magnetic moment: 0.000 ps

Adsorption energy: -7.328 eV

Total magnetic moment: 0.000 ps
Adatom magnetic moment: 0.000 ps
Graphene magnetic moment: 0.000 pg

Second biggest magnetic moment: 0.000 ps
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Adsorption energy: -2.874 eV

Total magnetic moment: 1.000 ps

Adatom magnetic moment: 0.533 ps
Graphene magnetic moment: 0.290 ps
Second biggest magnetic moment: 0.130 ps

Adsorption energy: -7.717 eV

Total magnetic moment: -0.000 ps

Adatom magnetic moment: 0.000 ps
Graphene magnetic moment: 0.000 ps
Second biggest magnetic moment: 0.000 ps



