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Recent theoretical simulations predicted that graphene decorated with Ir adatoms could realize a two-dimensional topological
insulator with a substantial band gap. Our understanding how the electronic properties of graphene change under a presence of
metal adatoms is however still limited, as the binding is quite complex involving static and dynamic correlation effects together
with relativistic contributions, which makes a theoretical description of such systems quite challenging. We applied quantum
chemical complete active space second order perturbation theory (CASPT2) method and density functional theory beyond the
standard local density functional approach including relativistic spin-orbit coupling (SOC) effects to Ir-benzene and Ir-graphene
complexes. The CASPT2-SOC method revealed a strong binding of the Ir to benzene (33.1 kcal/mol) at 1.81 A distance,
which was of a single reference character, and a weaker binding (6.3 kcal/mol) at 3.00 A of a multireference character. In
the Ir-graphene complex, the quartet ground-state of the Ir atom changed to the doublet state upon adsorption, and the binding
energy predicted by optB86b-vdW-SOC functional remained high (33.8 kcal/mol). In all cases the dynamic correlation effects
significantly contributed to the binding. The density of states calculated with the hybrid functional HSE06 showed that the gap of
0.3 eV was induced in graphene by the adsorbed Ir atom even in scalar relativistic calculation, in contrast to metallic behaviour
predicted by local density approximation. The results suggest that the strong correlation effects contribute to the opening of the
band gap in graphene covered with the Ir adatoms. The value of the magnetic anisotropy energy of 0.1 kcal/mol predicted by
HSEOQ6 is lower than those calculated using local functionals.

1 Introduction nately, spin-orbit coupling in carbon is very weak, making
the gap in pure graphene extremely small from the applica-
Graphene is a material that has been demonstrated to have tion point of view.
promising applications in diverse disciplines, ranging from
electronics to medicine. '3 Graphene is among the candidate
materials for post-silicon electronics, however the creation
of graphene-based electronic devices requires opening of the
zero bandgap in graphene.* Graphene also serves as a pro-
totype of two-dimensional topological insulator,> as the exis-
tence of the quantum spin Hall effect was first suggested for
pure graphene after the effects of spin orbit interactions have
been considered.® Topological insulators are distinct from
simple band insulators; their insulating state has topologically
non-trivial band structure, which is manifested by a nonzero
spin Hall response arising from metallic edge states protected

against perturbations by time-reversal symmetry.” Unfortu-

However, the application potential of graphene can be ex-
tensively broadened by various modes of functionalization,
which usually comprise adsorption of atoms, molecules or
nanoparticles.® In this respect, recent theoretical study by Hu
et al.” indicated that graphene covered with heavy adatoms
(Os and Ir) can behave like giant topological insulator pro-
tected by a large gap. Moreover, there seems to be a way
how to prepare iridium covered graphene, as earlier experi-
ments showed that lattices of Ir nanoclusters can be grown
on graphene by chemical vapor deposition.'® The nature of
iridium-graphene interaction is not however fully clear; den-
sity functional theory calculations based on the generalized
gradient approximation (GGA) predicted the shape of grown
iridium clusters at variance with experimental observation. '
No wonder, as the systems of adatoms or atomic clusters on
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graphene belong among the cases where the limitations of lo-
cal density approximations in DFT can be severe. !!"!* The in-
teraction of graphene with atoms such as Ir may be mediated
by the effects going beyond the realm of the traditional DFT
method, in particular multi-configurational nature of the wave-
function arising from close-lying states of the iridium atom.
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Thus detailed understanding of the iridium-graphene interac-
tions should help to resolve these issues and better asses po-
tential application of iridium covered graphene.

We present a detailed study of Ir-arene complexes aimed
to uncover the nature of bonding between iridium atoms
and graphene. We started with the Ir-benzene half-sandwich
complex as a simple model system, which allows to uti-
lize elaborate techniques of quantum chemistry. Specifi-
cally, we applied state-of-the-art multi-reference method, the
Complete Active Space Second Order Perturbation Theory
(CASPT2). %15 Apart from using multi-reference description
of the wavefunction, the CASPT2 method involves static as
well as dynamic correlations, and therefore allows to treat
systems problematic in traditional DFT, such as those involv-
ing strong correlation, bond breaking reactions, and transition
metals. 16

The results in the first section reveal that the potential en-
ergy surfaces can be divided into two areas with different char-
acter of bonding. As the Ir atom approaches benzene, shal-
low local minimum of the energy occurs at first. This area is
characterized by mixing of close lying states and the multi-
reference approach is necessary for the construction of the
wavefunction. The four most stable states correspond to quar-
tet states of the Ir atom interacting with benzene. The next
area lies around the position of the global energy minimum at
the bonding distance of 1.8 A. The most stable state in this
area arises from the interaction between the benzene molecule
and quartet *F state with 5d%6s' electron configuration of the
Ir atom. This configuration dominates the wavefunction in the
area and therefore the electronic structure can be described by
single-reference methods with a good accuracy. The ground-
state 5d’6s” configuration does not contribute to the bonding.

In the second section, we utilize the results obtained for
benzene and calculate the potential energy curves for the ad-
sorption of the iridium atom on graphene. The results show
that the absorption of Ir atoms is non-activated process, with
the adsorption energy and equilibrium distance similar to
those on benzene. We calculated the density of states in in-
cremental series of approximations, starting with local density
approximation, over generalized gradient approximation up to
the screened hybrid functional. The density of states, the net
magnetic moment, and the splitting of d states at the Fermi
level, strongly depend on the functional used. The value of
the net magnetic moment in the complex calculated by HSE06
corresponds to the doublet state, in contrast to the LDA func-
tional, which predicts that the magnetic moment is completely
quenched. Hybrid functional HSEO6 also lowers very large
magnetocrystalline anisotropy predicted by local functionals.

The density of states calculated by HSE06 has a gap of 0.3
eV at the Fermi level without spin-orbit coupling, whereas
both LDA and GGA yield gapless density of states in scalar
relativistic limit. When the spin-orbit interaction is present,

the gap size depends on the orientation of the spin quantiza-
tion axis. Aligning the axis along one of the directions within
graphene sheet, the degeneracy of d,; and d,, states is lifted
and the gap amounts to 0.31 eV, the value essentially iden-
tical to scalar relativistic case. Alignment perpendicular to
graphene increases the gap to the value of 0.45 eV.

2 Results and discussion

2.1 Ir-benzene

The two lowest-lying states of the Ir atom are *F states. While
the ground “F state corresponds to the 5d” 6s? electron config-
uration, the electron configuration of the first excited *F state
is 5d® 6s'.!7 We applied CASPT2 and its multi-state variant
MS-CASPT?2 for the calculations of the interaction between
benzene and the Ir atom in doublet and quartet states. Result-
ing potential energy curves are displayed in Figure 1. We can
divide them into two areas according to the character of bond-
ing. The first area lies around the position of the global energy
minimum, which is at the bonding distance of 1.8 A. The most
stable state in this area arises from the interaction between the
benzene molecule and quartet *F state with 5d%6s' electron
configuration of the Ir atom. The analysis of configurations
and their coefficients showed that this is dominant configura-
tion in the first area and therefore the electronic structure in
this area can be described by single-reference methods with a
good accuracy.

The CASPT2 and MS-CASPT2 binding energies and dis-
tances of this quartet state are essentially identical, 43.1
(1.79 A) and 43.3 kcal/mol (1.80 A), respectively. The in-
teraction energy of 43 kcal/mol is considerably higher than
the interaction energies in coinage metals-benzene '! and even
in Pt-benzene'®. The binding energy of the second most
stable state, which corresponds to the doublet state, is by 8
kcal/mol lower. The analysis of the hybridization of states in
the first area reveals similar nature of bonding as observed in
the Pd-benzene and Pt-benzene complexes.!!!® The Ir atom
is bonded to benzene by a dative bond characterized by strong
direct charge transfers from iridium d-orbitals to benzene and
the backward charge transfer from benzene to 6p orbitals of
the Ir atom. As a result, the Ir atom is negatively charged,
whereas the benzene molecule acquires positive charge at the
CASPT2 level. The resulting charge at the Ir atom is 0.52
e. It is worth noting that the CASSCF method, which omits
dynamic electron correlation, provides positive interaction en-
ergies (no bonding between the Ir atom and benzene). Similar
charge transfer appears at the CASSCF level as well, but it is
not strong enough to counterbalance repulsion. Thus, dynamic
electron correlation is necessary for the attraction between the
Ir atom and benzene molecule to appear.

The second area is found around bonding distances of 3 A,
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Fig. 1 The potential energy surfaces of low-energy quartets (light
blue: ground state a*F, blue: a*F) and doublet (thick red) iridium
states in the Ir-benzene complex. Thin red and violet curves are
higher lying quartet and doublet states, respectively. Upper panel:
CASPT2 method and the sketch of the Ir-benzene complex, lower
panel: multi state CASPT2.

where the CASPT2 curves feature the shallow local minimum
of the energy. This area is characterized by mixing of close ly-
ing states. The multi-reference approach is thereby necessary
for the construction of the wavefunction and correct descrip-
tion of the interaction. The four most stable states correspond
to quartet *F states of the Ir atom interacting with benzene.
The electron configuration of these states is analogous to the
configuration in the global minimum - 5d86s'. The CASPT2
and MS-CASPT2 binding energies and distances of the most
stable of quartet states are 4.7 kcal/mol at 3.13 A and 6.6
kcal/mol at 3.00 A, respectively. Also in the second area, the
Ir atom is charged negatively with charge about 0.1 e. How-
ever, the carbon atoms of benzene are also charged negatively
(about 0.04 e). The bonding in this area can be characterized
as van der Waals interaction.

Notice that the shallow local minimum of the potential en-
ergy is usually associated with physisorption state and is typ-
ically found when molecules adsorb onto solid surfaces. The
nature of the shallow minimum at 3.00 A in the Ir-benzene
complex is more complex; the van der Waals interaction is
accompanied by intermixing of close-lying quartet states, as
illustrates Figure 1. It should be noted that the second mini-
mum of potential energy curve corresponding to a metastable
precursor state was observed experimentally for benzene ad-
sorbing on Ir (and Pt) surfaces. 19

A~

The CASPT?2 results enable to gauge the ability of DFT
functional to desribe the interaction of the Ir atom with ben-
zene. We started with a simple DFT calculation of the poten-
tial energy surface of the Ir-benzene complex with the most
common functional being used nowadays, generalized gradi-
ent parametrized by Perdew-Burke-Ernzerhof (PBE).?’ Fig-
ure 2 depicts calculated potential energy curve. The bonding
distance of 1.8 A obtained from PBE corresponds well to the
bonding distance predicted by the CASPT2 method (Figure 1),
owing to the single-reference character of the wavefunction in
the minimum. The calculation also correctly reproduces that
quadruplet groundstate multiplicity of the iridium atom does
not change at the equilibrium bonding distance. On the other
hand, the interaction energy of 34.9 kcal/mol is lower than the
CASPT?2 value (43.1 kcal/mol). Furthermore, multi-reference
character of the system manifested itself in the area of the sec-
ond minimum, because the self-consistent cycle used to solve
the total energies in DFT did not converge in that range of Ir
distances. (Supporting Information, Figure 1a). The diagonal-
ization algorithm in VASP, Davidson block iteration scheme,
produced discontinuous potential energy curve and even di-
verged at some distances. The behaviour is caused by the
presence of close-lying states along potential energy curve in
this region (Figure 1). It is worth noting that we obtained con-
vergent and physically reasonable potential energy curves by
setting the smearing to 0.01 eV and by switching to all bands
simultaneous diagonalization (see Supporting Information for
details). The resulting potential energy curves show no signs
of the second minimum. This is expected behavior, because
the PBE functional does not cover any non-local dispersive
interactions.

Interestingly, the second minimum along potential en-
ergy pathway is absent even when vdW-DF functionals were
used. The comparison of classical DFT functionals (LDA
and GGA), and modern van der Waals corrected functionals
optB86b-vdW and optB88-vdW with the CASPT2 result is
displayed in Figure 2. None of the functionals yields the sec-
ond minumum, which may reflect its multi-reference charac-
ter. Optimized vdW-DF functionals provide better description
of energetics of the Ir decay into vacuum, which is always
mediated by van der Waals interactions. This becomes im-
portant when the interaction forces, instead of energies, are in
question.?! On the other hand, all functionals predict correct
equilibrium bonding distance of 1.8 A, despite pronounced
differences in the bonding energy. This is a positive surprise
especially in the case of LDA, since in noble metal-benzene
complexes, using LDA lead to unphysically strong hybridiza-
tion of metal-benzene states and, consequently, the bonding
distances were too short.!! The energy of bonding is strongly
overestimated by LDA, a deficiency of this approximation
which is well known from its condensed matter applications.
Here, classical PBE functional (inset of Figure 2) offers great
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Fig. 2 The total energies of the Ir-benzene complex as a function of
the distance calculated by optimized van der Waals functionals
(optB86b-vdW and optB88-vdW) and hybrid functional HSE06
compared to the CASPT2 result. Inset: classical LDA and GGA
functionals compared to CASPT2.

improvement over LDA, as its binding energy of 34.9 kcal/mol
gets closer to CASPT2 value. Further improvement comes
from optB86b-vdW functional, which yields the binding en-
ergy of 40.1 kcal/mol, just slightly lower than CASPT?2 result,
and can be recommended for treatment of the adsorption of Ir
atoms on arenes.

All of DFT functionals also predict that no spin-crossing oc-
curs and the quartet state is the ground-state of the Ir atom in
the complex, in agrement with the CASPT?2 calculations (al-
though the quartet states are intermixed, Figure 1). That seems
to be rather exceptional, because spin is more often quenched
in metal/arene complexes. Specifically, Sargolzaei and Gu-
darzi showed that magnetic moments of 3d transition-metal
atoms added to the surface of graphene and benzene are par-
tially quenched compared to their free atomic state, apart from
Co adatom on graphene and benzene, and Cr adatom on ben-
zene.?? Similarly, triplet state of platinum is quenched in ben-
zene '8 or graphene?® complexes. Spin quenching also affects
small metal clusters interacting with graphene. 1>

The factor which remains to be considered is the spin-orbit
coupling (SOC), a higher order relativistic effect. Figure 3
shows that the character of the Ir-benzene interaction is not
affected by the spin-orbit coupling, i.e. the spin-orbit inter-
action does not change the ordering of states. The quartet
state remains the minimum along the potential energy path-
way. Spin-orbit interaction only leads to the lowering of the
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Fig. 3 The potential energy surface in the Ir-benzene complex as a
function of Ir distance - the influence of spin-orbit coupling on the
optB86b-vdW van der Waals functional (blue) and multi-state
CASPT?2 (red). The scalar relativistic results are depicted for
comparison (in black). Inset: quartet and doublet states in the
Ir-benzene complex according to MS-CASPT2-SOC.

interaction energy, in particular the energy of the first mini-
mum, which is decreased to 33.1 kcal/mol at the 1.81 A at the
MS-CASPT2-SOC level. This finding is in agreement with the
DFT results, because no qualitative changes of the interaction
energies occur in DFT calculation. The spin-orbit coupling
increases the DFT interaction energies by a similar amount as
in the case of MS-CASPT2-SOC calculation. The optB86b-
vdW-SOC functional gives the interaction energies in very
good agreement with the MS-CASPT?2 energies in the global
minimum (Figure 3). On the other hand, the effect of spin-
orbit coupling to the second minimum is small. Its binding
energy is 6.3 kcal/mol at the 3.00 A at the MS-CASPT2-SOC
level. Thus, the spin-orbit coupling decreases the stability of
the Ir-benzene complex, especially in the first minimum.

2.2 Ir-graphene

The adsorption of Ir on graphene is very similar to the adsorp-
tion on benzene. The potential energy curves are displayed in
Figure 4 (the iridium atom was again placed into the hollow
position). The equilibrium bonding distance of 1.8 A agrees
almost exactly with the value found on benzene. The bind-
ing energies provided by the optB86b-vdW functional (33.8
kcal/mol in scalar relativistic calculation and 24.9 kcal/mol
with spin-orbit coupling included) are lower than those on
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benzene, but still high enough to indicate that the d orbitals
of iridium partly overlap with p states of graphene. The spin-
orbit coupling decreases the stability of the Ir-graphene com-
plex. Obviously, the main characteristics of adsorption are
very similar to the Ir-benzene complex.

The hybridization of graphene p-states with d-states of irid-
ium results in strong modification of graphene density of
states. Typical linear dispersion of states around the Dirac
cone is spoiled by the presence of localized iridium states.
Figure 4 shows that scalar relativistic LDA yields gapless den-
sity of states, in agreement with the study by Hu et at.” The
important feature is the peak lying directly at the Fermi level,
arising from overlapping p. and d,.,, states. Hu et al.? ar-
gued that spin-orbit interaction splits this peak and a gap opens
slightly below the Fermi level. However, the size of the gap
and its position with respect to the Fermi level can be strongly
influenced by the functional used. It is well known that LDA
(and GGA, in lesser amount, as well) calculates incorrectly the
gaps between valence and conducting bands of typical semi-
conductors, or insulators. These methods underestimate the
energy of localized d states due to the self-interaction error
and, consequently, tend to predict d states to be too delocal-
ized.?*

We resolve this issue by calculating the density of states
in several approximations, starting with LDA, over optB86b-
vdW (which uses GGA for the exchange part) up to the
screened hybrid functional HSE06, and consider the effect of
the spin-orbit coupling in each approximation.

The densities of states calculated with out-of-plane mag-
netic axis are displayed in Figure 5. Our LDA calculation re-
produces the spin-orbit induced splitting of d.,/,, manifold at
the energy 0.5 eV below the Fermi level reported by Hu et al.°
The optB86b-vdW functional provides similar character of the
density of states around the Fermi level; the spin-orbit interac-
tion splits d,; /. states and creates small gap of 0.12 eV at the
energy 0.5 eV below the Fermi level. The HSE06 functional
shows strikingly different picture. The density of d-states is
depleted around the Fermi level and the d,,/,, peaks become
much more localized. The gap below the Fermi level disap-
pears. More importantly, a gap opens just above the Fermi
level, because d,. . states are pushed to higher energies. The
gap size is 0.45 eV.

The question now arises whether large gap given by HSE06
stems from the spin-orbit interaction or from reduced self-
interaction error in hybrid functional. To answer it we cal-
culated the density of states by HSE06 also in scalar rela-
tivistic approximation, which implicitly assumes zero spin-
orbit term. We also aligned spin-quantization axis along the
in-plane direction to uncover directional-dependency of the
electron structure. The results are summarized in Figure 6.
The splitting of d-states above the Fermi level is reproduced
even in scalar relativistic calculation (bottom panel). Corre-
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Fig. 4 The interaction energy of the Ir-graphene complex as a
function of Ir distance calculated with optimized van der Waals
functionals within scalar relativistic approximation (optB86b-vdW)
and with spin-orbit coupling included (optB86b-vdW-SOC). Inset:
the density of states of the the Ir-graphene complex calculated with
the LDA functional within scalar relativistic approximation showing
that no gap occurs at the Fermi level (aligned to E=0 eV in figure),
and the supercell of the Ir-graphene system (upper left).

sponding gap is 0.3 eV wide. Switching on spin-orbit term
with quantization axis along the out-of-plane direction (up-
per panel), the gap becomes slightly wider (0.45 eV) and the
antibonding d,./,.-states get higher in energy. Aligning the
axis along the in-plane direction, the degeneracy of d,, and
dy, states is broken (middle panel). Consequently, dy, states
are pushed to lower energies and their density close to the
Fermi level is depleted. The main feature at the Fermi level
are then d,, states hybridized with p, states of graphene. The
gap of 0.31 eV is very similar to the gap obtained in scalar
relativistic calculation. According to Figure 6, the orientation
of the quantization axis considerably influences the electronic
structure and should be taken into account in investigations
involving heavy elements on graphene.

These findings indicate that the gap is not opened ex-
clusively due to the spin-orbit interaction. This behaviour
is in stark contrast to scalar relativistic calculation using
LDA/GGA functionals, in which no splitting of d-states oc-
curs in the vicinity of the Fermi energy. LDA and GGA den-
sity functionals dramatically underestimate the band gaps for
insulators because they fail to reproduce a derivative disconti-
nuity of the energy with respect to the number of electrons.?*
This behaviour has been already observed in many transition
metal oxides, in which local functionals even incorrectly pre-
dict a metallic groundstate, although strong Coulomb repul-
sion between d-electrons makes the oxides wide-band gap in-

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-11 |5



Physical Chemistry Chemical Physics

20 { T ' T

15/ HSE06 |

10} .
%‘ . _&, ik
8 20r ‘ ‘ ]
8 ]
©
-m ~
= i
g ]
‘D
o |
©

o d)(Z N
. dzz - dxz>yz

o

energy (eV)

Fig. 5 The density of states of the Ir-graphene complex calculated including spin-orbit coupling and exchange-correlation functional a) LDA,
b) optB86b-vdW (which analogical to PBE when density of states is of concern) and c¢) hybrid HSE06.

sulators. Hybrid functionals include exact Hartree-Fock ex-
change that corrects this behavior, improves the position of
the d band, and gives band gaps close to the experiment.>3-2’

Furthermore, the spin-orbit coupling decouples the spin
and orbital magnetic moments and causes finite magnetocrys-
talline anisotropy of the Ir-graphene system. We found that
the preferred orientation of the spin quantization axis lies
along the direction perpendicular to the graphene plane (out-
of-plane), in agreement with previous theoretical study.?®
The parallel orientation (in-plane) has the total energy higher
by 0.3, 0.37, and 0.12 kcal/mol as calculated by the LDA,
optB86b-vdW, and HSEO6 functional, respectively. Obvi-
ously, orbital-dependent HSEO06 functional reduces large mag-
netocrystalline anisotropy energy predicted by (semi-) local
functionals. It should be noted that we do not consider the
dependence of the anisotropy energy on the orientation of the
magnetization within the plane of graphene, which is assumed
to be very small because of the high in-plane symmetry. The
anisotropy energy of 0.12 kcal/mol is too small for spintronic
applications, but it can be greatly improved by adsorbing het-
eronuclear transition metal dimers on graphene.2%-3°

Magnetocrystalline anisotropy of materials has received
great attention recently, 332 owing to its importance for mag-
netic storage devices, however the influence of exchange-

correlation functional has not been in question often. Blonski
and Hafner compared the results of PBE and HSE functionals
for Ni, Pd, and Pt dimers; HSE left the spin and orbital mo-
ments essentially unchanged but reduced the magnitude of the
anisotropy energy in all dimers.>* Recent study of Os adatoms
adsorbed on finite graphene flakes compared PBE with hybrid
functional B3LYP and found similar trend - the spin moments
were slightly increased by the hybrid, but the anisotropy en-
ergy was lowered. 3

Our findings are in line with these results. According to Ta-
ble 1, HSEOG6 yields higher spin as well as orbital moments
than its local counterparts, yet the anisotropy energy is lower
as observed aforementioned studies. This result can be un-
derstood on basis of the energy lowering due to the spin-orbit
coupling, which can be expressed in simplified form as >

uHsoo
AESOC°<27<E‘ 7E| )
u 0

u,0

(1

The energy lowering thus depends on the interaction of occu-
pied states o with unoccupied states u (via spin-orbit Hamil-
tonian Hgp). HSEO6 increases exchange splitting of d-states
and pushes unoccupied d,. /. states far from the Fermi level
(Figure 5), which counterbalances the increase of the spin and
orbital moments. Thus the differences in calculated values
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Fig. 6 The density of states of the Ir-graphene complex calculated using HSEO6 (hybrid exchange-correlation functional) with a) scalar
relativistic approximation b) including spin-orbit coupling with the spin-quantization axis oriented parallel to the graphene sheet (in-plane) c)
with the spin-quantization axis aligned perpendicular to graphene (out-of-plane).

stem from different treatment of electron exchange (HSE06
includes non-local Hartree-Fock exchange) and the fact, that
the spin-orbit coupling and the intra-atomic exchange are of
the same magnitude in 54 transition metals. 8

Although the HSEO6 functional reduces the large magne-
tocrystalline anisotropy energy predicted by functionals uti-
lizing local exchange (LDA and optB86b-vdW), the value of
0.12 kcal/mol is still large to imply the stability of the out-
of-plane magnetization. The preference of the out-of-plane
easy magnetization is rather exceptional as other 5d transi-
tion metal atoms adsorbed on graphene prefer in-plane mag-
netization.?® The spin and orbital moments in Table 1 reveal
that the orbital moments remain the same in both orientations,
whereas the spin moments are systematically lower for the in-
plane orientation of the spin axis. This result is in contrast to
the relation proposed by Bruno3° that the magnetic anisotropy
is proportional to the anisotropy of the orbital moment. How-
ever, Bruno’s result is derived from the perturbation theory us-
ing the assumption that the exchange splitting is much larger
that the spin-orbit coupling, which works well for 3d transi-
tion metals but not for the case of the Ir-graphene system, in
which the SOC and exchange splitting are of the same mag-
nitude. The orbital moments are also remarkably insensitive
to the choice of the functional, which is in contrast to the

large differences observed for the spin moments. It should
be noted that, for the in-plane orientation, the convergence of
the self-consistent solution of the Kohn-Sham equation was
quite problematic and multiple solutions could be found de-
pending on the choice of the initial spin moment, because
the energy differences for various magnitudes and directions
of the spin moment were very small. Interestingly, the mag-
netic anisotropy arises from the Ir adatom, because magnetic
moments induced on carbon atoms in graphene are negligible
(<0.01up).

Table 1 Spin ug and orbital t; magnetic moments (in Up),
magnetocrystalline anisotropy energy (MAE, in kcal/mol) for the
Ir-graphene complex; spin-orbit calculation using various
functionals with out-of-plane (L) and in-plane (||) orientation of the
spin quantization axis

ps(L) #s(() pr (L) ue () MAE
0.82 0.60 031 031 0.3
149 1.35 0.29 0.30 0.37
1.98 1.65 0.34 0.37 0.12
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3 Discussion

Recently, we studied another heavy transition metal-benzene
complex, Pt-benzene. '3 The dominant configuration in the Pt-
benzene complex is closed-shell singlet, despite the fact that
its excitation energy is much higher than the ground state
triplet. Triplet state of platinum is quenched also in its com-
plex with graphene.?? The character and spin multiplicity of
the dominant configuration in the complex are particularly im-
portant when discussing the doping by heavy transition-metal
elements as a way to convert graphene into topological insu-
lator. The spin-orbit interaction is weak in the singlet state,
thus Pt adatoms on graphene would hardly make the complex
topological insulator.

The Ir-benzene complex shows different behaviour. A pure
iridium atom exhibits in the ground-state *F electronic states
arising from 5d’6s” configuration. The first excited state is
also quartet *F, but with 5d%6s! electronic configuration. The
excited states of the Ir atom with lower multiplicity are doublet
states 2P and 2D with 5d7 6s? and 5d® 6s! electron structures,
respectively. The CASPT2 calculations predict that, in con-
trast to the Pt-benzene complex, no change of the spin state
occurs after Ir is bound to benzene. The quartet state is stable
in the complex along the whole potential energy curve, never-
theless the mixing of quartet states occurs.

The CASPT2 calculation also provides detailed picture of
bonding of Ir to benzene. Quartet *F state with the 5d%6s!
electronic configuration is the ground-state in the complex.
Notice that the first excited state in the complex is doublet 2D
having the 5d%6s' configuration. The 5d%6s' configuration is
energetically advantageous because in the vicinity of the lig-
and, the occupation of the 6s orbital becomes less favorable
due to the Pauli repulsion, whereas the occupation of the 5d
orbital is less affected due to the screening of the repulsion
in the 5d shell. This electron configuration then binds to the
ligand by a dative bond characterized by strong direct charge
transfers from iridium d-orbitals to p-states of the ligand and
the backward charge transfer to 6p orbitals of the Ir atom.

The situation changes when the Ir atom is attached to
graphene. The LDA and optB86b-vdW functionals yield the
magnetic moment of 0.0 and 0.62 u in scalar relativistic cal-
culation, respectively, i.e. none of the functionals predicts
that the quartet state would remain in the complex. The com-
pletely quenched magnetic moment obtained in the LDA cal-
culation arises from charge transfer from the s orbital of the
Ir atom into p orbitals of graphene, in addition to the trans-
fer to the d orbitals of Ir creating 5d%6s' electronic config-
uration. The optB86b-vdW functional reduces the electron
transfer to graphene. The optB86b-vdW density of states re-
veals that there appear half-filled hybridized s-d. /. states at
the Fermi level, which is the reason for fractional magnetic
moment of 0.62 u. The scalar relativistic calculation with the

HSEO06 functional yields the net magnetic moment in the com-
plex of 1 u, which corresponds to the doublet state. Even with
spin-orbit coupling, non-collinear magnetic moments in the
complex calculated by HSE06 are very close to that of the
doublet state. It should be noted here that although hybrid
functionals significantly improve the electronic properties of
metal-molecule systems, they often lead to a larger exchange
splitting and larger magnetic moments for magnetic bulk met-
als such iron. 3’

According to the density of states the s-states are pushed
into unoccupied states and the doublet therefore arises from
the 5d°6s° electronic configuration. The HSE06 functional is
known to localize the d states in comparison with LDA/GGA
functional.?* The d states - being more localized - sample the
potential closer to the nucleus than valence s states, screen
the valence s and p states from the nucleus, and, consecu-
tively, push the valence s states further out. It should be noted,
that non-zero intrinsic magnetic moment breaks time-reversal
symmetry, and therefore topologically non-trivial complex
would correspond to a quantum anomalous Hall insulator
rather than to a topological insulator. The quantum anomalous
Hall insulator, also called Chern insulator, is a state of matter
which exhibits a gap in the bulk and chiral gapless edge states
at the boundary. 333 Notably, it was merely a theoretical con-
cept for a long time, but it has been recently experimentally
realized and the gate-tuned anomalous Hall resistance reached
the predicted quantized value of A/ €2 at zero magnetic field in
agreement with theoretical prediction. *

The influence of relativistic effects can be judged by the
comparison with the adsorption of cobalt. The cobalt atom
has the electron structure very similar to that of iridium; the
ground state corresponds to a high-spin quartet state a*F hav-
ing the 3d74s? configuration, the first two excited states are
quartet b*F and doublet ¢F, both with the 3d84s! config-
uration. Sargolzaei and Gudarzi®? studied the adsorption
of the Co addatom on benzene and graphene by means of
DFT calculation with standard GGA functional.?? Moreover,
Rudenko et al.*! used the coronene (Co4H;2) to model the face
of graphene, which enabled them to employ multi-reference
methods: the nonrelativistic CASSCF in conjunction with
the strongly contracted variant of the second-order N-electron
valence state perturbation theory. Their calculation reveals
that as the Co atom approaches the surface, its ground state
changes to 3d%4s!' quartet at the distance of 2.6 A and to
3d%4s° (doublet) at shorter distances (1.8 A). In contrast to
the Ir adatom, the global minimum occurs at the potential en-
ergy curve of the ground-state 3d”4s? quartet; the two other
configurations stay higher in energy over the entire range of
distances. The corresponding value of the adsorption energy
of 7.4 kcal/mol is quite small compared to the Ir addatom, and
this difference can be attributed to relativistic effects; in the
free-standing Ir atom, strong relativistic effects contract the 6s
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orbitals and, on the other hand, expand 5d orbitals owing to
the reduced screening by s orbitals. These two mutual effects
result in the d-s separation of 0.1 eV in the Ir atom, much
lower than 0.41 eV in the Co atom.*? Lower energy penalty
for the electron transfer into d orbitals facilitates the creation
of the d®s' configuration, which is characteristic for the low-
est states in the complex. The different adsorption properties
of Co and Ir can be therefore attributed to indirect action of
relativistic effects.

The Ir-graphene complex was predicted to be a gapless sys-
tem without spin-orbit coupling.® However, our calculation
shows that gapless bandstructure is rather computational arte-
fact of the self-interaction error of the local density functional.
The HSEOQ6 functional, in which self-interaction error is re-
duced by the exact exchange, predicts the gap of 0.3 eV even
without spin-orbit coupling. When the spin-orbit interaction
is present, the gap size depends on the orientation of the spin
quantization axis. Aligning the axis along one of the direc-
tions within graphene, the degeneracy of dy, and d,, states is
lifted and the gap amounts to 0.31 eV, the value essentially
identical to scalar relativistic case. Alignment perpendicu-
lar to graphene leads to large gap of 0.45 eV. It should be
noted that although hybrid functional greatly improve band
gaps over LDA/GGA functionals, one would need to resort to
even higher-order approximation to get really accurate values
of band gaps. The family of GW methods serves this pur-
pose well, however fully relativistic GW calculation of the
Ir-graphene supercell is beyond current computational capac-
ities. The HSEOQ6 result showing that the gap is not opened
by the spin-orbit interaction exclusively is illustrative for the
issues appearing when DFT is used for treatment of the heavy
addatom-graphene complexes. As the systems proposed for
the existence of quantum anomalous Hall effect often involve
magnetism, localized d- or f-states, and strong correlations,
and one should be aware of the limitations of single-reference
local-density DFT methods in these systems.

4 Computational details

Three high symmetry adsorption sites exist on benzene and
graphene; on top, directly above a carbon atom, bridge, above
the midpoint of a C-C bond, and a so-called hollow site, above
the center of the aromatic ring. Our test calculation revealed
that Ir prefers the hollow position on benzene, in agreement
with previous studies which have shown that the hollow po-
sition is preferred by the Ir atom on graphene.’® Thus, we
placed the Ir atom into the hollow position in all calculations.

Quantum chemical calculations of the interaction energy,
and the nature of bonding of the Ir-benzene complex were
performed using multiconfigurational methods. Two differ-
ent approaches exploiting the multireference Complete Ac-
tive Space SCF (CASSCF) reference function were utilized;

the pertubative CASPT?2 approach, 413 and its multi-state ex-
tension (MS-CASPT2).** The interaction energies were cor-
rected for the basis set superposition error (BSSE) using
the counterpoise correction.** The scalar relativistic contri-
bution has been included by using the second-order spin free
Douglas-Kroll-Hess (DKH) Hamiltonian. *>4¢

The methodology of CASSCF/CASPT?2 calculations used
in this paper follows our previous study focused on the inves-
tigation of the Pt-benzene complex.'® In the CASSCF calcu-
lations the 5d and 6s orbitals of iridium with 2p orbitals of
carbons perpendicular to the benzene plane were included in
the active space. The active space used thus consists of 15
electrons placed in 12 orbitals (15/12); 9 electrons in six or-
bitals for the Ir atom and 6 electrons in six orbitals for ben-
zene. In the following CASPT2 calculation, the 5p®5d’6s?
shells of iridium and all electrons in benzene with an ex-
ception of the 1s> electrons of the carbon atoms were cor-
related. The standard IPEA shift (0.25 au) has been used
in all of our CASPT?2 calculations.*” All CASSCF/CASPT2
calculations were carried out using ANO-RCC basis sets 34
with VQZP (Ir atom)/VTZP (benzene molecule) contrac-
tions. Spin-orbit effects were estimated using the restricted
active space state interaction (RASSI) method within the
CASSCF/CASPT2/RASSI-SO approach introduced by Roos
and Malmgqvist.’*? In the present study, these calculations
were performed with 8 and 14 lowest-lying roots of doublet
and quartet spin states, respectively. The MOLCAS 7.2 pro-
gram package was employed for the calculations. >3 The struc-
ture of benzene optimized at the MP2/cc-pVTZ level (C-C
and C-H distances were equal to 1.394 A and 1.082 A, re-
spectively) was taken from our previous studies '8 and kept
frozen in all calculations.

The plane-wave (pw) DFT calculations were performed us-
ing the projected augmented wave method implemented in the
Vienna Ab initio Simulation Package (VASP).>* The energy
cutoff for the pw expansion of the eigenfunctions was set to
400 eV. The convergence criterion for the total energies was
set to 107® eV. The Ir-benzene complex was put into large
supercell (14 x 14 x 16 A) to minimize the interactions of re-
peated images. The total magnetic moment of the supercell
was not constrained. The graphene sheet was modeled us-
ing a 4 x 4 supercell (32 carbon atoms) with a calculated C-C
bond length of 1.44 A. The periodically repeated sheets were
separated by 16 A of vacuum. Single iridium addatom was
placed into the graphene supercell, which corresponds to 6.25
% coverage. The Brillouin zone was sampled by the 3 x 3 x 1
k-point grid for the adsorption energy calculations. The den-
sities of states were calculated using a fine grid of 7 x 7 x 1
k-points. Long-range van der Waals (dispersion) interactions,
which are absent in standard DFT approaches, were included
by means of the van der Waals density functional,>®% us-
ing recently proposed modified vdW functionals optB86b-
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vdW and optB88-vdW.>° These functionals yielded enthalpies
of adsorption of organic molecules on graphene in excellent
agreement with experiment.®® At the same time, they are able
to provide typical solid-state properties such as atomization
energies and lattice constants with average errors which are
similar or better to those of GGA functional.>®

The effect of the spin-orbit coupling was included into
pw DFT calculations by means of relativistic two-component
Hamiltonian, as implemented in VASP, which contains spin-
orbit coupling and all relativistic corrections up to order o’
(where « is the fine-structure constant). The spin-quantization
axis was aligned either in the direction perpendicular to the
benzene/graphene or in the direction parallel to the plane. The
total energy difference between magnetic states with the spin
moments oriented in the plane and out of plane gives the value
of magnetocrystalline anisotropy energy.

5 Conclusions

Calculated potential energy surfaces reveal high affinity of the
iridium atom to either benzene or graphene. In the benzene
complex, the benchmark MS-CASPT2-SOC method yield the
binding energy of 33.1 kcal/mol at the distance of 1.81 A be-
tween the Ir atom and the middle of the benzene ring. The
analysis of results reveals that in the global minimum (at the
distance of 1.81 A), there is single dominant configuration,
quartet *F state with 5d%6s! electron configuration. DFT func-
tional optimized for van der Waals interactions optB86b-vdW-
SOC performs exceptionally well, yielding the binding energy
of 34.5 kcal/mol, just slightly higher than CASPT2 result.
Results calculated without explicit spin-orbit terms provided
similar agreement between optB86b-vdW and MS-CASPT2.
Spin-orbit interaction leads only to the lowering of the binding
energy. The quartet state of Ir remains the minimum along the
potential energy pathway, with or without spin-orbit interac-
tion. The multi-reference character of the Ir-benzene complex
expresses itself by appearance of the shallow local minimum
of the potential energy at the distance of 3.00 A. The shallow
minimum is not reproduced by any DFT functionals, because
it arises from the van der Waals interaction together with the
intermixing of close-lying quartet states of Ir. Nevertheless,
our results show that the ground-state of Ir atoms adsorbed on
arenes can be described by the single-reference methods with
a good accuracy.

In the Ir-graphene complex, the binding energy of 24.9
kcal/mol calculated with the optB86b-vdW-SOC method is
slightly lower than the binding energy in the Ir-benzene com-
plex. Still, its value surpasses the binding energies of the
other noble metal atoms.'!!86! The HSE06 calculation of
the density of states reveals the gap of 0.3 eV directly at the
Fermi level without spin-orbit coupling, whereas both LDA
and GGA yield gapless density of states in scalar relativistic

limit. The preferred orientation of the spin quantization axis
lies along the direction perpendicular to the graphene plane
(out-of-plane), in agreement with previous study by Zhang
et al.?® Hybrid functional HSE06 lowers magnetocrystalline
anisotropy energy predicted by local functionals (LDA: 0.3,
GGA/PBE 0.37 kcal/mol) to a value of 0.1 kcal/mol, which is
still several orders of magnitude higher than the magnetocrys-
talline anisotropy energy of elemental bulk magnets. The
magnetization of Ir covered graphene is therefore very stable.
The value of the net magnetic moment in the complex of 1
u calculated by HSEO06 corresponds to the doublet state, in
contrast to the LDA functional, which predicts that the mag-
netic moment is almost completely quenched. The intrinsic
magnetic moment breaks time-reversal symmetry, and thereby
the topologically non-trivial system would correspond to the
anomalous Hall insulator rather than to the topological insula-
tor.
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The strong correlation effects contribute to the opening of the band gap in graphene covered with the Ir
adatoms.



