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states, which means that a HOMO-LUMO light excitation would not modify the spin
population of the substrate. In the perspective of producing a spin excitation through
these HOMO-LUMO light excitations, the only possibility is to modify the spin popu-
lation of the molecular Fe atom and through the super-exchange coupling with the Ni
underneath to have some effect on the latter. The modifications on the Fe atom are,
however, too light to have a significant effect on the Ni underneath. Other transitions
could be considered at higher energies. However, these involve states of higher mixing
between the molecule and substrate orbitals, making a plausible tuning more complex.



CHAPTER 9

Magnonic studies

Built the Heisenberg Hamiltonian of a magnetic system, its diagonalization gives the
system spin coherent excitations, which are called magnons (see Section 2.3.2).

The interest in this chapter is to obtain an Heisenberg Hamiltonian of the FePc/NiO(001)
spinterface and to evaluate the effect of the molecule adsorption on the substrate magnonic
properties. In this regard, effects of the adsorption of organic compounds on the inor-
ganic substrate magnonic properties have already been observed, e.g. the experimental
results on YIG [5] and the theoretical ones on CrSBr [78] [79]. The magnonic group ve-
locity is affected by the charge transfer mechanisms at the interface. Still these kind of
studies are missing for TM-oxides layers, in spite of their remarkable characteristics in
terms of magnonics: low spin-orbit coupling, antiferromagnetic and insulating charac-
ter.

9.1 Computational details

With respect to the computational details of the preceding Chapter [§| there are some
differences and some additions. The value considered for the Ni atoms Uy; = 5.8 eV is
chosen in order to properly reproduce the expected experimental values of the NiO bulk
magnonic bands [157]-[158], while the one chosen for the Fe atom is unchanged. In this
regard, we have verified that choosing a different U for the Fe atom changes only the
local super-exchange coupling Fe-O-Ni, not having any significant effect on the average
values of the substrate. This means that if we are interested in the average effects on the
substrate, the U value of the Fe atom is not as significant as the one of the Ni atoms. The
selected plane wave cutoff is here 70 Ry for the wavefunctions. The minimal adsorption
energy configuration is the one underlined in the literature [119] and reported in the
preceding chapter 8| properly optimized with the new parameters.

Additional computational methods are here described. In particular, a wannierisa-
tion procedure allows us to extract from the DFT results a tight-binding model of the
system. This is then used in a perturbative approach based on magnetic force theorem
(MFT), to extract the exchange couplings of an Heisenberg model:

~ 1 PN
H=3 Z Ji ;58 (9.1)
4,3

where only collinear terms have been considered. A downfolding is applied in the ex-
traction of the exchange couplings, due to the presence of the O ligands in the substrate.
At this point, a Holstein-Primakoff transformation of the spin operator in the Heisenberg
model allows us to introduce annihilation/creation operators of quasiparticle quanta,
i.e. magnons, and to extract from the Heisenberg model their dispersion law through a
diagonalization procedure (Colpa’s method) [111].
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9.2 NiO bulk

The NiO in its rock-salt structure with a lattice parameter of 4.168 A is considered in
its antiferromagnetic ordering AFII (stacking of ferromagnetic planes along the [111] di-
rection) [156]. Between the exchange couplings the non-null ones are the J1 and ]2 cou-
plings, respectively, along the ferromagnetic planes [111] and between the ferromagnetic
planes [111] not through the O atoms, and the J3 couplings between the ferromagnetic
planes [111] but this time through the O atoms. The J3 coupling is the most significant
one and it is due to super-exchange coupling [159]. These couplings are indicated in the
Fig.0.T|by the colored lines.

Figure 9.1 NiO bulk conven-
tional unit cell of 8 formula
units (FU). Color scheme as fol-
lows.  Light (up) and dark
(down) green: Ni atoms, accord-
ing to their magnetization; Red:
O. The main exchange couplings
between the Ni atoms are in-
dicated through a colored line:
Red: J1; Ciano: J2; and Magenta:
J3.

Different effective U values have been considered in the calculation of the exchange
couplings, Fig. As highlighted in the computational details, first a wannierisation
procedure is considered to extract a tight-binding Hamiltonian, then the MFT is applied
to the tight-binding Hamiltonian to extract the exchange couplings.

In the wannierisation procedure a projection approach has been used, considering
as initial projectors p orbitals for the O and d orbitals for the Ni, in an energy window
[—12,a) eV around the Fermi energy, where a has been modified in order to include the
d orbitals bands at the bottom of the conduction band for varying U value. This choice
for the energy window is clarified by looking at the band structure in Fig.[9.2|at a fixed
U value, where a colored circle represents the contribution to the respective Kohn-Sham
state of the pointed atomic orbital. No localization iteration has been applied in the
wannierisation, in order to avoid spurious hybridisations between the p orbitals and the
d orbitals in the building of the tight-binding Hamiltonian.

Then from the tight-binding Hamiltonian, trough the MFT we have obtained the
isotropic exchange couplings.

The noise introduced by the wannierisation procedure has been evaluated through a
fitting of the tight-binding Hamiltonian energy bands and the DFT energy bands. This
fitting allows us to estimate qualitatively an error on the J values as Ey ~ [n/(W/Ny)] *
[max/tmax] Where W is the energy window opening, N; the number of wannierised
bands, tmax( 2¢V) the maximum band width in the energy window, and 7 the average
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Figure 9.2 Electronic fat-bands structure of NiO bulk (U=4.00 eV). Color scheme as fol-
lows: Blue: O p orbitals; Red: Nil p orbitals; Green: Nil d orbitals; where Nil is the Ni
majority spin channel species in the AF phase. Majority spin channel components are
shown on the right, while minority spin channel component on the left. The position of
the Fermi energy in the gap is arbitrary.

noise on the wannierisation

1
n= N, Z(EDFT,mk — EwaN,mk)? 9.2)
mk

with the maximum deviation measured as fmax = MaXk | EDFT,mk — EWAN,mk|-

As can be observed, the noise for U parameters outside the intervall [4.5,6.5] is quite
significant (> 20%), as the wannierisation becomes more difficult; to relax the structure
with the corresponding U can help into obtaining a better wannierisation; however, here,
we have fixed the lattice parameter in order to reproduce the experimental one.

From the ground state point of view, here we remind that, to an increase in U cor-
responds an increase in the magnetic moment on the Ni, and a respective decrease in
charge on the Ni and increase in charge on the O. Thus, looking at Fig. we can con-
clude that an increase of magnetic moment on the Ni (and increase in electronic charge)
corresponds to a decrease in absolute value of the associated |3 coupling.

We selected an effective U of 5.8 eV for the Ni atoms, which gives exchange cou-
plings in between the experimental results [157, [158]: J1 = 0.41, J2 = —0.17 and
J3 = —9.02 meV, as well as the lowest noise in the chosen wannierisation procedure
as underlined by the minimum of Ey in Fig.[9.3|and by the close overlap of the bands

in Fig.0.4
9.3 FePc/NiO(001)

From the NiO(001) 1 x 1 cell we have built a supercell, considering an epitaxy matrix
((6,0)(3,3)), as in the preceding chapter. After a first relaxation of the surface, we have
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Figure 9.3 Main exchange couplings in the NiO bulk for different U values: J1 (Red) and
]2 (Dark-Blue) between Ni atoms along the [111] planes, and J3 (Black) between different
[111] planes, through the O atoms. It is reported a qualitative evaluation of the error on
the Js due to the Wannierisation procedure (Light-Blue).
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positioned the molecule in its minimum adsorption configuration, as reported in Chap-
ter|8l The different U parameter of the substrate from the preceding chapter makes the
molecule to get closer to the substrate, changing its electronic structure. This highlights
then a different minimum adsorption configuration from the one of the preceding chap-
ter. Since the differences are mainly in the molecular part of the spinterface, and being in
this chapter interested in the substrate part, we have preferred an accurate description
of the former even at the expense of the latter. The Fe atom moves toward the surface,
thereby bonding more closely with the O below (Fe-O 2.05 A), which moves upwards
by 0.10 + 0.03 A of the surface. The rest of the molecule is left behind 2.9 + 0.1 A and
not dragged by the Fe atom. The Fe changes its d orbital filling and undergoes a spin-

crossover transition: df,d}tdy.dlY to dY, dizdizdiydliw with consequent effect on its
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magnetic moment —2.17up — —3.76up. The magnetic variations on the substrate are
analogous, apart differences in the order of 1 x 10~? 5, with the ones already reported.
The charge transfer from the molecule toward the surface is now of 0.35 electrons, with
respect to the 0.25 of the preceding chapter.

C)

Figure 9.5 Side-view (a) and top-view (b) of the minimum adsorption energy configu-
ration of FePc/NiO(001). Color scheme as follows. Light (up) and dark (down) green:
Ni atoms, according to their magnetization; Red: O; Brown: Fe; Blue: N; Dark-gray: C;
Light-gray: H.

A projection approach has been used in the wannierisation procedure, considering as
initial projectors p orbitals for the O, C, N and d orbitals for the Ni and Fe, in an energy
window [—9,1) eV around the Fermi energy. No localization iteration has been applied,
in order to avoid spurious hybridisation between the different orbitals in the building of
the tight-binding Hamiltonian.

Due to the fact that a single k point (I') has been considered in the calculations, the
quality of the wannierisation has been evaluated looking at the PDOS (Fig.[9.6), instead
of the band structure as in the bulk calculations (the PDOS here calculated is similar
to the one of the preciding chapter). The error on the J values is, then, qualitatively
associated to a different definition of the average noise on the wannierisation (~ 7%7,44):

2
n= Z (wDFT,z - wWan,z) (93)

WDFT,; + WWan,i

where w; = | < ;|4 > |? is the projection of the Kohn-Sham states in the energy bin i
(having a width of 0.1 eV) over the atomic orbitals of the atom A (the different atomic
groups have been considered: C atoms, N atoms, molecule and substrate). Note that
the maximum absolute value of the deviation between the different bins is measured by
Nmaz- FOI the clean substrate the error is of 0.04, while for the adsorbed system the error
is of 0.07.

Following the wannierisation, we have extracted the exchange couplings for the clean
substrate and for the adsorbed one, and compared the two (Fig.[9.7).

We have attempted to understand how the variations in the exchange couplings AJ
due to the molecule adsorption correlate to other electronic/magnetic variations, cal-
culating their rank correlation (Spearman’s correlation [160, [161]), in order to asses any
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Figure 9.6 Electronic PDOS of FePc/NiO(001) summed over (a) all molecule atoms; (b)
C; (o) N; (d) Fe; (e) substrate atoms. Solid/dash-dotted lines indicate Wannier and DFT
results, respectively. Spin-down components are shown as negative values. All values
in states/eV/cell. The position of the Fermi energy in the gap is arbitrary.

monotonic relationship between the variations:

= cov(R(X),R(Y)) 9.4)
OR(X)OR(Y)

where the rank of a variable R(X) is its ordinal value (i.e. from X = {0.5,1.3,0.01}
follows R(X) = {2,3,1}), o is the standard deviation, and cov the covariance. From here,
it emerges how the local variations in the super-exchange couplings J3 in the top layer
are weakly correlated to local variations in the electronic densities of the O atoms (~
0.40 with a p-value of < 0.01) (Pearson’s correlation gives analogue results, but slightly
smaller correlations, i.e. ~ 18%), while it is not clear if there is any correlation with the
redistribution of charge in the p-orbitals of the O atoms (~ —0.14 with a p-value of 0.20),
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Figure 9.7 Changes in the exchange couplings and in the atomic magnetic moments of
the substrate of FePc/NiO(0001) with respect to the pristine substrate (positive=increase
in the quantity). The position of the molecule atoms is marked by green letters. The
circles represent the atoms, the small ones the O atoms, while the big ones the Ni atoms;
the filling color of each circle is the corresponding variation in the magnetic moment
AM (the number in the circle quantifies this variation), the color of the contour of each
Ni circle represents its initial magnetization before the molecule adsorption. The colored
lines between pair of atoms represent the variations in the exchange couplings between
the pair AJ (the little number on the line quantifies this variation).

where the latter has been described through the coefficient

llpi — p9]]2
Deff. _ -t = 9.5
5= o ©-3)

where p; = (p¥,p!,p7) is the electron charge of the p orbital of the O atom 4, and || - ||2
the usual 2-norm. Associating to each J3 coupling, instead, the average of the magnetic
moment variations of the two bonding Ni atoms, while in general does not seem to be
any correlation (~ 0.06 with a p-value of 0.32), taking into account only the J3 couplings
between the top and the bottom layers, it emerges a weak correlation (~ —0.23 with a
p-value of 0.18). These correlations highlight two effects in the variations of the super-
exchange couplings: the depletion of electronic charge in the O atoms is correlated to
an increase of the super-exchange couplings, while the decrease of the Ni magnetic mo-
ments is correlated to a decrease of the super-exchange couplings. It is important to note
here, it is the fact that the reduction of the Ni magnetic moment is due to the filling of
the half-empty e, states. Moreover, the filling charge is not the one from the molecule,
but mainly the one leaving the O at the surface; this mechanism appears as well in the
other substrates, as the Cr,O3(0001) O-terminated one and CoO(001) one (in some way,
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the molecule reduces the local correlation of the TM ions at the surface, favoring the
electron migration).

An average of the exchange couplings can support these two main effects better than
our correlation results. In Table[9.1} the effects underlined above are shown by J3 top and
by J3 top-bottom. Moreover, it is clear how the molecule is mainly affecting the atoms
nearby, as no variations can be observed in the middle and bottom layers. We expect that
increasing the number of layers, the J3 between different layers would converge towards
a bulk-like value.

Table 9.1 Comparison between the exchange couplings of the supercell with and with-
out the molecule: the results are down-folded (symmetrized) into the unitary cell. The
differentiation between J1,J2 and J3 is analogue to the one of the bulk. The slab nature is
properly considered differentiating between the different layers (intra-layers and inter-
layers).

\ Substrate Substrate+Molecule [meV]

Intra-layers

Top J1 0.52 -0.48

]J2 0.14 -0.48

J3 -7.81 -8.48

Middle J1 0.07 0.25

J2 -0.22 -0.29
J3 -10.18 -10.19

Bottom J1 0.52 0.65

J2 0.14 0.03

J3 -7.81 -7.71

Inter-layers

Top-Middle J1 -0.36 -0.18
]2 -1.14 -0.57

Bottom-Middle ]1 -0.37 -0.18
J2 -1.14 -0.57

Top-Bottom J3 -16.72 -13.52

J2 Top
—o J1 Top Middle
e J1 Top

J3 Top Bottom
—o J3 Top

Figure 9.8 Side-view (a) and top-view (b) of the substrate NiO(001). The exchange-
couplings are underlined through colored lines: Yellow: ]2 in the Top layer; Pink: J3
between Top-Bottom layers; Blue: J1 between Top-Middle layers; Purple: J3 in the Top
layer; Orange: J1 in the Top layer. The other exchange-couplings are easily identified.
The color scheme of the atoms is as the one of the above figure.
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From this table we can obtain the magnonic dispersion of the clean substrate and
of the adsorbed substrate as shown in Fig. In details, first an Heisenberg model of
the NiO(001)1x1 (3 layers) cell is built, considering these values as the exchange values
between the atoms of the cell, then this Heisenberg model is diagonalized as specified in
Section

120

Figure 9.9 Magnonic bands of the pristine substrate (Blue) and adsorbed substrate
(Red). These have been obtained through Linear Spin Wave theory, considering only
the quadratic collinear terms in the Heisenberg Hamiltonian.

Looking at the magnonic dispersion, we can observe as overall the reduction of the
exchange couplings has a small effect. The acoustic modes are overlapping, while the
largest differences are in the optical modes, and probably are related to the exchange cou-
plings between the top and bottom layers. Among other things, we highlight a breaking
of the degeneracies, due to some proximity effect of the molecule. Moreover, we notice
that the group velocity inI' — K reduces by 0.5% after the adsorption.

9.4 Energy Method

For completeness, we report the results obtained following the energy method route in-
troduced in Section[2.3.2} The idea behind the energy method is to calculate the ground-
state energy of different magnetic configurations and to map them into the respective
Heisenberg Hamiltonian with the spin values expressed with respect to the selected
magnetic configuration. The magnetic configurations can be single atom spin-flip con-
figurations, or different atoms rows spin-flip configurations (phase method). The latter
allows to obtain average values without worrying about periodic boundary conditions.
For these reasons we followed the latter. This energy method has already been applied
to the case of other spinterfaces [78} [79].
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9.4.1 NiO bulk

In the case of NiO bulk the equations obtained from the solution of the mapping are the
following

1
Ji,J2 = —(Farr — Erm)

16
) (9.6)

Js = 4*8(4EAFH — Erm — 3E4rr1)
where F'M is the ferromagnetic configuration, AF'I the antiferromagnetic configuration
along the [001] direction, and AFII the antiferromagnetic configuration along the [111]
direction (the magnetic ground state). The results are the ones in the Table com-
pared with the ones obtained from the magnetic force theorem method. Comparable

Table 9.2 Exchange couplings [meV] for the NiO bulk, evaluated using the energy
method (EM) and the magnetic force theorem (MFT).

EM  MFT
J1J)2 -042 012
J3  -1091 -9.02

results are obtained with a different effective U in [159]. The J3 seems sufficiently similar
(20%) between the two methods. The J1, ]2, instead differ even in the sign; however,
these exchange couplings are very small and easily dependent on the numerical setup.
Moreover, they are not significant in terms of the magnetic nature of the system.

9.4.2 FePc/NiO(001)

For the NiO(001) substrate, the Heisenberg Hamiltonian considered is the one of the
supercell tri-layer, assuming J1 and J2 equal to zero in each layer and between the layers.
Evaluating this for our ((6,0), (3, 3)) supercell but keeping the same periodicity as in the
1 x 1 cell yields (averaging of the exchange couplings)

H= *36(J3)12S132 — 36(J3)345354 - 36(J3)565556 - 18(J3)165156 — 18(J3)25SQS5 + Ey
9.7)

where each pair (1,2), (3,4), (5,6) represents the rows of atoms of different magnetiza-
tion in the ground state configuration for the different layers, respectively top, middle
and bottom layer, as reported in Fig.

The magnetic configurations considered are reported in Table.

The NiO(001) results and the FePc/NiO(001) results are the ones in Table This
allows us to see if the conclusions obtained through the magnetic force theorem, can be
obtained through this extremely simplified energy method. While the energy method
partially reproduces the increase of the exchange coupling at the top and its decrease at
the bottom, it does not give the expected decrease between the top and the bottom. En-
larging the Heisenberg Hamiltonian considered, does not solve this problem, and make
the mapping quite more demanding. We notice the fact that in the pristine substrate the
J3 at the top layer and bottom one are different, this is due to the fact that the bottom
layer is fixed to be bulk-like.
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Figure 9.10 Side-view of the NiO(001), underlining the rows considered in the energy
method mapping.

Table 9.3 Spin configurations considered in the mapping between the DFT calculations
and the Heisenberg model in[9.7]

configurations | S;  S; S3 Sy S5 Sg

1 1 -1 1 -1 1 -
2 1 -1 1 -1 -1 1
3 1 1 1 -1 1 -
4 1 -1 1 1 1 -1
5 1 -1 1 -1 1 1
6 -1001 1 1 1 1

Table 9.4 Energy method: comparison between the exchange couplings of the supercell
with and without the molecule. In the Heisenberg Hamiltonian the J1 and ]2 couplings
have been considered equal to zero. Moreover, different magnetic phases have been
considered instead of single atoms spin flips.

| Substrate Substrate+Molecule [meV]

Intra-layers

Top J3 -9.96 -10.56
Middle J3 -12.44 -12.38
Bottom J3 -9.45 -9.07

Inter-layers
Top-Bottom J3 [ -7.81 -8.45

9.5 Conclusions

Although the effects induced by the adsorption of FePc on the substrate magnonic prop-
erties are marginal, we have obtained some hints about the possible chemical tuning of
them through molecular adsorption.

The adsorption of the molecule induces a shift in the electronic charge distribution,
moving it from the O atoms towards the transition-metal atoms. As underlined in the
conclusions of Chapter [4} this movement is the result of two movements, one of the
interface charge (mainly of O character) towards the molecule, the other of the charge
shared in the pristine substrate between the surface O atoms and transition-metal atoms
towards the latter.



9. Magnonic studies 106

This charge shift can affect the local magnetic moments of the transition-metal atoms,
increasing or decreasing them based on factors such as the filling of d orbitals, the lo-
cal exchange splitting, and crystal field splitting. In substrates like NiO and CoO, the
increased electron density on the transition-metal atoms results in a decrease in their
local magnetic moments. While the reduction in the magnetic moments is related to a
decrease in the super-exchange coupling, the decrease of the O atom charge is related
to an increase of it. For systems such as FePc/NiO and C60/CoO [39], the reduction
in the magnetic moments of the transition-metal atoms is offset by a decrease in the
charge on the O atoms, leading to a net increase in the surface super-exchange cou-
plings. It’s reasonable to assume that FePc on CoO(001) would exhibit similar behavior.
However, as discussed in Chapter [} FePc adsorption on CoO(001) is unique. Unlike
the FePc/NiO(001) spinterface, the orbital contribution to magnetism plays a major role
in the CoO system, complicating the interpretation of changes in the super-exchange
couplings. Therefore, while these conclusions suggest pathways for chemically tuning
magnonic properties, further studies focusing on the orbital component would be nec-
essary to fully understand the FePc/CoO(001) spinterface.



Outlook

From these studies the complexity of the spinterface problem emerges: a significant de-
pendence of the energetic, electronic, magnetic and optical characteristics with respect
to the substrate considered has been highlighted. However, in spite of the peculiarities,
we can extract some similarities, also in the perspective of applications.

The spinterfaces in the case of energetically-magnetically stable substrates mainly
involve the first layers of the substrate, e.g. in NiO as reported in Fig.|8.3|and Cr,O3 Cr-
terminated in Fig. The bonding of Fe-phthalocyanine can be guided by the Fe atom,
as in NiO (Fig.[8.3), or by the N atoms as in Cr,O3 Cr-terminated (Fig.[6.4), or by the two
of them, as in CryO3 O-terminated (Fig. . Local modifications of magnetism can be
observed at the bonding points. Orbitals of the molecule pointing toward the substrate
are the most hybridized ones, e.g. the dz2, dxz and dyz orbitals of the Fe atom in NiO
(Fig.[8.5). Light excitation produces movement of charge from the substrate towards the
center of the molecule, e.g. in CoO (Fig.[4.5). The breaking of the spin symmetry of the
substrate due to the molecule adsorption, makes the charge movement spin-unbalanced,
as clearly shown in Cr,O3 Cr-terminated (Fig.[6.6).

Between these similarities, the possibility to produce through light excitation a spin-
unbalanced charge movement is the one characteristic needed in the perspective of ac-
tivate the spinterfaces to produce coherent spin excitations. In fact, as clearly shown in
the case of NiO (Fig.[0.7), the local charge and magnetic variations are related to local
variations in the magnetic couplings of the substrate, which define the dispersion of the
coherent spin excitations.

The control of this activation requires deeper analysis of the optical spectra of the
spinterfaces. In this regard, tight-binding models, extracted from the ab-initio results,
could be used to obtain higher accuracy optical spectra of these large systems, at a lower
computational cost, as introduced in the Appendix

Among other things, prior to the light activation problem, it is not to be forgotten
that there are still difficulties related to the ground-state itself. The energetic proximity
of numerous magnetic configurations, in fact, makes difficult to find the proper ground-
state, as we underlined in Section[7.5] We are still working on finding new ways to solve
this problem.

Lastly, with regard to the spinterfaces to consider with the goal of light activating
them, we underline three points. First a major hybridization between the molecule and
the substrate would be preferential, in order to maximise the effects of the light excita-
tion of the molecule on the magnetic couplings of the substrate. Second, and related to
the first, to have an effect on the magnetic couplings of the substrate, the hybridization
has to be spin-unbalanced. In this regard an adsorption configuration breaking the spin
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symmetry of the substrate is sufficient, and a magnetic molecule is not required. Third,
the tunability of the spinterface is related to the presence of a molecular character and a
substrate character, so the hybridization has not to be so that the two can not be distin-
guished anymore, at least if we are interested in a predictable response. This in terms of
light excitation spectrum translates into the presence of high-intensity transitions with
states of clear molecular character and substrate character.

Among the spinterfaces studied, some exhibit favorable properties from one perspec-
tive but fall short from another. For example, FePc/CoO(001) (Chapter 4) shows high-
intensity substrate-molecule optical transitions, yet lacks spin-unbalance. Differently,
FePc/Cr203(0001) with O-terminated surface (Chapter[7) displays noticeable substrate-
molecule hybridization, but does not feature high-intensity substrate-molecule optical
transitions. FePc/NiO(001) (Chapter [8) demonstrates low levels of both hybridization
and spin-unbalance, making it less promising overall. The standout spinterface is
FePc/Cr203(0001) with Cr-terminated surface (Chapter @, which exhibits significant
hybridization, spin-unbalance, and clear high-intensity substrate-molecule transitions,
making it the most promising candidate in terms of optical tunability of the magnetic
properties.



APPENDIX A

Group theory and Magnons

We believe that a better understanding of the magnonic problem can be obtained trough
a topological approach and an ab-initio one. In order to follow the former route, it is
necessary to introduce a few concepts of group theory.

A.1 Basic group theory notions

A group is a set of elements G = {a, b, c. .. } which satisfies the following conditions
¢ the product between any two elements is also a group elementa -b € G
e the product is associative a - (b-¢) = (a-b) - ¢
¢ there is a unit element e € G'such thata-e =aVa € G
e each element has an inverse elementa-a ! =a"'-a=eVa € G

A Class is the set of elements of the Group b that can be obtained from any element of
the Group a by conjugation with a suitable element of the Group x

b=z"1-a-x (A1)

A class represents the set of indistinguishable operations, as in the group Ds), the 3 ro-
tations+reflections operations o,, that can be distinguished only by fixing an arbitrary
reference system.

The one-to-one identification of the elements of the group G with matrices, is called
a representation of the group G if the product operation is preserved (isomorphism)

M(a-b) = M(a)M () (A2)

The dimensionality of a representation is equal to the dimensionality of its matrices.

The representation is reducible if all the matrices associated to the group elements
can be brought to the same diagonal-block form by a single unitary transformation, or in
other words, that the representation can be described as the direct product of different
representations with lower dimensionalities.

Being the characters (traces) of the matrices defined modulo a unitary transforma-
tion, a representation is identified by the characters of the matrices. The characters of
the elements of the same Class are equal. The characters allow to easily manipulate the
representations of a Group, see for example [162].
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A.2 Real-space band representation

Let us consider a coordinate g, also called center, in the Wigner-Seitz cell and the associ-
ated symmetry space group G4 composed of those operations, indicated as {~|7}, which
leave g invariant (apart for a Bravais lattice vector R)

{yl}q=q+ R{'™ (A.3)

where v is a point-Group operation and 7 a translation operation. Let us denote by
gq the point group associated with the space group G4, i.e. the set of operations of
the form {7|0}, and by D()(v) its irreducible representations, where the index [ ranges
between 1 and the number of irreducible representations (equal to the number of classes
of the point group). Let us denote instead, by 7' the translations group, i.e. the set of
operations of the form {0|r}. If the space group Gy is factorizable into the associated
point group g4 and translations group T, then it is called a symmorphic space group. As
a consequence, the space group G4 can be mapped into the factor group gq/7 (which is
isomorphic to the point group gq itself). The factor group g4/7 is the set of equivalence
classes defined by the point group operations up to a translations group operation. In
terms of representation, any representation of a symmorphic space group G4 is uniquely
identified by the pair of representations of the point group g4 and of the translations
group 1.

Therefore, considering the reciprocal lattice vectors k as labels which identify the ir-
reducible representations of the translations group, we can then write the representation
of any element of the space group G4 as

{3l : D@D |7), k] = e BT Dl(y) (A4)

where the exponential is the (Abelian) representation of the translations group and D
the matrix associated to the space group element {~|7} in the representation (q, !).

At this point, we can decompose the general space group G into the cosets of a space
group G4 of a generic center g in the Wigner-Seitz cell

G =GqU{azlaz}GqgU{aslas}Gq U -+ {aslas}Gq = U{Upeg, aslasty  (A5)

where {a;|as} (a5 point-group operation and « translations group operation) are those
elements not belonging to G4, but belonging to G. This decomposition allows us to build
a representation for the general space group starting from a representation of the space
group of the generic center. In other terms, given a basis set Ci((l]) for a [-representation

of the space group G4, where the index ¢ ranges between 1 and the dimension of the
l-representation

l 1 l
(yryc) =3 D[y r}, KCy, (A.6)
J
the set of elements
l l ! l l
.0 — {asla}c®, -, = {asla}C, (A7)

forms a basis set for the (g,!)-representation of the space group G. In this regard, let
us consider an arbitrary element {a|a} of the space group G, its matrix form in the
representation (g,!) is uniquely determined by the action on the respective basis set.
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This action can be related to the action of a point group operation on the associated basis
set representation I:

{ala}Cl) = {ala}{amlan}CL = {anla,} {3]e}CLY
={aylan} ZD(Q ) {’Y|C},a_1k C(l) ZD q,l) [{]c}, a_lk] jfl) 7 (A.8)

Any element of G is in fact uniquely related to an element {7|c} of G4 through the coset

decomposition
{alaf{amlan} = {an]an}{yle}. (A9)

Thus, the representations of G, also called band representations, can be found consider-
ing the irreducible representations of the centers in the Wigner-Seitz cell. In the specific,
if we are interested in the irreducible band representations of G, the chosen centers in
the Wigner-Seitz cell have to be relevant symmetry centers.

Two (symmetry) centers g; and g3 are equivalent if their point groups gq, = g4, and
their translation factors coincide, for a Bravais lattice (R) translation

ik-R(Ye) L. ik-R(YI€)
elki Rq2 — e’Lk! Relk qu (A.lO)

Two (symmetry) centers are called subequivalent if the point group of one is a subgroup
of the others, and if all the translation factors of the two coincide a part a Bravais lattice
translation. A center that is not subequivalent to any other center is called a relevant
symmetry center or a Wyckoff-position of the space group G.

The irreducible band representations (g, {) of the space group G are generally called
band representations (BR). BRs not unitarily equivalent to a direct sum of two or more
BRs, are called elementary band representations (EBRs).

A band representation has information about the connectivity between different ir-
reducible representations at different k points (little point groups gi representations,
where the little point group gy, is the set of operations which leave k invariant).

A set of r electronic bands, defined as the solutions to the electronic problem across
all k-points in the Brillouin zone (BZ), is said topologically non-trivial if it cannot be
expressed as a direct sum of elementary band representations (EBRs) with non-negative
integer coefficients. In other words, these bands cannot be constructed purely from lo-
calized atomic orbitals while respecting the crystal’s symmetries.

Conversely, a set of electronic bands is said to be topologically trivial if it can be
written as a direct sum of EBRs. Such a band structure can be smoothly deformed into
an atomic limit, implying no non-trivial topological properties.

A few remarks about magnetic space groups are needed. In a magnetic space group
G, the introduction of the time-reversal operator makes the usual definition of repre-
sentation of the group not anymore possible, due to the fact that the group operation
can not be preserved: generalized representations have to be defined, generally called
co-representations. However, instead of working directly with the magnetic space group
and its co-representations, it is common to work with the unitary part of the magnetic
space group; in fact, the irreducible co-representations of the former are associated to the
irreducible representations of the latter (the Dimmock-Wheeler test) [163} [164].

A.3 The magnonic bands

The set of operations which leave the Heisenberg Hamiltonian invariant form the group
Gp. Its subgroup which leaves the magnetic ordering (S¢) invariant is referred to as
Gur.



Appendices 112

If the (spin-orbit) coupling between the lattice and the localized moments is signifi-
cant, the group G is a magnetic space group, if instead the coupling is weak, then the
group Gy is a direct product of a lattice space group and a spin group, and identified as
a spin space group.

Due to the linear relation between transverse spin operators and bosonic creation
an annihilation operators, the symmetry considerations on the magnetic ground state
reflect on the magnonic bands, i.e. G is the symmetry group of the magnonic bands.

Considering the Wyckoff positions of the magnetic ions and their magnetic point
group gas, the induced magnonic band representations (BRs) follow; fortunately, these
are tabulated on the Bilbao Crystallographic Server [165,[166], in the section called MBAN-
DREP (magnetic band representations). Of the different induced band representations
only those associated to local irreducible representations of the transverse spin operators
(the ones perpendicular to the quantization axis) are considered [167].

A.3.1 NiO bulk

NiO has a rock-salt structure, i.e space group Fm3m (point group m3m, i.e. Op). The
magnetic space group preserving the AF ordering is C.2/c (Schubnikov’s Group IV,
propagation vector [1/2,1/2,1/2]). Between the Wickoff positions of the magnetic space
group, 4c is the one associated to the magnetic ion. The magnetic point group of the 4c¢
position is 2'/m’. In the group 2’'/m’ the irreducible representations associated to the
transverse spin moments S* are the two A, representations (one is related to negative
energy solutions of the magnonic problem, so it is here not considered). The band rep-
resentation induced by the pair (4c, A,) is then A, 1 G(2). Two band representations are
induced. These are degenerate in most of the special k-points of the BZ, apart I'(000) and
Y (010) (these breakdowns of the degeneracy can be caused by spin-orbit coupling or any
external perturbation which is not changing the magnetic space group of the system, as
reported in [168]).
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The BSE Hamiltonian in a Wannier basis

Due to the importance in the absorption optical spectra of the screened electron-hole
interaction and the related formation of excitonic states, it is necessary to go beyond the
individual quasiparticle excitations and to solve the Bethe-Salpeter equation.

In order to reduce the computational effort of this task, an idea would be to consider
a tight-binding model of the studied system and to solve the Bethe-Salpeter equation re-
lated to this model. This would allow us also to modify the model, adding contributions
as spin-orbit coupling a posteriori, and to obtain the effects directly on the adsorption
optical spectra. Notice that we would extract the tight-binding model through a Wan-
nierisation procedure, as already done in Chapter

The theoretical derivation which is the one reported in Section assumes the or-
thonormality of the basis set of the tight-binding model. This condition could be avoided
at a later stage, modifying the theoretical derivation and the implementation. These re-
sults are preliminary and major testing is still needed; however, also in the view of some
perspectives, we find valuable to add them.

B.1 Literature survey

There are different studies trying to obtain BSE spectra from a tight-binding Hamilto-
nian [108] 169, [170]. One of the main differences in the codes by A. Dias et al. [169]
and Uria-Alvares et al. [108] is the evaluation of the dipoles in transition space: in the
former these are directly evaluated from the tight-binding Hamiltonian, in the latter the
integrals over the Wannier functionas are instead considered and are approximated con-
sidering delta-like Wannier functions. The code by K. Merkel et al. [170] is different in
this regard, because the excitonic problem is written in terms of the Wannier functions
themselves and not in terms of optical transitions, making the evaluation of the dipoles
in transition space not necessary. With the aim of implementing also magnetic systems
and avoid delta-like approximation of the code by A. Dias et al, we started writing our
own code. With respect to the codes cited above we are able to go beyond the Tamm-
Dancoff approximation and to calculate the screening W at the RPA level. Howevere,
due to computational effort, we evaluate the W as in the codes cited above, considering
a homogeneous screening in reciprocal space. Among the other things, we can easily
implement the possibility to consider ¢ # 0 spectra. With respect to the code by Uria-
Alvares et al. we can add non-local effects, i.e. reciprocal lattice vector different from 0 to
the expansion of the coulomb potential. The extraction of a tight-binding model, despite
its simplification and the introduction of some arbitrariness, could make the problem of
calculating the optical spectra beyond IPA computationally accessible, also for system
sizes like the ones we are considering.
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B.2 Bulk ssilicon

We use bulk silicon as a first, simple test case for our BSE implementation which relies
on Wannier functions.

In the case of bulk silicon, the bands around Fermi are of s and p characters. This
means that a Wannierisation of these states can be quite susceptible to the choice of cho-
sen parameters. Different tests have been done in the Wannierisation, in order to reduce
the Wannier functions (WFs) spreading, to fit the energy bands and to reduce the ratio
between imaginary and real parts of the Wannier functions. If the maximally-localized-
Wannier functions are not real, than the spreading functional is in a local minimum [171].

While to consider a significant number of WFs with generic initial projectors (p+s+random
projectors) allows to reduce significantly the spreading of the obtained WFs, preserving
a good fitting of the DFT bands, it worsens significantly the ratio between the imaginary
and real parts of the obtained WFs.

Proper initial projectors (s(on bonds)+sp3+random projectors) can help into reduc-
ing the ratio between the imaginary and real parts of the obtained WFs. However, to
reach ratios of the order of 1074, less WFs in the Wannierisation procedure have to be
considered, facilitating the finding of the global minimum of the spreading functional.

From the numerous tests we did, the two possible choices have emerged

* 16 WFs with initial projectors s(on bonds)+sp3+random, average spreading ~ 1.26 Az,
optimal fitting in the relevant subspace (4 valence + 4 conduction) and ratios of the
order of 10~2;

8 WFs with initial projectors s(on bonds)+sp3, average spreading ~ 2.6 A2, not-
optimal fitting of the higher bands and ratios of the order of ~ 1073.

To make the calculation quicker, an empirical dielectric constant (diagonal and static)
¢! has been used; however, the implemented code has also the possibility to calculate
it at the IPA and RPA order. Notice that to calculate W at the RPA order would require
much more empty bands than the ones obtained here through the Wannierisation.

A value of 11.4 has been selected in the range of the different experimental values
reported in the references [172H174].

In the Tamm-Dancoff approximation, with 1000 k points randomly chosen in the BZ,
2 conduction bands + 4 valence bands and the 8 WFs model, the spectra in Fig.[B.2]are ob-
tained. The BSE spectra reminds the experimental one; however, the two peaks at 3.5 eV
and at 4.5 eV are not as high as expected. This is probably due to the approximations
done: the W approximation and the dipole approximation. However, to consider the
complete dipole makes the calculation computationally demanding. In this regard, one
can truncate the screened coupling W, considering only the k points differences inside a
fixed sphere. We implemented this possibility, and the user can enlarge the radius of the
sphere, but the choice of the proper radius is not a straightforward choice. In fact, the
spectra obtained considering 1000 k points, 2 conduction + 2 valence bands, real space
integrals over a supercell 3 x 3 x 3 and a radius of 0.2 A=, are much worse (not reported
here) than the one obtained with the above dipole approximation.

B.3 Bulk NiO

Let us consider the NiO with U = 5.8 eV, having already selected the proper parameters
for the Wannierisation from the preceding studies of the magnetic couplings in Chap-
ter[9] In this case the Wannierisation is easier than in the silicon case, having mainly d



Appendices 115

16
~— s
Wannier

DFT — &

Figure B.1 Electronic band structure of Si bulk. Solid/dash-dotted lines indicate DFT
and Wannier results, respectively. The position of the Fermi energy in the gap is arbi-
trary. The following are the considered parameters: frozen window ~ (—oo, Er + 3],
larger window ~ (—oo, E + 13], initial projectors s(on bonds)+sp3, 20 iterations in the
maximal-localization procedure.

and p orbitals. This translates in terms of the spectra also in the need of a less significant
number of k points, having less dispersive bands.

As initial projectors p orbitals for the O atoms and d orbitals for the Ni atoms have
been considered. In order to reduce the ratio between the real part and the imaginary
part of the WFs (=~ 0.0025), the frozen window and the larger window have been chosen
respectively equal to (co, Er] and (oo, Ep + 11] eV. The average spreading of the simil-d
orbitals is 1.48 A2, while the one of the simil-p orbitals is 3.22 A2

To fasten the calculations an empirical dielectric constant of 11.9 [175] has been con-
sidered.

Considering the Tamm-Dancoff (TD) approximation, 400 k points randomly chosen
in the BZ, 2 conduction and 8 valence bands, the spectra in Fig. are obtained. The
interpretation of these results is not straightforward, due to the fact that here we are
considering only transitions involving the conduction bands of d character. There is no
similarity between the experimental data and the BSE-TD spectra, while the IPA spectra
reproduces well what already reported in the literature [11]. However, the addition of a
normalization of 1/(67) has been needed to obtain a comparable IPA. This suggests that
the code needs more testing, as already suggested by the Si studies.
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Figure B.2 Si: BSE (Tamn-Dancoff) and IPA adsorption spectra of the SWFs model Hamil-
tonian (polarization averaged over the x,y and z directions). The dipoles for this calcu-
lation are calculated with the approximated-method. A Lorenzian broadening of 0.1 eV
has been considered. In red the experimental data reported from [10].
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Figure B.3 NiO: BSE (Tamn-Dancoff) and IPA adsorption spectra (polarization averaged
over the X, y, and z directions). The dipoles for this calculation are calculated with the
approximated-method. A Lorenzian broadening of 0.1 eV has been considered. In red
the experimental data reported from [11]]. A factor 1/(67) has been considered to make
the IPA spectra comparable to the literature results [11]].
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