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3d oxide molecules to tailor large magnetic anisotropy energies on MgO films
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Designing systems with large magnetic anisotropy energy (MAE) is desirable and critical for nanoscale
magnetic devices. A recent breakthrough achieved the theoretical limit of the MAE for 3d transition metal
atoms by placing a single Co atom on a MgO(100) surface, a result not replicated by standard first-principles
simulations. Our paper, incorporating Hubbard-U correction and spin-orbit coupling, successfully reproduces
and explains the high MAE of a Co adatom on a MgO (001) surface. We go further by exploring ways to
enhance MAE in 3d transition metal adatoms through different structural geometries of 3d —O molecules on
MgO. One promising structure, with molecules perpendicular to the surface, enhances MAE while reducing
substrate interaction, minimizing spin fluctuations, and boosting magnetic stability. Additionally, we demonstrate
significant control over MAE by precisely placing 3d—O molecules on the substrate at the atomic level.
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I. INTRODUCTION

Surface-embedded molecular magnetic structures are of
tremendous interest, as they represent the smallest magnetic
units at the ultimate atomic scale [1-3]. Recent studies on
magnetic adatoms with sizable magnetic anisotropy energy
(MAE) has been intense due to their potential applications
in high-density information storage and quantum spin pro-
cessing [4—13]. For nanostructures on surfaces, the MAE is
typically dominated by its uniaxial contribution, which can be
computed from the energy difference between having the spin
moment perpendicular to and in the surface plane: K = E(S ||
Z) — E(S || X). For instance, single Co atoms deposited onto
a Pt (111) surface give rise to an out-of-plane MAE of about
—9meV per adatom favoring an out-of-plane orientation of
the magnetic moment, and the assembled Co nanoparticles
have an MAE that is reliant on the coordination of a single
atom [4] while being enhanced by the polarization of the
substrate [14]. If the Co atoms are separated from the Pt
surface by graphene, the MAE is maintained at a significant
value (MAE =4-8.1 meV per adatom, where the positive sign
indicates an in-plane MAE) [7]. Ab initio simulations pre-
dicted the possibility of achieving remarkable MAEs for Co
or Ir dimers on graphene (MAE = —30 meV per adatom) [8],
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for Os adatoms on graphene nanoflakes (MAE = —22 meV
per adatom) [9], and for Co dimers on benzene (MAE =
—50meV per adatom) [10]. A substantial out-of-plane MAE
would generate an energy barrier that could protect the mag-
netization from thermal or quantum fluctuations [15-17],
making it robust and stable and allowing the magnetization
to be orientated in a preferred spatial direction for a sufficient
duration of time, which would be practical for the realization
of a magnetic bit. It is also interesting to note that the values
of the MAE obtained for these few-atom systems can be much
higher than the ones found in well-known magnets such as hcp
Co (K ~ —0.06 meV per atom) and L1y FePt (K ~ —2 meV
per Fe atom) [18], which points to underlying microscopic
differences in how the MAE is established and that we explore
in this paper.

Strategies for enhancing the MAE of magnetic adatoms
are based on three vital aspects: a large spin-orbit coupling
(SOC) energy, a significant orbital moment, and a special
ligand field [11,12,15,19,20]. As a ligand field frequently
quenches or reduces an orbital moment, by enforcing orbital
degeneracies, it is difficult to attain a massive MAE without
a suitable surface or substrate. Recently, thin insulating layers
of MgO developed into an appealing substrate for exploring
various magnetic aspects pertaining to magnetic adatoms and
molecules [11,13,19,21-43].

On that very substrate, Rau e al. [11] discovered that a
Co adatom adsorbing on the oxygen-top position of the MgO
(001) surface (see Fig. 1) is characterized by a large MAE
since the underlying measured zero-field splitting with inelas-
tic scanning tunneling spectroscopy reaches approximately
60 meV [11]. Assuming a spin % for the Co adatom implied
a MAE of the order of —90meV per adatom [44], which
broke records and reached the magnetic anisotropy limit of
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FIG. 1. Investigated atomic structures for 3d adatom and 3d—O molecules on a bilayer of MgO. The different structures are numbered
depending on the orientation of the molecule with respect to the substrate. 3d atoms are represented by blue spheres, O by red spheres, and

Mg by orange spheres.

3d transition metals. Details of the interaction between the
Co and MgO surface, for instance, the Co—O bond, uniquely
determines the underlying magnetic properties. In our current
paper, we observe that conventional density functional theory
(DFT) simulations using the local spin-density approximation
(LSDA) or generalized gradient approximation (GGA) do not
recover the large MAE of Co on MgO. Ou et al. [44] pre-
dicted that orbital reordering as described within DFT 4 U
can occur, which can enhance the MAE of Co on MgO while
leading to gigantic MAEs for Ru (MAE = —110meV per
adatom) and Os on the same surface (MAE = —208 meV
per adatom).

In this paper, we investigate from ab initio (see Methods
section) the remarkable MAE of Co, in particular, and the
underlying electronic mechanisms leading to its large value.
Furthermore, we explore the MAE of the whole series of 3d
adatoms on the MgO surface with the aim of identifying the
ideal structural scenario for enhancing their MAE by forming
molecules with an additional O atom (XO molecules, X being
a 3d atom); see Fig. 1. Of our particular interest is the case
where the molecule is perpendicular to the MgO surface, such
that the interaction of Co with the substrate is minimized, as
shown in Figs. 1 and 2, which should reduce the substrate-
induced spin fluctuations to a minimum [15].

II. MAE OF A SINGLE CO ADATOM
ON THE BILAYER OF MgO

To set the stage for our study, we investigate the MAE
of a single Co adatom on a bilayer of MgO surface. We
consider the adatom on an O-top site (see Fig. 1) since it is
the most stable adsorption site [11,31]. Regular LSDA calcu-
lations lead to a weak MAE (—10meV per adatom), which
favors an out-of-plane orientation of the magnetic moment.
Since electronic correlations are expected to be crucial on
MgO, we incorporated different values of the Hubbard U (and
exchange parameter J) including SOC. Once correlations are
taken into account, the MAE experiences a large increase
and reaches the order of magnitude experimental values for
U=4eV,J =1eV (MAE = —145.2meV per adatom), and
forU =6eV,J = 1eV (MAE = —93.3 meV per adatom).

To understand the underlying physics, we plot the corre-
sponding partial density of states (PDOS) of a Co adatom
without including SOC (Fig. 2). A common feature in all
investigated cases is the degeneracy at the Fermi level of the
dy; and d,, states. The rest of the states experience clear shifts
with respect to the Fermi energy as soon as the Hubbard-U

correction is included, which presumably triggers the afore-
mentioned differences in the MAE. In the following, we
utilize degenerate first-order and nondegenerate second-order
perturbation theories [45—48] to unveil the mechanisms shap-
ing the large MAE characterizing the Co adatom.

A. First-order degenerate perturbation theory

In our discussion, first we focus on the case of U = 0eV
and J = 0eV. We start by looking at the PDOS for the d states
in Fig. 2(a). As aforementioned, the d,; and d,, minority-spin
states are degenerate at the Fermi level for which we have
to proceed with first-order degenerate perturbation theory
[48-51] to predict the impact of spin-orbit coupling. The z
component of the orbital momentum operator is the only one
connecting both orbitals, implying that the SOC term of inter-
estis %5 o, - L, which simplifies to — %éiz since the two states
are of minority-spin character. Here £ is the radial integral
of the SOC with the associated atomic wave functions. This
also means that there is gain in energy only when the moment
points along the z direction. We diagonalize the degenerate
subspace including the SOC term,

|:13111 Ifllzi| _ 1 [ 0 (de:| L |dyz)i|
Hy; Hpp 27 [{dy:] L; |dxz) 0
I_[o —i
and find as eigenvalues
AEL = :Féé . 2)

The corresponding eigenstates are [dll = «/Li(dxZ +id,;)]
for eigenvalue E; = — %é , Which carries an orbital moment of
1 wp and [dY = \Lﬁ(dxZ — idy.)] for eigenvalue E, = 1& with
an orbital moment of —1 wp. The electron initially shared by
both orbitals d; and d,; located at the Fermi energy will be
located in the lowest energy state associated to d ]l just below

the Fermi energy while the c12¢ state becomes unoccupied.
Overall, we conclude that the easy axis along z direc-
tion is strongly favored by the degenerate states located at
the Fermi energy, contributing to the MAE by a large value
of MAEsigger = —%f;‘ = —35meV, where we assumed that
& ~70meV for Co [52]. Obviously, it is the degeneracy of
the d,; and d,, minority-spin states at the Fermi energy, which
is responsible for the large out-of-plane MAE detected ex-
perimentally. The differences noticed among the simulations
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FIG. 2. Effect of the Hubbard-U correction on the electronic structure of a Co adatom (a)—(c) atop oxygen (d)—(f) from the MgO bilayer
of MgO in the absence of SOC. (a), (d) PDOS for U = 0eV and J = 0 eV; (b), (¢) PDOS for U =4eV and J = 1 eV; (c), (f) PDOS for
U = 6eV and J = 1eV. The Fermi energy is marked by a vertical dashed line. The lower part of each panel shows (the negative of) PDOS for
spin down and the upper part PDOS for spin- up. The zx PDOS is not visible in the plots in Fig. 2 because the zx and yz states are degenerate.

utilizing various values of U and J must be induced by the
rest of the states, which are nondegenerate. These will be
addressed in the following.

B. Second-order nondegenerate perturbation theory

Here we evaluate the contributions to the MAE from the
nondegenerate states. The MAE is determined by the ma-
trix elements of SOC involving occupied and unoccupied
states [45],

€;2
MAEjuorger = Z Z (1 —28467)
ML) — 107 L™ 2
€uo’ — €00 ’

3

where o (u"/) and €, , (€, ) represent eigenstates and eigen-
values of occupied (unoccupied) states in spin state o (c”).
The nonzero L. and L, matrix elements involving d states are
|<dxz|£z|dy§> P =1, [{de_y|L:]dy) > =4, I(d2 Lildy, dy) | =
3, |(dxy|Lx|dx27 dyz>|2 =1, and |(dx27y2|LX|dXZ7 dyz>|2 =1
Considering that all the majority-spin states are fully
occupied and rather far away from the Fermi en-
ergy, as shown in Fig. 2, the dominant contribution to
the MAE can be attributed to the minority-spin states,

spin-down occupied and spin-down unoccupied states,
o(o’) = (J{). We neglect spin-flip contributions from spin-
up occupied and spin-down unoccupied states for the qualita-
tive analysis carried out in this section. The discrete energies
used in the MAE calculation are identified as the positions
of the PDOS peaks of the Co atom in Fig. 2. In fact, there
is a satellite majority-spin d state showing up close to the
Fermi energy. However, it emerges from the p, state of the
underlying oxygen atom, which gives rise to a prominent
s state (shown as a dashed line in Fig. 2). Equation (3) is
characterized by three primary finite dominant factors,

£ i pllldd)P
4 Exy b
£2 |(d}IL.|d5)1
4 €21 — €11

l/ A
£ Wy L)l

4 ny,¢

MAEZ“dorder = -
— €X27y2’¢

: “
— €

which are listed in Table I for different values of U and J
and compared to the value obtained from first-order degener-
ate perturbation theory. Since static correlations increase the
energy splitting between the occupied djz 2 and unoccupied
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TABLE I. Various contributions from first-order degenerate and
second-order nondegenerate perturbation theories to the MAE of
Co adatom on the bilayer of MgO in the oxygen-top position from
DFT+U with the absence of SOC. A negative sign of the MAE
favors an out-of-plane magnetization. U and J are given in eV, while
the MAE is in meV.

U =0, U =4, U =6,
MAE J=0 J=1 J=1
4 A b2
g N Il - B .
e 15.75 1.19 0.82
Hd 1Lld %) 2
o fl 6.97 8.13 16.73
€217¢1
Yirgbyg2
TR LI ‘f“_“f{‘ 38.89 1.47 1.00
ot T,
MAE jstgrger = — 3 -35.0 —35.0 -35.0
MAE jstgrier + MAEonig e —4.90 ~26.59 —18.08

dxlv, the first term in Eq. (3), favoring the out-of-plane easy
axis, reduces in magnitude. The same trend is followed by
the third term, which, however, favors an in-plane orientation

of the moment in contrast to the second term. Clearly, there

is complex competition between the different terms, which
imposes a reduction of the MAE emerging from first-order
degenerate perturbation theory. After summing up the dif-
ferent contributions to the MAE as obtained from first- and
second-order perturbation theory, we recover qualitatively the
trends found from the full ab initio calculations as reported
in Table I. This shows that the main mechanism favoring the
out-of-plane orientation of the magnetic moment with a large
MAE is driven by the SOC-induced lifting of the degeneracy
of the minority-spin d,, and d,, states located at the Fermi
energy. We note that the magnitude of the predicted MAE is
of the same order than the one obtained by a previous theoret-
ical study [44] based on full-potential augmented plane wave
calculations. Their argument, however, to explain the large
MAE of the Co adatom is different from ours and is based
on a nontrivial reordering of the occupation matrix generated
with static correlations.

In the next section, we investigate the MAE of the rest
of the 3d series of adatoms deposited on MgO and explore
the possibility of enhancing their MAE by considering 3d —O
molecules as potential adsorbates (see Fig. 1). In the follow-
ing, we limit our simulations incorporating correlations to the
caseof U = 6eV andJ = 1eV since the MAE value obtained
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FIG. 3. Total energy difference of 3d—O molecules on the bilayer of MgO with respect to the one of structure 6. The structure number

indicates a particular nanostructure illustrated in Fig. 1.
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FIG. 4. Spin magnetic moments of 3d adatoms and 3d—O
molecules on a bilayer of MgO. The structure number indicates a
particular nanostructure with a specific orientation of the magnetiza-
tion as illustrated in Fig. 1.

for a Co adatom is the closest to the experimentally measured
one [11].

III. MAE of 3d ADATOMS AND 3d -0 MOLECULES
ON THE BILAYER OF MgO

Here, we address the main topic of our investigation,
namely, 3d adatoms on the bilayer of MgO and the 3d—O
molecules placed on the MgO bilayer considering differ-
ent structures. After structural relaxation, using LSDA+U
(U =6¢eV and J = 1¢eV) total energy calculations, we clas-
sified the results into six structures shown in Fig. 1. As
illustrated in Fig. 3, structure 6 is energetically the most
favorable one for all 3d—O molecules except for the Sc—O
molecule case, while structure 5 is the one that is the least
favorable. Independent from their relative stability, we study
the MAE of all the converged nanostructures.

Most of the investigated structures have Cy4y symmetry ex-
cept for structures 3 and 4. For the latter cases, we explore two
in-plane rotations of the magnetization and calculate the MAE
by taking the energy difference MAE = E* — E?, where ¢ is
the azimuthal angle. The cases where the magnetic moment
points in-plane with an azimuthal angle ¢ = 0°, ¢ = 45°, and
¢ = 90° are, respectively, denoted a, b, and c. These angles
correspond to the [100], [110], and [010] directions of the
MgO surface.

It is valuable to explore how the magnetic moments of the
3d atoms are changed once embedded in the 3d —O molecules
as summarized in Fig. 4. Among all investigated nanos-
tructures, only three single adatoms do not follow Hund’s
first rule: Ni, Ti, and V. The spin moments of the different
deposited nanostructures are generally unaffected by the posi-
tions of the 3d —O molecules and the electronic occupation is
consistent with a nominal valence of [Ar]4s23d”. We note that
Cr is not considered in the current paper for MAE analysis.
While we successfully obtained the structural properties for
Cr and CrO on MgO, we encountered convergence issues
during the MAE calculations due to the inclusion of SOC.
This prevented us from achieving reliable MAE values for Cr.
Its MAE is expected to be nevertheless negligible.

m
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FIG. 5. MAE of 3d adatoms and 3d—O molecules on a bilayer
of MgO, expressed in meV per 3d adatom. The structure number
indicates a particular nanostructure with a specific orientation of
the magnetization as illustrated in Fig. 1. Configurations a, b, and
¢ correspond to the energy differences evaluated when the moment
is rotated in plane with the azimuthal angles ¢ = 0°, ¢ = 45°, and
¢ = 90°, respectively. Positive MAE values indicate a preference
for in-plane magnetization, while negative values favor out-of-plane
magnetization.

The calculated MAEs are presented in Fig. 5. Ti, Fe, Co,
and Ni structures generally yield significant MAE ranging
from a few to tens meV per adatom. At the same time, the
MAE values of Sc, V, Mn, and Cu are close to zero for all
structures except the Cu—O molecule, which is characterized
by an out-of-plane MAE of 2.35 and 2.25 meV per adatom in
structures 5 and 6, respectively.

Among all the 3d adatoms and 3d—O molecules, a single
Co adatom on the bilayer of MgO in the oxygen-top position
exhibits the most significant MAE values (an out-of-plane
MAE of —93meV per adatom), representing the magnetic
anisotropy limit of 3d adatoms and 3d —O molecules on MgO
as obtained from our simulations. Moreover, Co—O molecule
in structure 2 (see Figs. 1 and 2) is perpendicular to the sub-
strate and has the second largest out-of-plane MAE of 53 meV
per adatom compared to the rest of the explored nanostruc-
tures; see Fig. 5. A closer look at the Ti MAE values in Fig. 5
reveals that the perpendicular Ti—O molecule in structure 2
has the largest in-plane MAE of 45 meV per adatom, with the
remaining structures’ MAE values significantly decreasing
(range between 0 and 4 meV per adatom). Except for structure
3-a, Co—O molecules prefer an out-of-plane orientation of the
magnetization.

We expect structure 2, to be the one where the 3d atoms
are less interacting with the substrate, which should favor
magnetic stability if allowed by the right out-of-plane MAE.
In principle, its MAE should be close to the freestanding
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TABLE II. MAE of the isolated Co-O molecule for differ-
ent bond lengths between Co and O atoms (dg,0). CoO/2MgO
is the perpendicular Co-O molecule on the MgO bilayer
(see Figs. 1 and 2). The MAE values are given in meV per adatom.
A negative sign of the MAE favors an out-of-plane magnetization.
Here weused U = 6eV andJ = 1eV.

deoo(A) 1.7 1.8 1.9 2 Co0/2MgO

MAE (meV) —46.06 —48.25 —50.80 —52.11 —53.48

molecule. To examine this scenario, we calculated the MAE
of the isolated Co—O molecule for different bond lengths
between Co and O atoms (dc,_o), see Table II, to cover all
the bond lengths of Co—O molecules on the bilayer of MgO
(structures 2—-6 in Fig. 1). Table II shows excellent agreement
between the computed MAE of the isolated Co—O molecule
and the perpendicular Co—O molecule on the MgO bilayer,
which confirms our expectations. Moreover, Table II reveals a
minimal effect of the bond length on the computed MAEs of
the isolated Co—O molecule.

The perpendicular Co—O molecule (structure 2 in Fig. 1)
with a large MAE is energetically less stable than the horizon-
tal one (structure 3 in Fig. 1) with a weaker MAE. However,
our simulations indicate that the perpendicular molecule is
metastable and could be protected by an energy barrier, pre-
venting it from falling into the horizontal configuration and
would enable its experimental realization. Figure 6 shows the
energy difference associated to the rotation of the molecule
on MgO, where a large barrier of 0.6 eV can be clearly
recognized.

IV. CONCLUSION

We presented the results of ab initio calculations on the
MAE of 3d—0 molecules freestanding or deposited on the
MgO bilayer, which were compared to the case of 3d adatoms
on the oxygen-top position of the MgO bilayer. We explored,
in particular, their structural, electronic, and magnetic prop-
erties, and scrutinized the impact of the existence of an
extra oxygen atom attached to 3d adatoms on the MAE. The

(@) (b)

physics of the latter is mainly explained by applying degener-
ate and nondegenerate perturbation theories.

We evidenced the ability to substantially modify the MAE
via atomic control of the location of the 3d —O molecules
on the bilayer of MgO substrate. In particular, we revealed
the possibility of having the 3d —O molecules perpendicular
to the substrate with the 3d adatom being atop the oxygen
atom of the molecule, which should minimize spin fluctua-
tions triggered by the interaction with the substrate. These
molecules can be characterized by large MAE similar to that
of the isolated Co adatom. Both aspects, large MAE and
weak coupling to the substrate are the right ingredients to
enable magnetic stability of the nanostructure, which so far
has not been achieved for 3d adatoms, to the best of our
knowledge. In fact, the perpendicular 3d —O molecules on the
bilayer of MgO act like the isolated 3d —O molecule indicat-
ing the weak impact of the substrate on the MAE, especially
in the cases of Co-O, Ti-O, Ni-O, and Fe-O perpendic-
ular molecules. Although the aforementioned perpendicular
molecule is a metastable structure, it could be protected by
an energy barrier, which makes its experimental realization
via atomic manipulation with scanning tunneling microscopy
possible. Moreover, we evidenced the ability to substantially
modify the MAE by atomic control by controlling the location
of the 3d —O molecules on the substrate.

V. METHODS

The simulations are conducted within density functional
theory as implemented in the QUANTUM ESPRESSO code
with scalar relativistic [53] as well as fully relativistic ultrasoft
pseudopotentials (USPPs) [54,55]. We assume the LSDA [56]
and consider electronic correlations within the formulation of
the Hubbard-U correction based on Refs. [57-59].

We apply two formulations of the Hubbard-U correction in
this paper: (i) Dudarev’s approach [58,59] used for structure
relaxation and (ii) Liechtenstein’s formulation [57] used for
MAE calculations. We utilize this hybrid scheme because of
their current implementations and stability in the QUANTUM
ESPRESSO code. First, Dudarev’s approach is suitable for
SOC and atomic relaxations but currently incompatible with

(©)
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* 6=90° (

*

. *
! 15 *
1 0=0°
1 = *
= 1.0
O
3
2 0.5
: 0.0
0 15 30

45 60 75 90

0 (deg)

FIG. 6. Energy barrier for the metastable perpendicular Co—O molecule on the bilayer of MgO. (a) The perpendicular Co—O molecule on
the MgO bilayer (8 = 0°); (b) total energy difference of Co—O molecule on the bilayer of MgO with respect to structure 3, as a function of the
rotation angle (0); and (c) the horizontal Co—O molecule on the MgO bilayer (6 = 90°). 6 is the rotation angle away from the z axis towards

the x axis. Here we used U = 6eV andJ = 1eV.
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TABLE IIIl. MAE convergence test results for different k-point
meshes for representative structures on MgO substrate. The MAE
values are given in meV per adatom. A negative sign of the MAE
favors an out-of-plane magnetization.

TABLE IV. MAE convergence test results for different supercell
sizes for representative structures on MgO substrate. The MAE val-
ues are given in meV per adatom. A negative sign of the MAE favors
an out-of-plane magnetization.

k-point mesh 4x4x1 5x5x1 6x6x1 7Tx7x1

MAE for Co/2MgO, —93.322 —93.547 —93.824 —-93.618
Fig. 1-1
MAE for CoO/2MgO, —53.481 —53.025 —53.013 —53.157
Fig. 1-2

arbitrary rotations of the magnetic moment, which is an es-
sential ingredient for the evaluation of the MAE. Second,
Liechtenstein’s approach works with SOC while enabling the
rotation of the magnetic moments but without having access
to the structural relaxations. Thus, in practice, we perform
the relaxations with the formulation of Dudarev. Once the
atomic geometries are obtained, we switch to the approach
of Liechtenstein et al. to compute the MAE. We use U =
6eV and J = 1 eV following prior work by Ou et al. [44]
for Co on MgO, with Rau et al. [11] reporting a simi-
lar U of 6.9 eV for Co on MgO via the linear response
method.

In our paper, we discuss two types of simulations: 3d
adatoms on the oxygen-top position of the MgO bilayer and
3d — O molecules that are either freestanding or deposited on
the MgO bilayer.

For the case of freestanding 3d —O molecules, we employ
cubic periodic cells with a lattice constant of 20 A to min-
imize interactions between periodic replicas of the dimers
and assume I'-point sampling of the Brillouin zone while
using different bond lengths between 3d adatoms and O atoms
(d3g-0)-

To accommodate the 3d adatoms and 3d —O molecules on
the bilayer of MgO, we used the theoretical lattice constants
of a bilayer of MgO obtained from LDA (4.065 A). We then
set up 3x3 supercells such that the 34 adatoms are deposited
on top of the oxygen positions, as shown in Fig. 1. For
3d—0O molecules on the MgO bilayer, we placed the 3d—O
molecules on different structures, as shown in Fig. 1. The
supercells contain 73 and 74 atoms in total for the case of
3d adatoms on the oxygen-top position and 3d —O molecules
deposited on the MgO bilayer, respectively, with a vacuum
thickness equivalent to 9 layers of MgO.

For the MAE calculations, convergence testing was per-
formed to ensure minimal interaction between periodic im-
ages and appropriate k-point sampling. This included testing
for supercell size and k-point mesh density. The conver-
gence tests were conducted for two representative structures:
Co on MgO (structure 1) and perpendicular CoO on MgO
(structure 2), as shown in Fig. 1. The results for k-point
convergence testing are shown in Table III.

Supercell size 3x3 4x4
MAE for Co/2MgO, Fig. 1-1 —93.322 -90.37
MAE for CoO/2MgO, Fig. 1-2 —53.481 —56.645

Additionally, we perform supercell size convergence test-
ing to confirm that a 3x3 supercell is sufficient to minimize
interactions between periodic images. The results of the su-
percell size tests are presented in Table IV.

The rotation of the magnetic moment of the freestanding
Co-O molecules was studied by the constrained DFT ap-
proach explained in Ref. [60]. To ensure that the different
magnetic states were comparable, for each fixed magnetic
configuration we perform a sequence of self-consistent con-
strained calculations. We highlight that the MAE obtained
for the freestanding molecules are quantitatively similar when
utilizing USPP or projector augmented wave (PAW) in either
LSDA or the GGA, as shown in Table V.

The data needed to evaluate the conclusions in the paper
are present in the text. All codes used for this work are open-
source. Quantum ESPRESSO can be found at Ref. [61].

ACKNOWLEDGMENTS

Thanks Harald Brune for fruitful initial discussions on
the topic of perpendicular molecules on surfaces. This work
was supported by the Federal Ministry of Education and
Research of Germany in the framework of the Palestinian-
German Science Bridge (BMBF Grant No. 01DH16027). We
acknowledge the computing time granted by the JARA-HPC
Vergabegremium and VSR commission on the supercom-
puter JURECA at Forschungszentrum Jiilich [62] and RWTH
Aachen University under Project No. p0020362.

S.L. initiated, designed and supervised the project. S.S.
performed the simulations and postprocessed the data. S.SA.,
M.d.S.D., M.A., and S.L. discussed the results. S.S. and S.L.
wrote the paper to which all coauthors contributed.

The authors declare no competing interests.

TABLE V. MAE of the isolated Co—O molecule from DFT+SOC
total energy calculations for different types of pseudopotentials (PPs)
and exchange-correlation functionals, (dco.o = 2A). The MAE val-
ues are given in meV per adatom. A negative sign of the MAE favors
an out-of-plane magnetization.

PPs GGA PAW GGAUSPP PAW  LSDA USPP

MAE (meV) —13.5 —12.9 —10.0 —12.84
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