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Theoretical perspective on the modification of the magnetocrystalline
anisotropy at molecule-cobalt interfaces
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We study the modification of the magnetocrystalline anisotropy (MCA) of Co slabs induced by several
different conjugated molecular overlayers, i.e., benzene, cyclooctatetraene, naphthalene, pyrene, and coronene.
We perform first-principles calculations based on density functional theory and the magnetic force theorem. Our
results indicate that molecular adsorption tends to favor a perpendicular MCA at surfaces. A detailed analysis
of various atom-resolved quantities, accompanied by an elementary model, demonstrates that the underlying
physical mechanism is related to the metal-molecule interfacial hybridization and, in particular, to the chemical
bonding between the molecular C p, and the out-of-plane Co d orbitals. This effect can be estimated from
the orbital magnetic moment of the surface Co atoms, a microscopic observable accessible to both theory
and experiments. As such, we suggest a way to directly assess the MCA modifications at molecule-decorated
surfaces, overcoming the limitations of experimental studies that rely on fits of magnetization hysteresis loops.
Finally, we also study the interface between Co and both Cg, and Alqs, two molecules that find widespread use
in organic spintronics. We show that the modification of the surface Co MCA is similar on adsorption of these
two molecules, thereby confirming the results of recent experiments.
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I. INTRODUCTION

Surface magnetic properties dominate in thin films, mul-
tilayer structures, and nanoparticles of 3d transition metals,
resulting in a rich physics [1,2] that is of critical importance
for many technological areas, such as high-density magnetic
recording [3] and spintronics [4]. Most of these properties can
be further modified through the adsorption of molecules [5].
The formation of strong covalent bonds between a molecule
and a transition metal surface leads to the hybridization of the
molecular orbitals with the 3d electronic bands [6—8]. This af-
fects the surface magnetic moments [9-11], spin-polarization
[12-15], and electron correlation [16]. Furthermore, the hy-
bridization can increase the strength of the magnetic exchange
interaction between the surface atoms [17,18], thus contribut-
ing to the magnetic hardening observed in recent experiments
[19-22]. Selected molecules can even lead to a ferromag-
netic response in otherwise nonmagnetic Cu nanostructures
[23]. These electronic effects are sometimes further modified
through surface reconstruction controlled by temperature an-
nealing [24,25], a feature that offers additional possibilities
for materials engineering.

Among the surface properties that can be drastically modi-
fied through molecular adsorption there is also the magnetic
anisotropy. This determines the “easy” and ‘“hard” direc-
tions of magnetization of thin films [26,27] and, therefore,
their magnetization switching dynamics and thermal stability.
Bairagi et al. [28] reported that the deposition of buckyball
Cgo molecules on epitaxial Co hcp(0001) thin films causes
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an enhancement of the perpendicular magnetic anisotropy.
The same group later extended the study, considering another
popular molecule in spintronics, namely Alqs;, and comparing
ultrathin Co films supported on gold and platinum (Ref. [29]).
They found a considerable enhancement of the perpendicular
magnetic anisotropy in all samples and concluded that this
effect is rather general in the case of chemisorbed molecules
on Co. Along the same lines, Benini er al. recently sug-
gested that a similar magnetic anisotropy enhancement could
be one of causes for the huge magnetic hardening mea-
sured in polycrystalline Co films interfaced with Cgp and
Gaq; (Ref. [22]). It must be noted, however, that in their
experiment the magnetic field was swept in the films plane
rather than out-of-plane. The magnetic anisotropy is, in gen-
eral, determined by a combination of several extrinsic and
intrinsic factors [26,27]. Nonetheless, in all the mentioned
experiments, the magnetocrystalline anisotropy (MCA) is re-
garded as the main contribution that is modified on adsorption.
The MCA stems from the spin-orbit coupling (SOC) and is
related to the atomic structure and bonding of a material.
Several works [18,30-33] have already shown that the SOC-
induced spin-texture of metallic or seminconducting surfaces
can be dramatically affected by the chemical bonding with
adsorbates of various kinds. In 3d ferromagnetic films with
a molecular overlayer, this effect is expected to give rise to
MCA changes.

The modification of surface magnetic properties in thin
films are generally rationalized by means of first-principles
calculations based on density functional theory (DFT). The
results for Co(0001) show that the contribution of the
out-of-plane Co d. orbitals to the surface MCA favors in-
plane magnetization. This in-plane contribution is completely
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suppressed on Cg adsorption, when the Co d,. orbitals hy-
bridize with the C p, orbitals of Cgy (Refs. [28,29]). In
contrast, the contributions to the MCA of the other 3d Co
orbitals, which favor out-of-plane magnetization, remain un-
affected by Cgo. Hence, the perpendicular MCA is enhanced
at the Cgp/Co interface. The DFT results qualitatively sup-
port the experimental observations. However, a quantitative
correlation between interfacial MCA and molecule-metal
hybridization remains to be established, and systematic in-
vestigations on model systems are needed to address this
issue. Notably, the comparison between DFT and experi-
mental results appears very problematic, when going beyond
phenomenological considerations. On the one hand, the
orbital-resolved MCA, computed by DFT and used in pre-
vious studies as a descriptor for the effect, is a microscopic
quantity that is not directly measurable. On the other hand,
in experiments, the MCA is estimated from magnetization
hysteresis loops as an average macroscopic quantity. In prin-
ciples, the experiments could be modelled through multiscale
approaches combining DFT and atomistic spin dynamics sim-
ulations [34,35], but, in practice, the level of complexity and
the number of features (e.g., disorder, temperature, etc.) that
such simulations should consider, are out of reach. To over-
come this gap between theory and experiments and to proceed
towards a quantitative understanding of the MCA modifica-
tion at molecule/Co interfaces, we then need to identify a
MCA-related microscopic observable, which can be directly
calculated from first-principles as well as measured in experi-
ments with comparable accuracy.

In this work, we explain how the chemical bonding be-
tween the Co d. and the molecular C p, orbitals favors
perpendicular MCA at molecule/Co interfaces. The physics
is first described through an elementary model and then ana-
lyzed at the quantitative level by means of first-principles DFT
calculations for several prototypical systems, namely ben-
zene, cyclooctatetraene, naphthalene, pyrene, and coronene
molecules on Co. The results confirm the phenomenological
arguments used so far to interpret the experimental results
in Refs. [22,28,29] and provide a strong indication that the
modification of the MCA is general for Co with chemisorbed
conjugated molecules. Going beyond the results of previous
studies, we examine the key electronic parameters deter-
mining the magnitude of the interfacial MCA. In particular,
we highlight the importance of the energy splitting between
the out-of-plane d. orbitals, which get strongly hybridized
with molecular C atoms, and the other orbitals, which are
instead much less affected by the bonding with molecules.
When, upon molecular adsorption, such energy splitting in-
creases, we find an enhanced perpendicular interface MCA.
An additional, important observation stemming from our DFT
calculations is that the effect of the p,-d.. hybridization on
the MCA can be quantitatively estimated through the orbital
magnetic moment, which is a microscopic observable and can
be measured in experiments. As such, we suggest a way to
directly assess our first-principles predictions to fill the current
gap between theoretical and experimental studies. Finally, we
complete our work by comparing the adsorption of the two ex-
perimentally studied molecules, namely Cgp and Alqs, on Co.
We show that the MCA modification is quite similar in the two
cases, in agreement with experimental observations [22,29].

The paper is organized as follows. We begin in Sec. II
by introducing an elementary model describing the MCA
at conjugated molecule/Co interfaces. We then continue by
discussing the results of our DFT calculations. After provid-
ing the computational details in Sec. III, we systematically
describe the interface between Co and benzene, which is one
the simplest aromatic molecules. Specifically, in Sec. IV A,
we analyze various atom-resolved quantities, which help us
to understand the basic electronic properties and their quan-
titative correlation with the MCA. We then extend our study
to consider the interface with other conjugated molecules and
to examine the effect of the chemical reactivity (in Sec. IV B)
and of molecular coverage (in Sec. IV C). Finally, we discuss
the results for Cqo/Co and Alq;/Co interfaces in Sec. IV D,
and we conclude in Sec. V.

II. A SIMPLE MODEL FOR SURFACE MCA

The origin of the MCA is the SOC, whose Hamiltonian is
written as Hsoc = & LS / 7%, where L and § are respectively
the orbital and spin angular momentum operator, and £ is the
SOC constant. For a ferromagnetic thin film, the MCA energy
Enca is defined as the energy difference calculated between
the magnetization parallel (||) and perpendicular (L) to the
film surface, i.e., Emca = E| — E . Positive (negative) Enca
implies out-of-plane (in-plane) MCA. Throughout this work,
we assume a Cartesian frame of reference with the film’s
perpendicular direction being along the z axis.

In 3d transition metals, the SOC constant & is relatively
small compared to other characteristic energies, such as the
band width, the crystal field splitting, and the exchange cou-
pling. Thus, Epca can be evaluated from the SOC-induced
ground-state energy corrections within second-order pertur-
bation theory as [26,36,37]

Z |<1ﬁo|ﬁsocl%>|ﬁ — (WolBsoc| V) 2

ey

Emca =
o,u €p — €y

Here |v,) and |¢,) are the unperturbed occupied and unoc-
cupied states with energies €, and ¢,, respectively. These can
have either the same or different spin. We set the spin quanti-
zation axis along the z direction, which is normal to the film.
The matrix elements in Eq. (1) describe virtual transitions,
which can promote in-plane or out-of-plane anisotropy. They
strongly contribute to the total Eyjca when they couple occu-
pied and unoccupied states close to the Fermi level so that the
denominator in Eq. (1) is small. In crystalline films, |¥,) and
|v,) are Bloch states. However, to capture some qualitative
features of the MCA in a simple way, we consider here a
model similar to that proposed in Ref. [38], using atomic 3d
orbitals and ignoring electronic band formation. The matrix
elements in Eq. (1) can then be calculated analytically [39]
and are reported in Sec. S1 of the Supplemental Material
(SM) [40]. Based on these results, one can then derive some
simple rules, which will be used to infer the direction of the
MCA [39,41,42]. Since each d orbital is characterized by its
magnetic quantum number m in addition to the spin quantum
number, one has that (i) the transitions between orbitals with
m =0 (d.) and |m| = 1 (dy, and d,;) in the same spin channel
or between orbitals with m = 0 (d2) and |m| = 2 (d,>_» and
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FIG. 1. (a) Energy diagram for the crystal-field 3d orbital split-
ting at a Co(001) surface. We assume that the d» and d,2_» orbitals
remain degenerate and that the energy difference, A, between d,,
and doublet (d.., d,;) is twice the energy difference between (d..,
dy;) and (d2, d,2_2). In panel (b) the same energy diagram is now
modified by the adsorption of a conjugated molecule. This displays
the bonding, o, and antiboding, o*, states due to the hybridization
of the Co d» orbital with the p, orbital, which originally form the =
molecular system.

dyy) in different spin channels favor in-plane MCA and (ii)
the transitions between orbitals with m = 0 and |m| = 1 in
different spin channels and between orbitals with |[m| = 2 in
the same spin channel favor out-of-plane MCA.

We consider the simplest case of a Co fcc(001) surface
(the treatment can be easily generalized to other surfaces).
As discussed in detail in Sec. S2 of the SM, the electronic
structure of a surface atom is represented in terms of the d
orbitals split into a singlet (dy,), a doublet (d,, d,;), and two
further singlets (d,» and d,>_,»). Since the separation between
d> and d,>_y» is small (see Sec. S2 of the SM), we assume
that these orbitals remain degenerate. In addition, to simplify
the calculation, we set the energy difference, A, between d,,
and the doublet (d,;, d,.) to be twice the energy difference
between (d., d,;) and (dp, d>_y). This is displayed in the
energy-level diagram of Fig. 1(a). Since (fcc) Co is a strong
ferromagnet and the majority-spin band is nearly fully occu-
pied [43], majority-spin states do not substantially contribute
to the MCA energy. Therefore, we only take into account tran-
sitions between spin-down occupied states to the spin-down
unoccupied ones, and we apply the simple rules mentioned
above for the MCA. Specifically, since Co has two electrons
in the spin-down d shell, the d., orbital is fully filled, the
dy; and d,, are half-filled and the d. and d,._,» are empty.
Thus the dominant transitions in Eq. (1) are, on the one hand,
from d,, to d,>_,» favoring out-of-plane MCA and, on the
other hand, from d,, to d.; and from d,; to d. and d,>_y
(weighted by a factor 1/2 to account for the half-filling of d,,
and d,;) favoring in-plane MCA. Neglecting degeneracies, the
total Eyica turns out to be equal to

E . 11£2 @)
MCA =~ 5
and the MCA is therefore in-plane (Eypca < 0) for our choice
of parameters.

Now, when a conjugated organic molecule is chemisorbed
on the Co thin film, the p, atomic orbitals, originally forming
the 7 molecular orbitals, hybridize with the minority Co d,
orbitals, giving rise to molecule-metal hybrid bonding and
antibonding states [6]. The bonding o state has a predomi-
nant p, character and is situated at low energies, while the
antibonding o * state has d, character and appears at much
higher energies as shown in Fig. 1(b). The modification of
the MCA energy induced by molecular adsorption can then
be computed via Eq. (1) considering these additional hybrid
states. In our simple model, we indicate as A’ the energy
separation between the doublet (d.., dy;) and the antibonding
state, and we neglect the low-energy bonding state, which
is mostly localized on the molecule rather than at the metal
surface. Furthermore, since the antibonding state has mostly
d, character we approximate |0*) & |d,2) in the evaluation of
the transition matrix elements. In practice, we assume that the
only effect of the absorption is to shift the d,» orbital up in the
energy by an amount (A’ — A/2). Hence, the resulting MCA
energy is modified and becomes

Evcer = —— — — 3)

Notably, by analyzing this equation we see that if A" > 9A /7,
then the Co surface MCA will switch from in-plane (Epca <
0) to out-of-plane (Eyica > 0) in the hybrid Co-molecule sys-
tem. The reason is that, for a large-enough A’, the contribution
of the transition from d,; to d. favoring in-plane MCA in
Eq. (1) is drastically suppressed. This remarkably simple re-
sult indicates that, in principle, not just the magnitude, but also
the direction of the MCA can be modified through molecular
adsorption, favoring out-of-plane configurations.

In spite of the simplicity of our model, we will show in
the following that it captures quite well the key qualitative
features of the MCA at molecule/Co interfaces. Moreover,
although we assumed here a specific 3d orbital ordering and
heuristic parameters to make the computation trivial, the con-
clusion that molecular adsorption tends to favor out-of-plane
rather than in-plane MCA is rather general. The key driving
mechanism is indeed the formation of the p,-d» antibonding
state. It quenches the SOC-mediated electronic transitions that
contribute to the in-plane MCA but does not affect those other
transitions that contribute to the out-of-plane MCA.

III. COMPUTATIONAL DETAILS

DFT calculations are performed using the projector aug-
mented wave (PAW) [44] method as implemented in the
Vienna Ab-initio Simulation Package (VASP) [45]. The gen-
eralized gradient approximation (GGA) in the formulation by
Perdew, Burke, and Ernzerhof [46] is chosen for the exchange-
correlation functional. The tetrahedron integration method
[47] with a kinetic-energy cutoff of 600 eV is employed. An
energy convergence criterion equal to 10~ eV for total energy
calculations and 1073 eV for ionic relaxations is adopted.

In order to describe the thin-film geometry, we consider
finite slabs comprising a few Co fcc(001) or hep(0001) layers
as specified in the following sections and in the SM, respec-
tively. In the case of fcc slabs, we introduce a Cartesian frame
of reference, so that the (100) and (010) crystal directions are
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respectively oriented along the x axis and y axis, whereas the
slab’s normal is along the z axis. The considered fcc(001) in-
plane unit cell has two atoms per layer. Each slab is separated
from its periodic image by about 8 A of vacuum along the z
direction. The lattice constant of fcc Co is fixed to the experi-
mental value of 3.5441 A as from Ref. [48]. The molecule/Co
systems are modeled with the molecule adsorbed on one side
of the slab. During the interface geometry optimization the
two bottom layers of the slab are maintained fixed, while all
the other atoms are allowed to relax until the ionic forces are
lower than 0.001 eV/A.

The MCA energies are calculated by using the magnetic
force theorem [49-51] followings two steps. First, we carry
out a scalar relativistic collinear charge self-consistent calcu-
lation to obtain the charge density. Then, we use that charge
density as input in noncollinear calculations performed non-
self-consistently and including SOC, where the magnetization
vector is oriented along different directions. In particular, the
MCA energy is given by the difference of the total band
energies calculated with the magnetization parallel and per-
pendicular to the slab surface, Enxica = Eband,|| — Eband, 1 - This
method has already been applied in several previous works to
estimate the MCA energies of different ferromagnetic mul-
tilayer systems (see, for example, Refs. [52-57]), and the
results generally agree well with the values obtained from
fully self-consistent total-energy calculations [57,58]. For the
smallest considered systems, we also directly verified that
force theorem and total energy calculations give comparable
results up to 0.1 meV per supercell.

The k-point sampling is performed using a Monkhorst-
Pack grid. All calculations are converged with respect to the
number of k-points. We find that a 12 x 12 k-point mesh
in the two-dimensional Brillouin zone is enough to reach an
accuracy below 1 meV on the MCA energy of slabs with 2 x 2
in-plane periodicity. Although the MCA energy is a very small
quantity (of the order of one meV or even less), and the DFT
results are quite sensitive to the details of the calculations and
to the exchange correlation functional [59-61], we mostly fo-
cus on general trends, which are expected to be well captured
by DFT calculations.

Orbital magnetic moments are calculated without the or-
bital polarization contribution [62] or without any effective
orbital polarization corrections [63]. In case of Co this con-
tribution is negligible [64]. The SOC matrix elements are
defined as [65]

I,mm’ [ 1,1 g Lim'c’\ plm'c’
Egge” =D ) Pt (@™ Hsoclg" "™ WP, (@)

nk oo’

Here ¢’/ is the PAW partial wave of an atom I with orbital
quantum number /, magnetic quantum number m, and spin
index o. The index of the occupied Kohn-Sham electronic
bands is n, and P,il’:"’ is the projection of the n th Kohn-Sham
pseudo-orbital onto a PAW projector sited on the atom /. The
atomic SOC energy is then given by the summation E{ . =
Do ESI’O"Z:’”, (see Ref. [65]). As suggested in previous works
employing VASP (see, for example, Refs. [38,66,67]), the
contribution to the MCA energy of the I th atom, E};.,, is
estimated from the difference of the atomic SOC energies with

the magnetization in-plane and out-of-plane,
I I I I
Enica X AEsoc = Esoc, — Esoc, 1s &)

where the spin quantization axis is taken perpendicular to the
surface (i.e., along the z direction). For most of the considered
systems, the sum of AEéOC over all atoms is found to be
twice the MCA energy obtained from the magnetic force the-
orem, i.e., Eyca = 0.5, AEéoc' Based on the discussion of
Ref. [68], this indicates that the SOC energy is effectively
equal to the second-order perturbative correction to the total
energy of the nonrelativistic system and, therefore, the inter-
pretation of the results based on Eq. (1) is well justified.

To benchmark our calculations, we estimate the MCA
energy Enca of ideal Co slabs of different thickness and
compare our results to those in the literature [69,70]. We
find an excellent agreement in particular with the work by Li
et al. [69], who performed DFT calculations similar to ours,
albeit using the Quantum Espresso package rather than VASP.
As described in detail in the SM (Sec. S5), the difference
between our results and those by Li et al. is less than
0.1 meV /primitive cell.

Finally, we remark that, although AE! . in Eq. (5) is a
useful quantity for analyzing the results of our VASP calcula-
tions, the breakdown of the MCA energy is not unique and is
dictated by the DFT implementation that is used. For instance,
Green’s function-based DFT implementations rely on the
calculation of atom-projected spectral functions [71], while
implementations where the SOC is treated within perturbation
theory express the MCA energy as a sum of atom-pair con-
tributions [72] rather than of atomic contributions. Different
methods to breakdown the MCA anisotropy can give signifi-
cantly different results. As such, our atom-resolved quantities
cannot be directly compared to those in previous studies. This
is one of the reasons why, in Sec. IV A 3, we will eventually
propose the use of the orbital magnetic moment, a proper
quantum mechanical observable, rather than of AEéOC, to
estimate the MCA of surface Co atoms.

IV. DFT RESULTS

A. Interface between benzene and Co

In order to illustrate how the physics introduced through
the elementary model emerges in real systems, we start by
performing DFT calculations for an interface between ben-
zene (Bz) and Co. This can be considered as a prototypical
model system, since Bz is the simplest aromatic 7 -conjugated
molecule that chemisorbs on reactive 3d ferromagnetic sur-
faces [73,74]. We consider fcc Co and select the same (001)
surface as in the atomic model. Note that Co fcc(001) films
have been extensively studied for spintronics [75-80]. They
represent a convenient system to understand interface effects,
as the bulk contribution to the total MCA vanishes for large
films due to the cubic symmetry. Nevertheless, since the re-
cent experiments mentioned in the introduction have focused
on hcp(0001) surfaces [28], in the SM (Sec. S4) we also
report some additional calculations for Co hcp(0001) slabs.
The physics driven by molecular adsorption is similar, at the
atomic scale, for Co hcp and fcc surfaces since, as anticipated
at the end of Sec. II, the key feature is the formation of
the p.-d,. chemical bond, while the details of Co electronic
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FIG. 2. DFT results for the Co and Bz/Co slabs. (a) Side view of the Bz/Co slab. Brown, white, and yellow spheres indicate C, H, and Co
atoms, respectively. (b) MCA energy of the bare Co slab, of the Bz/Co slab, and of the distorted slab [bare Co (-Bz)] obtained by removing the
molecule from the Bz/Co slab. (c) DOS projected over the 3d orbitals of the Co atom that is labeled 36 in (a). The Fermi energy is at 0 eV. The
black and cyan lines are for the bare Co slab and the Bz/Co slab, respectively. The red curve in the bottom panel is the DOS projected over the
Bz C p, orbital, which hybridizes with the d_» orbital. (d) AEZ, evaluated for all atoms. The red, orange, and black dots represent the values
for the Co slab, the distorted Co slab, and the Bz/Co slab. Atoms 1-8 are at the slab bottom surface, atoms 33—40 are at the top surface, and
atoms 41-52 are the Bz atoms. The Co atoms in the first and second layer of the Bz/Co slab, for which AE{. is positive, are highlighted with

orange and light yellow colors in the slab side view.

structure play a minor role. As such, the discussion and the
conclusions presented in the following sections will be quali-
tatively valid for both cases.

1. Electronic structure

We study a five-layer Co slab with a 2 x 2 in-plane su-
percell and four Co atoms per layer. Results for slabs of
different thickness are presented in the SM (Sec. S6). Bz is
chemisorbed on the top slab surface in the hollow position [see
Fig. 2(a)], adopting a nonplanar structure, where the H atoms
are situated slightly above the C ones. This is common for
conjugated molecules on ferromagnetic surfaces [6,12,78,81].
The length of the C-Co bonds, which are formed by the two
C atoms directly on top of two Co ones, is 2.04 A, while the
length of the other C-Co bonds is 2.17 A.

The electronic structure of the Co surface and the mod-
ifications induced by molecular adsorption are qualitatively
similar to those described by our elementary model. In
Fig. 2(c) we plot the density of states (DOS) projected over
the 3d orbitals of a Co atom forming a bond with the molecule
across the interface [specifically, the atom considered is la-
beled as 36 in Fig. 2(a)]. The black and the cyan lines are
for the bare Co slab and for the Bz/Co slab, respectively. For
the bare surface, the majority spin (up) states are almost fully
occupied, while the minority spin (down) DOS crosses the

Fermi level. The crystal-field splitting is qualitatively compa-
rable to the level splitting assumed in the diagram of Fig. 1(a),
although the Co states are now broadened into bands. Consis-
tently, d,, is the orbital with the lowest energy, and most of
the corresponding minority DOS is located below the Fermi
energy, while d,. and d,; form a doublet. Their minority DOS
is identical and centered across the Fermi level. Thus, they are
almost half-filled. Finally, d» and d,»_> have high energies,
and the minority DOS is centered above the Fermi level.

On Bz adsorption, there is a significant change in the Co
electronic structure. By analyzing the DOS projected over the
Co d, orbital and the C p, orbital of Bz [red line in Fig. 2(c)],
we can identify the formation of the Co-Bz p.-d,» bonding and
antibonding states, in particular in the minority spin channel,
as assumed in our elementary model. The minority bonding
state has mostly p, character and is quite localized in energy
at about —4.5 eV below the Fermi level. In contrast, the
minority antibonding state with dominating d. character, is
very broad in energy, and the DOS extends over an energy
range as large as 7 eV crossing the Fermi level. We note
that the DFT calculations predict some molecule-metal charge
transfer and spin density redistribution leading to a reduction
of the DOS spin splitting compared to the bare surface case.
As aresult, the center of the d,» minority state is shifted below
rather than above the Fermi energy. These material-specific
features were not included in the elementary model. However,
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we find that the effect of the molecule/Co hybridization on the
MCA is similar to that described in Sec. II, as explained in the
following.

2. MCA energy

The change of the slab MCA due to the adsorption of Bz
is summarized in Fig. 2(b). The MCA energy Epca is equal
to —5.6 meV for the bare Co slab, indicating an in-plane
easy axis, whereas it is drastically reduced to —0.6 meV
upon molecular adsorption. Such a drop in the MCA energy
may result from the molecule/Co electronic hybridization, as
discussed above, but it may also derive from the displacement
of the surface atoms following the Bz adsorption. This dis-
placement was indeed found to induce large changes in the
bands spin-texture of some metallic surfaces [32]. In order
to understand which of the two effects is dominant for our
specific system, we remove the molecule from the optimized
Bz/Co slab and consider the remaining Co layers without
rerelaxing their atomic positions [bare Co(-Bz) in Fig. 2(b)].
In the case of this “distorted slab,” we find that Eyjca retains
a value of —4.4 meV, similarly to that of the original bare Co
slab. Hence, we conclude that the atomic displacement has
only a minor influence on the Co MCA energy, leaving the
molecule-metal hybridization as the main effect responsible
for the MCA modification.

The drastic MCA reduction induced by Bz adsorption
might, at first thought, be attributed to a complete suppression
of the MCA of all interfacial Co layers. This is, however, not
the case. The physics is more complex, as we shall understand
through a careful microscopic analysis. Specifically, we com-
pute AEéOC defined in Eq. (5), which is proportional to the
atom-resolved MCA energy, E{;-,. The results are plotted in
Fig. 2(d) as a function of the atom index. We label the Co
atoms at the bottom (top) slab surface as 1-8 (32—40). In the
bare Co slab (red dots), AEéOC is negative for all atoms and
the largest values (*0.33 meV) are found at the surface, as we
expect for a fcc slab. In the distorted slab (orange dots), these
values get slightly enhanced (reduced) at the top (bottom)
surface but remain negative. In contrast, in the Bz/Co slab
(black dots), the changes with respect to the bare Co slab
become dramatic. Now AEZ,. is positive and increases in
magnitude (~0.48 meV) for those Co atoms, which bind to the
molecule, and also for some of the atoms in the second layer
underneath the interface [cf. Fig 2(b)]. Hence, we understand
that the reduction of the slab MCA on Bz adsorption is due to a
balance between positive and negative contributions to Eyica,
which respectively come from the Co atoms hybridized with
the molecule and the rest of the Co atoms. Notably, if we con-
sider only the surface MCA energy estimated by summing the
AEéoc contributions for the Co atoms at the slab top surface,
then we will find that this quantity switches from negative
to positive after molecular adsorption. The magnetization of
the interfacial Co layer would more favorably point along the
perpendicular direction, while the magnetization of rest of the
slab prefers to lay in-plane, as in the bare Co slab. In practice,
however, because of the exchange interaction between the
surface and the other layers, which is much stronger than the
MCA, the slab will behave as a system with a MCA resulting
from the average of the atomic contributions.

Bare Co Co + benzene
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FIG. 3. In-plane versus out-of-plane difference AEéé”C’"/ =
ESIOmle/\ - Eé‘(;"c’f’i (in meV) for the 3d orbitals of the Co atom 36,
whose DOS is shown in Fig. 2.

The effect of the molecule/Co hybridization and, in par-
ticular, the positive sign of the MCA energy of those Co
atoms that bind to the molecule, are the same, qualitatively,
as predicted by the elementary model. This can be seen
in detail, by analyzing the SOC matrix elements Eé’é"c"’/ of
Eq. (4), which describe transition amplitudes between two Co
3d orbitals (labelled through the quantum numbers m and m’
as for Ref. [82]). In particular, we here take the difference
AES[’OmCm, = Eég"c'f‘;l — ES[(;“C'”J_ between the matrix elements cal-
culated with in-plane and out-of-plane magnetization. We
then proceed along the lines of Sec. II investigating what
transitions gets suppressed because of the hybridization. Since
Do AEL™ — AEL . (see Sec. III), positive (negative)
values of AEé’é”C’", for a Co atom I correspond to out-of-plane
(in-plane) contributions to the MCA of that atom.

Figure 3 displays the values of AEég"C'”/ for the various
combinations of the 3d orbitals of the atom 36, which is
strongly hybridized with Bz and whose DOS was discussed
above. Positive (negative) values are in red (blue). In the case
of the bare Co surface, AESI'O'”C'"/ is nonzero and positive for the
transition between d,, and d,>_,>, whereas it is negative for the
transitions connecting d,, to d,; and d,; to d» or d,>_,». These
latter transitions overall dominate, favoring in-plane MCA.
In contrast, in the case of the Bz/Co interface AEé’g‘Cm/ com-
pletely vanishes for the transition connecting dy, to d2. The
remaining dominant contribution to AE{,. is positive, due
to the d,, to d,>_,» transition, which remains uncompensated
by any negative contributions. Consequently, the out-of-plane
MCA is favored over the in-plane as predicted by the elemen-
tary model in the limit of large A'.

3. Orbital moments and Bruno’s model

The prediction that the MCA of Co slabs changes on
Bz adsorption has so far relied on an analysis of the SOC
energies and of the SOC matrix elements. These quantities
can be readily computed in theory but are not measurable.
Additionally, the breakdown of the MCA energy in atomic
contributions is not unique, as discussed at the end of Sec. III.
Therefore, the mechanism for the MCA modification pro-
posed here cannot be verified in the laboratory. In order to
overcome this limitation, here we show that the MCA is
also related to the orbital magnetic moment of the Co atoms,
Wy = (L) up/h, where g is the Bohr magneton, I labels the
atom, and @ = x, y, z. A similar analysis was recently carried
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FIG. 4. Orbital magnetic moments and atomic MCA energy
Ejca- @) pf, and (b) pj, for all atoms. Atoms 1-8 are at the
slab bottom surface, atoms 33-40 are at the top surface, and atoms
41-52 belong to Bz. The red (black) dots represent the values for
the bare Co (Bz/Co) slab. (c) Atom resolved MCA energy calcu-
lated by DFT and cornpared to the values obtained from Bruno’s
model, i.e., El oy = 4% " (u], — 1 ,)- (Red: Bruno’s model for Co.
Black: Bruno’s model for Bz/Co. Green: DFT for Co. Blue: DFT for
Bz/Co.)

out for ideal Co multilayers in Ref. [72] based on tight-binding
calculations. Notably, ! 1.o 18 an observable directly accessible
by experiments [83], for example, through x-ray magnetic
circular dichroism (XMCD) [84].

Under the assumption that the majority spin band is fully
occupied (valid for Co), Bruno showed in Ref. [36] that the
perturbative expression of the MCA energy, Eq. (1), can be
rewritten as

£h
Eyvica = —m 21: (Mf,u - M{,L)’ (6)

where ;1) denotes the component of orbital moment of
atom / along the in-plane (out-of-plane) spin magnetization
direction. Effectively, Bruno’s model indicates that the easy
axis of magnetization coincides with the direction of maxi-
mum orbital magnetic moment determined by the bonding and
the crystal field [83]

The calculated 1] | and 1 | are depicted in Figs. 4(a) and
4(b), respectlvely In the middle of the slab (atoms 8-32),
we see that ;LH ~ p; , and the values are comparable to
the atomic orbital magnetic moment of bulk Co, 0.075up
(Ref. [59]), excluding orbital polarization [64]. In contrast, at
the bare Co surface layers, the atomic orbital moments get
substantially enhanced as reported in previous studies [85],
and, moreover, /,Lf.” (=~0.125up) becomes larger than /,L{’ 1
(~0.1up) and approximately twice the Co bulk value. These
results are further drastically modified when we consider the
interface with the molecule. In this case, uf | (=0.095up)
remains somewhat similar to the corresponding value for the

bare Co surface, while “{,H is drastically reduced to about
0.06p for the Co atoms bonded to the molecule. As a con-
sequence, by using Eq. (6), we expect that the surface MCA
energy will be negative, thus favoring in-plane MCA, for bare
Co surfaces, whereas it will be positive, thus favoring out-of-
plane MCA, for the Bz/Co interface. This is indeed what we
find.

Figure 4(c) compares the layer-resolved MCA energy dis-
cussed in the previous section with the results obtained by
using Bruno’s model with the Co atomic SOC value & =
86 meV [39,86]. For the bare Co surface, the result from
the model (red curve) and the DFT calculations (green curve)
follow the same pattern, despite some quantitative differences.
We see that the largest contribution to the MCA energy is due
to surface atoms with enhanced orbital moments. The quan-
titative discrepancies between the DFT results and Bruno’s
model are consistent with previous reports for metallic slabs
[87]. In contrast, in the case of the Bz/Co interface, we find a
remarkable agreement between the model and the DFT atomic
MCA energy (blue) for those atoms bonded to the molecule.
This demonstrates that the modulation of the surface layer
MCA can indeed be explained in terms of variations of the
Co atoms’ orbital moments induced by hybridization.

The reduction of the in-plane orbital magnetic moments is
not a feature specific of the Bz/Co interface but is a rather
general effect at interfaces between ferromagnetic transition
metals and conjugated molecules, as we will further discuss in
the following sections (see Sec. IV D). It can be understood in
a rather simple way by extending a qualitative argument used
in Ref. [83] to explain orbital moment quenching at surfaces.
The orbital moment of a free d electron is perpendicular to
the motion of the electron. For a thin-film geometry, the in-
plane electron motion will be disrupted due to the Coulomb
repulsion from the neighboring atoms. In contrast, the electron
motion perpendicular to the surface will be less perturbed due
to the loss of neighbors. Hence, the orbital moment normal to
the plane gets partially quenched, while that along the plane
does not. On the adsorption of the molecule on the top of the
slab, the orbital motion perpendicular to the surface will be
disrupted due to the bonding of the surface atoms with the
molecule. As a consequence, the in-plane orbital magnetic
moment gets reduced. This is a remarkable effect, which,
to our knowledge, has not been explicitly discussed in the
literature about molecule/Co interfaces. It can be measured via
XMCD experiments [86], which are common for the interface
characterization [88-93], and it does represent a fingerprint of
the p,-d,. hybridization.

To date, experiments dedicated to the magnetic anisotropy
at hybrid molecule/Co interfaces have relied on measurements
of magnetization hysteresis loops of molecule-covered thin
films [22,28,29]. However, hysteresis loops may be affected
by many factors besides the MCA. For example, at the elec-
tronic level, an important contribution may come from the
modification of the Co intra- and interlayer exchange inter-
action induced by the bonding with the molecules and by the
resulting surface relaxation, as suggested in Refs. [17,18,94].
Measurements of the orbital moments, as proposed here, will
provide a definite way to isolate the MCA contribution from
others that do not depend on the SOC. The results will there-
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fore drive a considerable progress towards understanding the
magnetic properties of hybrid molecule-metal thin films.

B. Interface between cyclooctatetraene and Co

Having understood the mechanism leading to the MCA
modification at conjugated molecule/Co interfaces, we now
investigate how the effect can be further controlled by selec-
tively changing the molecular chemical properties. Thus, we
consider the same Co slab as in the previous section, but we
replace Bz with cyclooctatetraene (Cot), CgHsg. This is a more
reactive molecule, which binds strongly to 3d transition metal
surfaces and thus results in a larger hybridization [6]. The
adsorption geometry is shown in the inset of Fig. 5(a), where
the molecule appears in a hollow position with four C-C bond
on top of Co atoms. Like Bz, Cot adopts a nonplanar structure
with the H atoms situated slightly above the C ones, and with
an average C-Co bond length of 2.07 A.

Figure 5(b) depicts the DOS projected over the 3d orbitals
of a Co atom at the bare Co surface (black line) and of a Co
atom underneath a Cot C-C bond (cyan line). In the bottom
panel, which is dedicated to the d,» orbital, we also include
the DOS projected over the C p, orbital of Cot for a more
complete analysis of the interface electronic structure. We
see that the results for the bare surface are the same as in
Fig. 2(c), but the DOS of the Co atoms bonded to the molecule
is significantly altered. We clearly recognize the formation of
the p.-d» bonding and antibonding states like in the Bz/Co
case. However, since Cot is more reactive than Bz and, there-
fore, more hybridized with Co, the p.-d,. antibonding state
is greatly broadened and its center is moved towards higher
energies compared to the Bz/Co case. On the one hand, the
majority-spin DOS extends slightly across the Fermi energy.
On the other hand, the minority spin d,- DOS becomes negli-
gible near the Fermi level, and the most distinct peaks are in
the energy region from about 0.8 to 1.5 eV above the Fermi
level. Thus, the energy splitting between the d,» orbital and
the other Co 3d orbitals increases after Cot adsorption. This
is in good qualitative agreement with the elementary model
of Sec. II and, referring to Fig. 1, we estimate that A’ is as
large as ~2 eV at the Cot/Co interface. As a consequence,
the SOC-induced transition from d,, to d2, which promotes
in-plane MCA at the clean Co surface, is entirely suppressed
because of the hybridization with the molecule.

The atom-resolved MCA estimated through AE{ . is neg-
ative for all atoms in the bare Co slab, whereas it becomes
positive for the Co atoms directly bonded to the molecule.
As for Bz/Co, these atoms would find it energetically favor-
able to align their magnetic moments along the perpendicular
direction. Yet, this effect is quantitatively larger here than
that in Bz/Co. The value of AES’OC of the hybridized Co
atoms is 0.65 meV for Cot/Co versus 0.48 meV for Bz/Co.
Furthermore, although the number of these hybridized atoms
at the Cot/Co interface is the same as in Bz/Co, their overall
contribution is so important for Cot that the MCA of the
entire slab switches from in-plane to out-of-plane. In fact, the
total slab MCA energy goes from —5.57 to 0.71 meV after
molecular adsorption [see inset in Fig. 5(a)].

The results for Cot/Co and their comparison with
those for Bz/Co demonstrate the dramatic impact that the
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FIG. 5. MCA at the Cot/Co interface. (a) AEL,. evaluated for
all atoms. Atoms 1-8 are at the slab bottom surface, atoms 33-40
are at the top surface, and atoms 41-56 belong to Cot. The left-hand
side inset shows the molecule and the Co atoms to which it binds
to. The right-hand side one shows the MCA energy of the bare Co
slab (same as in Fig. 2), of the Cot/Co slab, and of the “distorted”
slab (calculated by removing the Cot molecules from the optimized
Cot/Co slab). (b) DOS projected over the 3d orbitals of a surface Co
atom bonded to Cot. The Fermi energy is at 0 eV. The black and cyan
lines are for the bare Co slab and the bare Cot/Co slab, respectively.
The red curve in the bottom panel is the DOS projected over the C p,
orbital of Cot.

chemical properties of the adsorbate molecules can potentially
have on the Co slab. Our predictions may be readily veri-
fied experimentally. More importantly, we hope that they will
stimulate additional experimental studies, where the perpen-
dicular MCA of molecular covered Co thin films is varied, and
eventually maximized, by chemically tuning the reactivity of
the molecules with the film surfaces.
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FIG. 6. MCA modification for a slab covered with a series of
aromatic hydrocarbon molecules. The total (surface) MCA energies,
represented by the blue (magenta) bars, are estimated by the sum of
AEl for all the slab (top surface) atoms.

C. Dependence of the MCA on the molecular coverage

The calculations presented in the previous sections have
demonstrated that the MCA modification at hybrid interfaces
is mostly a “local” phenomenon at the metal atoms form-
ing covalent bonds with the adsorbed conjugated molecules.
Therefore, we expect that the effect will be further enhanced
by increasing the surface molecular coverage, namely the
number of C-metal bonds across a molecule/Co interface. This
is indeed the case as we now demonstrate.

We consider a Co slab, where the top surface is covered
with various aromatic hydrocarbon molecules comprising a
different number of fused Bz rings: Bz (one ring), naphthalene
(two rings), pyrene (four rings), and coronene (seven rings).
The surface coverage is respectively 11%, 19%, 33%, and
51% (note that the slab’s in-plane unit cell is now larger than
the one used in the previous sections). The slab total MCA
energy, as well as the top surface MCA energy estimated by
the SOC energy AEsoc, are compared in Fig. 6. The trend
emerging from the figure is clear. The total MCA energy has
the largest negative value for the bare Co slab. The absolute
magnitude of the MCA energy then decreases (alomost lin-
early) as a function of the number of Bz rings in the molecular
adsorbate or, in other words, of the molecular coverage. This
effect appears even more dramatic when we inspect only the
relative variation of the top surface MCA energy, estimated
by summing the AEl,. contributions over the top surface
layer atoms. The sign of such surface MCA switches from
negative to positive for pyrene, and the magnitude becomes
quite large in the case of the coronone-Co interface, where
most of the surface Co atoms form a covalent bond with the
molecule. This is a sharp trend, which could be easily verified
experimentally, although we are not aware of any study for the
hydrocarbon series. We note, however, that a perpendicular
surface MCA has been reported for graphene-coated Co films

FIG. 7. Optimized geometry of (a) Alq; and (b) Cg deposited on
top of a four-layer Co slab. Yellow, maroon, blue, red, and light pink
spheres represent Co, C, Al, O, and H atoms, respectively.

[95]. The physics for such system is evidently the same as
for coronene-Co, and our phenomenological arguments can be
used to interpret those experimental results as well. Overall,
our findings demonstrate the possibility to engineer thin films
with large out-of-plane MCAs via surface molecular function-
alization.

D. Interfaces with Cq) and Alq;

The results obtained so far provide a detailed understand-
ing of the mechanism leading to the MCA modifications of
Co surfaces upon molecular adsorption. Furthermore, they
suggest some potential routes to enhance the effect. Now, we
consider two of the most experimentally studied molecule-
metal interfaces for spintronics, namely Co/Cgy and Co/Alqs,
showing that the same concepts learned so far apply also these
rather complex systems.

1. Cg/Co interface

Co thin films with a Cgy overlayer are the first systems for
which an enhanced anisotropy was experimentally reported
[28,29]. We model the interface through a 3 x 3 in-plane slab
with one molecule in contact with the top surface. We consider
only four Co layers to reduce the computational cost, since
the system is considerably larger than Bz/Co and Cot/Co.
Similarly to Ref. [10], we compare four different adsorption
geometries named hexagon, pentagon, hexagon-hexagon, and
hexagon-pentagon. In the first two cases, Cgp has either a
hexagonal or pentagonal face on top of the Co surface. In the
hexagon-hexagon case, the molecule bonds to Co through the
edge between two hexagonal faces, whereas in the hexagon-
pentagon geometry, it bonds through the edge between one
hexagonal and one pentagonal face. The lowest energy con-
figuration is the hexagon-pentagon one shown in Fig. 7(b).
Its energy is 335 meV lower than the energy of the least
stable configuration, pentagon, and about 200 meV lower than
the energy of the second most stable configuration, hexagon.
Similar results were also obtained in Ref. [28] (for hep Co
slabs) and in Ref. [29] (for fcc Co slabs). In the following,
we will only discuss the results for the hexagon-pentagon
configuration. Although the details of the Cg/Co electronic
structure depend on the adsorption geometry, we find that the
overall physics is similar for all cases.

The Co surface MCA is strongly affected by Cgy. The
AE% is plotted in Fig. 8 for all the atoms in the bare Co
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FIG. 8. MCA at the Cgy/Co interface. (a) AE{ evaluated for all
atoms. Atoms 1-18 are at the slab bottom surface, atoms 55-72 are at
the top surface, and atoms 73-132 belong to Cg. (b) DOS projected
over a surface Co atom in the bare Co slab (black line), and DOS
projected over the 3d orbitals of the Co atoms 68 (cyan line) and 67
(orange line) in the Cg,/Co slab. The Fermi energy is at 0 eV.

and in the Cg(/Co slabs (black and red points, respectively).
The values for the Co atoms, which form a strong covalent
bond with the molecule, change sign, switching from neg-
ative in the bare Co case to positive in the Cgo/Co case.
Specifically, AEL - has the largest positive value (0.4 meV)
for the Co atom, labeled 68, which is closer to, and there-
fore more strongly hybridized with, Cgg. For the other Co
atoms underneath the molecule, AEéOC has somewhat smaller
values, varying with the Co-C bond length. Finally, AE{,-
remains negative for the surface atoms that are not bonded at
all with Cgy. Overall, the order of magnitude of the atomic
MCA energy Eljcp & 0.5AEL of the Co atoms hybridized
with the molecules is similar to that obtained by Bairagi
et al. in Fig. 3(c) of Ref. [28], although our results are for
fcc Co(001), whereas Ref. [28] considers hcp Co(0001). The
MCA energy averaged over the interfacial layer is of the order
of 0.1 meV /atom, which was found consistent with the exper-
imental measurement of Ref. [28].

for the bare Co (Cgy/Co) slab. Atoms 1-18 are at the slab bottom
surface, atoms 55-72 are at the top surface, and atoms 73—132 belong
to Cgp.

The relation between the Co-C hybridization and the MCA
energy can be understood by examining the Cgy/Co elec-
tronic structure and following the very same reasoning as in
the previous sections. For instance, Fig. 8(b) compares the
dp-projected DOS of two Co surface atoms bonded to the
molecule, namely atom 68 that, as noted above, has the largest
positive atomic MCA energy, and atom 67 that has instead a
negative and considerably smaller (in absolute value) MCA
energy. The DOS of the Co atom 68 is much broader than
that of atom 67, indicating a much stronger chemisorption.
For atom 68 in the minority spin channel, the C-Co bonding
and antibonding states are recognized respectively at about
—3 eV below the Fermi level and 1 eV above the Fermi en-
ergy. The picture overall resembles the d_.-projected DOS for
Cot in Sec. IV B. Accordingly, we find an enhanced positive
MCA energy. Conversely, for atom 67, the formation of the
bonding and antibonding states is much less marked and, in
the minority channel, the d.-projected DOS is large near the
Fermi level. Hence, the MCA energy remains negative. Even
for this complex interface, the overall picture for the MCA
modification is fully consistent with that developed starting
from our elementary model.

The impact of the p.-d,. hybridization can be further appre-
ciated by noting that it induces a substantial spin redistribution
in the DOS. In particular, the spin splitting of the Co 3d
states and, hence, also the Co spin magnetic moments u/,
are reduced at the interface. The calculated ! is equal to
1.8951 for the surface atoms in the bare slab. In contrast, !
becomes equal to 1.59 up and 1.25 up, respectively, for atoms
67 and 68 at the Cqy/Co interface. A similar reduction has
been obtained in other theoretical studies [28] and measured
experimentally [10].

The atomic MCA or AEsIoc are not quantities accessible
in experiments, as already observed in Sec. IV A. Yet, like in
the case of Bz, they are directly correlated with the orbital
magnetic moment, a measurable microscopic observable. In
Fig. 9 we compare the orbital magnetic moment of each
atom for the bare Co and the Cgp/Co slab with in-plane and
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out-of-plane spin magnetization, 17, and ] . The first and

most striking finding is that ]  and j] | are drastically re-
duced for those Co atoms that are strongly bonded to Cgy.
For example, atom 68 is found to have the lowest orbital
magnetic moment among all Co atoms. The atomic orbital
magnetic moment, therefore, shows a similar trend to the
spin magnetic moment (although the former is one order of
magnitude smaller than the latter). The hybridization tends
to quench both of them. Despite that, as anticipated, the
difference Auj = pj, — pj | is approximately proportional
to AEéOC at the surface. Au; is negative and equal to ap-
proximately —0.02up for all Co atoms of the bare surface.
In contrast, upon molecular absorption, it switches to posi-
tive values ranging from about 0.005u5 to 0.02up for those
interface atoms that are more strongly hybridized with the
molecule. The measurement of such effect by means, for
instance, of XMCD will provide a strong validation for the
proposed mechanism for the MCA modification at Cgp/Co
interfaces and complement the previous studied based on the
fit of the magnetization hysteresis loops.

2. Algs/Co interface

Alq; is the most popular molecular material investigated
for spin transport [96-98]. Understanding the properties of
its interface with Co films, used as electrodes in spin-valve
devices, has been an outstanding problem for over a decade
in organic spintronics [13,99]. The molecule presents an Al
atom octahedrally coordinated with the oxygen and nitrogen
atoms of the three 8-hydroxyquinoline ligands. The elec-
tronic structure of the molecule [100-104] and of its interface
with Co [78,79] has been already studied in detail by means
of DFT calculations in previous works, where results were
also compared with spectroscopic measurements. However,
to date, there are no first-principles calculations for the MCA
of Alq;/Co interfaces. Recent experiments [29] reported that
Alqs, similarly to Cgp, on various Co thin films favors a
perpendicular MCA. We confirm these observations here,
showing that the underlying physics is indeed rather similar
for Alq;/Co and Cg/Co interfaces.

In order to model the Alq;/Co interface, we adopt the
slab described in Ref. [79] and shown in Fig. 7(a) [105].
Two of the molecule’s quinoline ligands are chemisorbed
almost parallel to the surface, whereas the third one stands
vertically. Similarly to all the systems studied so far, we find
that AEZ, becomes positive and, on average, equal to about
0.25 meV/atom for the surface Co atoms underneath the
molecule, whereas AEL,. remains negative for the surface
Co atoms not bonded with Alq;. These results are displayed
in Fig. 10(a), where the values for the clean Co slab and the
Alqs/Co one are respectively represented as black and red
dots.

The different values of AEZ for the various atoms at the
interface reflect the strength of their hybridization with the
molecule. Similarly to the other interfaces studied, the hy-
bridization leads to the formation of Co-molecule antibonding
states with d,» character, which are sharply defined in partic-
ular in the minority spin channel. For instance, in Fig. 10(b),
we plot the orbital-projected DOS for three different Co atoms
(red, orange, and cyan curve) and we compare it with the
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FIG. 10. MCA at the Alg,/Co interface. (a) AESq evaluated for
all atoms. Three Co atoms are shown as representative cases. Atoms
1-32 are at the bottom surface of the slab, atoms 97-128 are at the
top surface in contact with the molecule, and atoms 129-182 belong
to the molecule. (b) DOS projected over the out-of-plane 3d orbitals
for the three Co atoms highlighted in panel (a).

DOS of the clean Co surface (black curve). The d_.-projected
DOS of the Co atom with largest AESOC(~O.48 meV) shows
a rather sharp resonance at about 1 eV above the Fermi energy
in the minority spin channel [cyan curve in Fig. 10(b)]. This
feature drives the MCA switch, in qualitative agreement with
the model of Sec. II. In contrast, the other Co atoms, which are
slightly less hybridized with the molecule, present a smaller
AElyc. The center of the p,-d. antibonding state in the
minority channel is near the Fermi level, and the magnitude
of the MCA change is less pronounced. Overall, the results
appear rather similar, even at the quantitative level, to those
obtained in the case of Cgop/Co, thus confirming the exper-
imental observation of Ref. [29] that the effect of an Alq,
overlayer on Co ultrathin films is rather similar to that of a
Ceo one.

Finally we suggest that, instead of comparing
Alq;/Co and Cg/Co, experiments may consider the
tris-(9-oxidophenalenone)-aluminum(IIl) molecule, AI(OP)3,
a variation of Alq; with similar properties, but larger
9-oxidophenalenone ligands [106]. These ligands will form
a large number of p.-d.» chemical bonds with Co as already
demonstrated in spectroscopic measurements [106], and this
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will potentially enhance the MCA modifications, as discussed
in Sec. IV C. Experimental studies along this direction will
provide a further confirmation of the phenomenology that we
have described in this paper.

V. CONCLUSION

We have investigated the modification of the MCA of
Co slabs upon molecular adsorption, demonstrating that the
hybridization between the out-of-plane Co d,» orbitals and
molecular C p, orbitals favors perpendicular MCA.

Starting from an elementary model, we have employed
second-order perturbation theory to identify the virtual elec-
tronic transitions between Co occupied and unoccupied states
that contribute to the in-plane and out-of-plane MCA. We
have then shown that the virtual transitions leading to in-plane
MCA are suppressed by the formation of molecule-metal
bonding and antibonding states, while those leading to out-of-
plane MCA are not. This explains why perpendicular MCA 1is
favored at molecule/Co interfaces. The key parameter govern-
ing the effect is the energy splitting between the Co d orbitals
and the p.-d,. antibonding hybrid molecule/Co orbital.

The results obtained with the elementary model are con-
firmed by DFT calculations for several molecular systems.
Specifically, we have shown that the electronic structure of
the surface layer of Co slabs is significantly modified by the
hybridization with C p, orbitals leading to a suppression of
the in-plane contributions to the MCA. This effect is rather
general at chemisorbed molecules-Co interfaces, and it can be

further enhanced by selecting molecules that are very reactive
with Co. Among the various systems studied, there are also the
prototypical spintronic interfaces Cgy/Co and Alq;/Co. Our
results agree with previous studies for Cgy/Co (Ref. [28]), and
they support recent experimental observations reporting that
the MCA modification is similar for the two systems [29].
Finally and importantly, we have demonstrated that the
atomic MCA is correlated with the difference between the
atomic orbital magnetic moment for in-plane and out-of-plane
spin magnetization, in accordance with Bruno’s model [36].
The orbital magnetic moment is a microscopic observable,
which can be measured, for example, via XMCD, and, there-
fore, experiments could provide a definite validation of the
proposed mechanism based on the p.-d» hybridization.
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