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Abstract
We discuss the multiple technical choices that have to be made in ab initio density-functional
calculations of the magnetic anisotropy of supported nanostructures: (i) choice of the
exchange–correlation functional, (ii) degree of optimization of the geometry of the
adsorbate/substrate complex, (iii) magnetic anisotropy energy calculated self-consistently or via
the ‘force theorem’, (iv) calculations based on slab models of the substrate or using a Green’s
function describing a semi-infinite substrate, (v) full potential approach or atomic-sphere
approximation. Using isolated Fe and Co atoms on Pt(111) as an example we demonstrate that
by using a judicious combination of relatively crude approximations (complete neglect of
structural relaxation, local exchange–correlation functional, . . .) seemingly good agreement
with experimental anisotropy energies can be achieved, while the calculated orbital moments
remain small. At a higher level of theory (relaxed adsorbate/substrate complex,
gradient-corrected functionals, . . .) providing a realistic geometry of the adsorbate/substrate
complex and hence a correct description of the interaction between the magnetic adatom and its
ligands, anisotropy energies are also in semi-quantitative agreement with experiment, while the
orbital moments of the adatoms are much too small. We suggest that the anisotropy energies
provided by both approaches should be considered as lower limits of the real anisotropies.
Without relaxation the ligand effect coupling the orbital moments of the adatom to the heavy
atoms of the substrate is underestimated, while in a relaxed adsorbate/substrate complex the
lack of orbital dependence of the exchange potential combined with a strong hybridization of
adatom and substrate states leads to a strong underestimation of the orbital moment. We have
briefly explored the influence of post-density-functional corrections. Adding a modest on-site
Coulomb repulsion to the d states of the adatom (in a DFT + U approach) leads to a modest
increase of spin and orbital moments of the adatom accompanied by a slow decrease of the
induced moments, leaving the anisotropy energy almost unchanged.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recently there has been great interest in the magnetic
anisotropy energy (MAE) of small magnetic nanostructures
supported on nonmagnetic substrates, motivated by the desire
to build magnetic or magneto-optical memory storage devices

1 Author to whom any correspondence should be addressed.

with a maximal storage density [1]. A high magnetic
anisotropy is required to inhibit magnetization reversal—the
critical value of the MAE is about 1.2 eV/bit. Therefore a
reduction of the size of the nanostructures carrying one bit
of information requires an increase of the MAE per atom. In
addition the dipolar magnetic interactions between neighboring
bits must be sufficiently weak, and this can be achieved if the
easy axis of magnetization is perpendicular to the plane of the
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substrate. The ultimate limit of a system showing magnetic
anisotropy is an isolated atom on a nonmagnetic substrate.
A high magnetic anisotropy energy requires large spin and
orbital magnetic moments and a strong spin–orbit coupling.
Large spin moments are found among the ferromagnetic 3d
metals Fe and Co, but for these elements the orbital moment
is small and the spin–orbit coupling is weak. Strong spin–orbit
coupling is found in the heavy 5d metals, but these elements
are nonmagnetic. Nanostructures of 3d metals supported on
substrates of highly polarizable 5d metals are a viable route to
tune both the spin moments and the anisotropy energy, and the
simplest such nanostructure is of course an isolated magnetic
atom on a substrate.

Using x-ray magnetic circular dichroism (XMCD) (see,
e.g. Stöhr [2] and further references cited therein) it is now
possible to measure the magnetic properties of adsorbed
species down to surface coverages as low as 0.002 ML,
extracting the spin and orbital moments as well as the
magnetic anisotropy energy. However, because the focus
of the x-ray beam is of the order of a few hundred
μm2, the experiment provides spatially averaged information.
Consequently, information on the properties of single atoms
or on well defined nanoclusters can only be achieved if
surfaces with a homogeneous distribution of single atoms
or monodisperse clusters can be prepared. A review of
experimental investigations of the magnetism of individual
atoms adsorbed on surfaces has recently been presented by
Brune and Gambardella [3]. The results for isolated Co
atoms on Pt(111) are characteristic for the magnetism of 3d
atoms on highly polarizable substrates composed by 4d or 5d
metals [3, 4]. The effective spin moment of μeff

S = 1.8±0.1 μB

and the orbital moment of μL = 1.1±0.1 μB measured at T =
5.5 K and in a magnetic field of B = 7 T sufficient to achieve
saturation are both strongly enhanced not only compared to
bulk Co (where μS = 1.52 μB and μL = 0.15 μB), but
also compared to 2D films [5–7], 1D atomic wires [8, 9],
and supported nanoclusters [7, 10]. From the variation of
the magnitude of the XMCD relative to the x-ray adsorption
intensity measured for a magnetic field perpendicular (θ = 0◦)
and nearly parallel (θ = 70◦) to the surface, a very large
magnetic anisotropy of MAE = 9.3 ± 1.6 meV was estimated.
This extraordinarily large MAE has to be attributed to the
reduced coordination of the Co atom and to the magnetic
moments induced in the Pt substrate combined with the strong
spin–orbit coupling of the Pt 5d states. The strong polarization
of the substrate atoms is a consequence of the strong Stoner
enhancement factor of Pt. For an isolated Co atom on the
Pt(111) surface an effective moment of μS = 5.0 ± 0.6 μB

has been estimated—this is comparable, but still lower than
the effective ‘giant moment’ of 10 μB reported for Co atoms
in very dilute Co–Pt alloys [11]. This large difference in
the effective moments suggests that the coordination of the
magnetic impurity by the polarizable atoms is of decisive
importance for the strong enhancement of the MAE of the Co
atom by the coupling to the ligands.

Complementary investigations of isolated Co atoms have
been performed using spin-polarized scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy

(STS) [12]. The STM images show that the Co atoms occupy
both fcc and hcp hollows of the Pt substrate. The differential
conductance dI/dV derived from the STS experiment shows
no sign of hysteresis down to the lowest temperatures. This
has been attributed to magnetization reversal by quantum
tunneling. The curves may be fitted as a function of the
magnetic field and its angle relative to the magnetic moment
of the atom. Assuming an out-of-plane easy axis and MAE =
9.3 meV the fit yields effective magnetic moments of μ(hcp) =
3.9±0.2 μB and μ(fcc) = 3.5±0.2 μB for the two adsorption
sites, respectively. The STM studies also suggest a weak
coupling between the Co-moments mediated by the conduction
electrons of the substrate.

Very recently it has been claimed [13] that the STS
experiments providing information on the spin-flip energy Esf

(i.e. on the energy required to change the magnetic adatom
from its ground state with spin ±S to a state with ±(S − 1))
can also be used to obtain the MAE. If the spin is known, the
MAE is approximated as Esf × S2/(2S − 1). Although in
their analysis Balashov et al [13] have ignored the fact that
the spin to be flipped is not the spin of the adatom alone,
but the effective spin of the adatom/substrate complex, they
find for Co/Pt(111) an MAE of 10.25 meV/atom in good
agreement with Gambardella et al [4]. For an isolated Fe atom
on Pt(111) again a perpendicular anisotropy and a large MAE
of 6.53 meV/atom has been reported.

Experiments using XMCD and x-ray adsorption spec-
troscopy (XAS) on isolated Fe atoms on Pt(111) revealed
a much lower ratio for orbital to effective spin moment of
L/Seff ∼ 0.18 ± 0.05 (to be compared to L/Seff ∼ 0.61 ± 0.05
for Co/Pt(111)), an out-of-plane orientation of the easy axis
and a very low MAE [14]. Similar values have been reported
for very small Fen clusters (n = 2 → 9) adsorbed on ultrathin
Ni films supported on a Cu(100) substrate [15]. For clusters of
this size the ratio L/Seff varies between 0.08 (for n = 3) and
0.27 (for n = 6).

These experiments have also motivated theoretical
studies of the magnetism of supported isolated atoms based
on spin-density-functional techniques [4, 16–24]. The
calculation of the magnetic anisotropy is a problem of
fundamental importance. Magnetic anisotropy, magneto-
optical spectra, magnetic dichroism, and other important
properties are caused by spin–orbit coupling, hence a
relativistic calculation is required. A further complication
arises from the fact that whereas spin magnetic moments are
described quite accurately by density-functional theory (DFT)
based on semilocal, gradient-corrected exchange–correlation
functionals, the orbital moments are generally underestimated.
The reason is that the variables determining the effective one-
electron potential within DFT (the charge and spin densities)
are determined as averages over occupied orbitals. It has
been suggested that the prediction of the orbital moments
should be improved by adding post-DFT calculations such as
the empirical orbital polarization term proposed by Brooks
et al [25, 26] or using the DFT + U method [27, 28] adding
an on-site Coulomb repulsion U to the potential acting on
the d-electrons of the magnetic atom [4, 23]. However,
calculations using the full orbital polarization term tend to
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produce too large orbital moments [4]. For adatoms supported
on strongly polarizable substrates it is also evident that a very
accurate determination of the geometry of the adatom/substrate
complex is required.

Indeed a calculation of the magnetic anisotropy energy
requires a number of technical choices, involving the
following.

(i) The choice of an exchange–correlation functional, i.e. lo-
cal spin-density approximation (LSDA) or generalized-
gradient approximation (GGA). GGA calculations not
only produce slightly larger (and in general more accurate)
lattice constants and magnetic moments than the LSDA,
but for bulk Fe the GGA is also mandatory for a correct
prediction of the ground state [29].

(ii) Post-DFT corrections (orbital polarization, on-site
Coulomb repulsion, . . .) which are added to the exchange–
correlation functional.

(iii) Self-consistent electronic structure calculations, includ-
ing spin–orbit coupling, using projector-augmented wave
(PAW) [30, 31] or full potential linearized augmented
wave (FLAPW) codes [32], or using multiple-scattering
(screened Kohn–Korringa–Rostocker—SKKR) [34] cal-
culations. This also implies different treatments of the ef-
fective potentials. PAW and FLAPW provide a full po-
tential approach, while SKKR calculations rely on the
atomic-sphere approximation. The spherical averaging
over the atomic sphere of the adatom certainly reduces the
effect of the broken symmetry of the adatom.

(iv) Modeling of the substrate: periodic slab models or semi-
infinite substrate (possible only within Green’s function
SKKR). However, it has to be emphasized that in Green’s
function calculations the Dyson equation for the perturbed
system is solved only for an embedded cluster surrounding
the magnetic adatom which is usually smaller than the
unit-cell in a slab model.

(v) Geometry of the adsorbate/substrate complex: all atoms
on ideal sites continuing the crystalline lattice of the
substrate (complete neglect of relaxation), relaxation of
the position of the adatom only, or full relaxation of
adatom plus surface.

(vi) MAE calculated as the difference in the total energies
from self-consistent calculations for different orientations
of the magnetic moment or, using the ‘magnetic force
theorem’ [35] as the difference in the band energies at a
fixed potential and charge density.

Using a judicious combination of different approximations
(ideal bulk-like geometry—no relaxation of either adatom
or surface, local spin-density approximation—no gradient
corrections, atomic-sphere approximation for the effective
potential within SKKR calculations, MAE calculated via the
‘magnetic force theorem’) quite reasonable values for the MAE
can be achieved, while the calculated orbital moments are
somewhat too low [4, 17, 20, 22]. However, whether these
approximations are also adequate has never been questioned.
Attempts have been made to cure the underestimation of
the orbital moments by using an orbital polarization term—
this results in moments which are now far too large [4, 23].

DFT + U calculations with a modest on-site repulsion of U =
2 → 3 eV lead to a better agreement with experiment, but since
the choice of U is open, this is a semiempirical approach [33].
The relaxation of the adatom–substrate complex has been
calculated by Spišák and Hafner [24]. It has been shown that
this leads to the formation of a large polarization cloud and
a very high effective spin moment per atom, but also to a
strong quenching of the orbital moment of the adatom due to
an increased hybridization with the substrate.

The intention of the present work is to provide a critical
analysis of the impact of all these technical choices on the
calculation of the magnetic anisotropy energy. Single Fe and
Co adatoms on a Pt(111) surface are used as model systems,
because both experimental [4, 13] and theoretical [4, 19–23]
studies are available in the literature.

2. Computational details

We have used the Vienna ab initio simulation package
VASP [31, 37] to perform ab initio electronic structure
calculations and structural optimizations. VASP performs
an iterative solution of the Kohn–Sham equations of DFT
within a plane-wave basis and using periodic boundary
conditions. Either local and semilocal functionals in the
GGA [38], both combined with the spin-interpolation proposed
by Vosko et al [39] can be used to describe electronic
exchange and correlation and spin polarization. The use
of a semilocal functional is known to be essential for the
correct prediction of the ground state of the ferromagnetic
3d elements in the bulk [29]. The PAW method [30, 31]
is used to describe the electron–ion interactions. The PAW
approach produces the exact all-electron potentials and charge
densities without elaborate nonlinear core-corrections—this is
particularly important for magnetic elements.

The PAW potentials have been derived from fully
relativistic calculations of the atomic or ionic reference
calculations. Spin–orbit coupling has been implemented in
VASP by Kresse and Lebacq [40]. Following Kleinman
and Bylander [41] and MacDonald et al [42] the relativistic
Hamiltonian given in a basis of total angular momentum
eigenstates | j, m j〉 with j = l ± 1

2 (containing all relativistic
corrections up to order α2, where α is the fine-structure
constant) is recast in the form of 2 × 2 matrices in spin-
space by re-expressing the eigenstates of the total angular
momentum in terms of a tensor product of regular angular
momentum eigenstates |l, m〉 and the eigenstates of the z-
component of the Pauli spin matrices. The relativistic effective
potential consists of a term diagonal in spin-space which
contains the mass-velocity and Darwin corrections, and the
spin–orbit operator. The nondiagonal elements in spin-space
arise from the spin–orbit coupling, but also from the exchange–
correlation potential when the system under consideration
displays a noncollinear magnetization density. Calculations
including spin–orbit coupling have therefore to be performed
in the noncollinear mode implemented in VASP by Hobbs et al
[43] and Marsman and Hafner [44].

In our calculations the adatom–substrate complex has been
described by a slab model. A five-layer slab with a 5 × 5
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Table 1. The calculated adsorption energy Ead, work function change �� (with respect to the work function of the clean surface,
�Pt = 5.72 eV), height zx of adsorbed adatom above the Pt(111) surface, x-Pt bond length dx, relaxations �i j of the interlayer distance, and
the buckling of the Pt layers, bPt

i . X denotes either the Fe or Co adatom.

Adsorption site Ead (eV) �� (eV) zx−Pt (Å) dx (Å) �12 (%) �23 (%) bPt
1 (Å) bPt

2 (Å)

Fe/Pt

Fcc hollow 5.566 −0.40 1.71 2.39 +0.9 −1.2 0.12 0.08
Hcp hollow 5.561 −0.41 1.69 2.40 +0.9 −1.1 0.09 0.03

Co/Pt

Fcc hollow 5.736 −0.35 1.69 2.40 +1.1 −0.9 0.11 0.05
Hcp hollow 5.763 −0.31 1.62 2.46 +0.8 −1.1 0.07 0.13

surface cell has been used for describing the substrate, the
adatom has been placed into the center of the surface cell.
This means that the nominal surface coverage is 0.04 ML,
coming close to the coverage of the samples on which the
XMCD experiments have been performed. Neighboring slabs
are separated by a vacuum region of 16 Å—this ensures that
the separation between the periodically repeated images of
the slab is large enough to suppress any interactions. The
basis set contained plane waves with a maximum kinetic
energy of 300 eV. Test calculations with higher cut-off energies
have shown that this is a reasonable compromise between
accuracy and computational effort. The calculations have
been performed in two steps. First a collinear scalar-
relativistic calculation has been performed to determine the
correct geometry of the adatom/surface complex and the
correct magnetic ground state. The ground state resulting
from the scalar-relativistic calculations was used to initialize
the noncollinear calculations including spin–orbit coupling
which allow, in principle, a further structural optimization.
Two independent self-consistent calculations (including a full
structural re-optimization of the adatom/substrate complex)
with the magnetic axis oriented perpendicular and parallel to
the surface have been performed and the magnetic anisotropy
energy has been calculated as the difference in the well-
converged total energies. Alternatively, the magnetic force
theorem has been used to determine the MAE. Brillouin-zone
integrations have been performed on 3 × 3 × 1 grids, using
a modest smearing to improve convergence. Test calculations
with finer grids have shown that for this large supercell this
leads to converged results. Final total energies are extrapolated
to zero smearing. Geometric, electronic, and magnetic degrees
of freedom are relaxed simultaneously until the forces acting
on all atoms converge below 0.01 eV Å

−1
and the changes in

total energy between successive iteration steps are smaller than
10−7 eV—such a stringent relaxation criterion was found to be
absolutely essential.

3. Results

3.1. Structure of clean Pt(111) surfaces

For bulk face-centered cubic Pt we calculate using the GGA
a lattice constant of a = 3.993 Å and a bulk modulus of
B = 236 GPa, in the LDA the corresponding values are
a = 3.910 Å and B = 286 GPa, to be compared with the

experimental values of a = 3.924 Å and B = 230 GPa [45].
As for all heavy elements, the lattice constant calculated using
the GGA is too large by about 1.5% while the LDA value is too
low. The bulk modulus, however, is definitely more accurate
if calculated using the GGA. For the characterization of the
(111) surface, the three top layers of the slab have been allowed
to relax, while the lower two layers are kept frozen in their
bulk-like positions. The relaxation leads to an expansion of the
distance between the two top layers by �12 = 0.7%, while the
distance between the subsurface layers is contracted by �23 =
−1.4%. The predicted surface expansion is in good agreement
with the LEED data of �12 ∼ 1% [47]. For the work function
we find a value of � = 5.72 eV, again in very good agreement
with experiment (� = 5.6 → 6.4 eV) [46]. The calculations
have been performed in a spin-polarized mode, initializing the
magnetic moments of the surface atoms to non-zero values.
However, the calculations always converged to a completely
nonmagnetic solution, demonstrating that no spurious surface
magnetism is induced by the reduced coordination of the
surface atoms.

3.2. Fe and Co adatoms on Pt(111) surfaces

For the isolated adatom on the Pt(111) surface we have
considered a location either in an fcc or in an hcp hole. The
results for the adsorption geometry, the relative energy, and
for the work function change from scalar-relativistic spin-
polarized calculations are compiled in table 1.

For an isolated Fe atom, adsorption in an fcc hollow leads
to an adsorption energy which is larger by 5.5 meV than for
adsorption in an hcp hollow. The height of the Fe atom above
the top Pt layer is 1.71 Å—this is reduced by 0.595 Å or
26% compared to the ideal interlayer distance in bulk Pt and
corresponds to a reduction of the shortest Fe–Pt distance from
2.82 to 2.39 Å. The reduced height of the Fe adatom above
the Pt surface is primarily a consequence of the large size-
misfit between Fe and Pt and the desire to maintain an effective
volume close to the equilibrium value in the bulk. Given the
in-plane lattice constant of Pt(111) and the height of the Fe
atom, we calculate an atomic volume of 11.81 Å

3
which is only

slightly increased compared to bulk bcc Fe. Even this very low
Fe-coverage leads to a slightly increased outward-relaxation of
the distance between the top Pt layer. The adatom also induces
a slight buckling of the top layers, the Pt atoms binding to the
Fe atoms move outwards towards the adatom by about 0.12 Å.
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Table 2. Spin μS , orbital μL , and total μtot magnetic moments (all in μB) of Fe and Co adatoms adsorbed on a Pt(111) substrate and induced
moments on the Pt-substrate atoms integrated over all atoms in the supercell. Results from scalar-relativistic calculations and including
spin–orbit coupling for perpendicular and in-plane orientations of the magnetic moment are presented. The MAE is given in meV, a positive
value indicates a perpendicular easy axis. The calculations are performed using the GGA and allow for a full relaxation of the
adatom/substrate complex.

Scalar-relativistic Including SOC

Perpendicular In-plane

μS μS μL μtot μS μL μtot MAE

Fe (fcc hollow) 3.306 3.282 0.104 3.386 3.283 0.108 3.391
Pt 2.377 2.153 0.402 2.555 2.172 0.518 2.690
Effective moment 5.683 5.435 0.506 5.941 5.455 0.626 6.081 2.99

Experiment, [14]
Fe �0

Experiment, [13]
Fe 6.5 ± 0.1

Co (hcp hollow) 2.190 2.155 0.126 2.281 2.155 0.088 2.243
Pt 4.826 3.319 0.684 4.003 3.325 0.829 4.154
Effective moment 7.016 5.474 0.810 6.284 5.480 0.917 6.397 1.19

Experiment, [4]
Co 2.1 1.1 3.2 9.3 ± 1.6

Experiment, [13]
Co 10.3 ± 0.2

The work function is reduced by 0.4 eV—a surprisingly strong
effect at such a low concentration of adatoms. This may be
understood in terms of the strong adatom–substrate interaction,
the large magnetic moment of the adatom and the long-range
magnetic polarization induced in the substrate (see below for
details).

For a Co atom, adsorption in an hcp hollow is strongly
preferred over the fcc hollow, by 27.9 meV. A Co atom in an
hcp hollow moves even closer to the Pt substrate (the height
of the adatom is reduced by 29.7% compared to the idealized
lattice position) the adsorption-induced outward-relaxation is
very modest. The stronger relaxation results from an attractive
interaction with a Pt atom in the subsurface layer, which is also
reflected in a buckling of this layer which is more pronounced
in the subsurface than in the surface layer. Shick et al [23] have
used an LSDA+U approach (with U = 2 eV) to determine the
equilibrium height of a Co adatom at a fixed bulk-like geometry
of the substrate and report a smaller relaxation by about 20%.

3.3. Magnetic moments and magnetic anisotropy

In the following we report the results of our calculations
of the magnetic moments and magnetic anisotropies of Fe
and Co atoms on Pt(111) substrates, calculated at different
levels of theory. We begin with the results compiled in
table 2, obtained for a fully relaxed adatom/substrate complex,
using the spin-polarized GGA and the MAE calculated from
the total-energy differences calculated self-consistently for in-
plane and perpendicular orientation of the magnetic moments.
For both orientations of the magnetic moments we have also
allowed a complete relaxation of the geometry. However,
changes in the interatomic distances with the re-orientation
of the magnetization direction are very small, of the order of
0.001 Å. Within a density-functional approach, this represents
the highest level of theory.

3.3.1. Relaxed geometry of adatom/substrate complex. For
an isolated Co atom in an hcp hollow on Pt(111) we find a
strongly enhanced spin moment of 2.15 μB, slightly higher
than the experimental estimate of Gambardella et al [4],
while the calculated orbital moment is much too low. The
magnetic atom induces a strong polarization of the substrate.
Figure 1 shows for Co/Pt(111) the induced spin and orbital
moments in the three top layers of the substrate, calculated for
perpendicular and in-plane orientation of the magnetization.
The distribution of the induced moments is similar for
Fe/Pt(111). The figure demonstrates that although the induced
magnetization decays rapidly in the deeper layers, the decrease
of the induced moments in the top layer with increasing
distance from the adatom is slower, such that even at this low
coverage the induced magnetization clouds overlap slightly.
On the Pt atoms that are nearest neighbors to the Co (Fe)
adatom the ratio μL/μS is 0.25(0.20) for perpendicular and
0.31(0.24) for in-plane magnetization, respectively. Hence
the ratio of orbital to spin moment is much higher than for
the adatom, as expected because of the stronger spin–orbit
coupling.

An interesting question is also the change in the
magnetization densities of adatom and substrate induced by
their interaction and the small changes in the magnetization
densities induced by the re-orientation of the direction of the
magnetic moment. This is illustrated in figure 2 showing
for Fe/Pt(111) the difference in the magnetization densities of
the adatom/substrate complex and of the isolated atom plus
the clean substrate. Both calculations refer exactly to the
same geometry, i.e. the clean surface has been deformed such
as under the influence of the adatom and the magnetization
density of the free atom is centered around the relaxed
adatom position. Contours of regions with increased/decreased
magnetization densities are shown. The gross features of

5
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Figure 1. Spin and orbital moments induced by a Co adatom in a hcp hollow of a Pt(111) surface in the top three layers of the substrate. For
each atom the top (larger) number gives the induced spin moment, the lower (smaller) number the induced orbital moment. Both are given in
μB. Part (a) refers to perpendicular, part (b) to in-plane magnetization (as indicated by the large arrows).

Figure 2. Constant-density surfaces showing the difference-magnetization densities for an Fe atom adsorbed in an fcc hollow on a Pt(111)
surface. The upper panels (brown surfaces) show regions of increased magnetization densities visualizing the induced magnetic polarization
of the substrate, but also regions of increased magnetization around the adatom. The lower panels (blue surfaces) show the regions of reduced

magnetization around the adatom. The contour values are ±0.0075 electrons Å
−3

. The left panels refer to perpendicular, the right ones to
in-plane magnetization (compare with text).

the plots demonstrate the reduced magnetic moment of the
adatom relative to the large moment of the free atom and the
induced polarization of the substrate. Surprisingly, there are
also small regions of increased magnetization density around
the adatom, extending mostly in a perpendicular direction.
Most interesting in connection with the magnetic anisotropy
are the small changes in these magnetization densities upon
re-orientation of the magnetic axis. These changes reflect the
broken symmetry for in-plane orientation.

The induced magnetization (integrated over all substrate
atoms) is lower than in a scalar-relativistic calculation, because
the strong spin–orbit coupling mixes different spin states.
The integrated induced orbital moment is much larger than

the orbital moment of the magnetic adatom and it is also
much more anisotropic—in both cases the induced orbital
moment is much larger for in-plane magnetization while the
spin anisotropy is only modest. Interestingly, the effective
spin moment per Co atom of about 5.5 μB is in very good
agreement with the estimated effective moment of 5.0±0.6 μB.
From the difference in the total energies we deduce a magnetic
anisotropy energy of 1.2 meV favoring a perpendicular easy
axis of magnetization. The sign of the MAE agrees with the
anisotropy of the orbital moments of the Co atoms and of
the induced orbital moments and with experiment, although
we find a much lower value than deduced from the XMCD
experiments or estimated from the STS spectra. Our MAE of
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Table 3. Spin μS , orbital μL , and total μtot magnetic moments (all in μB) of Fe and Co adatoms adsorbed in a fcc hollow on a Pt(111)
substrate and induced moments on the Pt-substrate atoms integrated over all atoms in the supercell. Results including spin–orbit coupling for
perpendicular and in-plane orientations of the magnetic moment are presented. The MAE is given in meV, a positive value indicates a
perpendicular easy axis. The calculations are based on an idealized bulk-like geometry (using the experimental lattice constant) and use either
the GGA or the LSDA functional.

Including SOC

Perpendicular In-plane

μS μL μtot μS μL μtot MAE

Fe—LSDA, present work
Fe 3.366 0.343 3.709 3.366 0.234 3.600
Pt 1.363 0.227 1.590 1.457 0.325 1.782
Effective moment 4.729 0.570 5.299 4.823 0.559 5.382 2.35

Fe—LSDA, [22]
Fe 3.395 0.628 4.023 3.514 0.266 3.780 5.31

Fe—LSDA, [19]
Fe 3.49 0.77 4.26 8.79

Experiment, [14]
Fe �0

Experiment, [13]
Fe 6.5 ± 0.1

Co—LSDA, present work
Co 2.152 0.631 2.783 2.151 0.350 2.501
Pt 1.135 0.194 1.329 1.258 0.279 1.537
Effective moment 3.287 0.825 4.112 3.409 0.629 4.038 8.14

Co—GGA, present work
Co 2.195 0.431 2.626 2.195 0.246 2.441
Pt 1.605 0.282 1.887 1.769 0.395 2.164
Effective moment 3.800 0.713 4.513 3.964 0.641 4.605 2.42

Co—LSDA, [22]
Co 2.153 0.726 2.879 1.973 0.483 2.456 5.02

Co—LSDA, [19, 20]
Co 2.27 0.60 2.87 4.76
Pt 0.40 0.07 0.47

Co—LSDA, [23]
Co 2.18 0.57 2.75 2.00

Co—LSDA, [4]
Co 2.14 0.60 2.74 18.45

Experiment, [4]
Co 2.1 1.1 3.2 9.3 ± 1.6

Experiment, [13]
Co 10.3 ± 0.2

1.2 meV is also lower than the theoretical predictions derived
for an unrelaxed surface [19, 22], a detailed discussion of the
difference will be given below.

For an Fe adatom the enhancement of the spin moment
compared to its value in the bulk is even more pronounced,
but we find an orbital moment which is only slightly enhanced
compared to the bulk. For the adatom the ratio μS/μL is only
about 0.03, much smaller than the experimental estimate of
μS/μL ∼ 0.18 ± 0.05 given by Lehnert [14]. For the substrate
atoms, this ratio is much higher—μL/μS ∼ 0.20(0.29)

for perpendicular (in-plane) magnetization. Although the
anisotropy of both spin and orbital moments is very small,
we calculate an MAE of 3 meV—the out-of-plane easy axis
agrees with the easy axis direction found by Lehnert (no
quantitative MAE could be deduced) and with the value of
6.5 meV estimated by Balashov et al [13] from the STS. Much
larger values of the MAE have been predicted by Bornemann

et al [19] and Etz et al [22], based on an ideal geometry and
an LSDA functional. Tsujikawa et al [21] studied the MAE of
a quarter of a monolayer of Fe on Pt(111) within the LSDA
and allowing a restricted relaxation. An in-plane easy axis
favored by about 1 meV was reported, although spin and orbital
moments are not too different from our results.

3.3.2. Idealized geometry of the adatom/substrate complex.
To allow a comparison of our calculations with the existing
literature data, we have also performed calculations using a
fixed idealized geometry based on the experimental lattice
constant and either the LSDA or GGA exchange–correlation
functional. In these calculations both Fe and Co have been
placed into fcc hollows because this is the adsorption site
assumed in the previous calculations. The results are compiled
in table 3.
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The LSDA calculations for Co/Pt(111) and a perpendic-
ular orientation of the magnetic moment lead to good agree-
ment with the published data [4, 19, 22, 23]: the spin moment
of the Co atom is μS ∼ 2.15 ± 0.03 μB, the orbital moment
μL ∼ 0.60±0.03 μB (but note that Bornemann et al [19] find a
higher spin, and Etz et al [22] a higher orbital moment—these
divergences are not easily understood because [4, 19] and [22]
all use an SKKR Green’s function code). We note that at a
fixed geometry and with the same functional as in the present
PAW calculations, the FLAPW calculations of Shick et al [23]
(both using a slab model) and the SKKR calculations [4] based
on a semi-infinite substrate (but solving the Dyson equation
only in a finite surrounding of the adatom) lead to good agree-
ment. Hence the two types of models are both adequate, and
the difference between full potential and atomic-sphere ap-
proximations is not so important. Much larger differences are
found for Fe/Pt(111)—we shall come back to this discrepancy
below.

Compared to the calculations for a fully optimized
adatom/substrate complex we find a strong enhancement of
the orbital moment of the adatom and a pronounced decrease
of both spin and orbital moments induced in the substrate.
The effective spin moments per Fe or Co adatom are reduced
from about 5.5 μB to ∼3.3–3.4 μB, while the effective orbital
moments are almost unchanged. In the previous publications
information on the magnetic moments induced on the substrate
atoms is very scarce. Etz et al [22] report induced spin
moments of μS ∼ 0.1 μB for the nearest-neighbor Pt
atoms, decreasing to about 0.01 μB for next-nearest neighbors,
Bornemann et al [19] report slightly lower induced spin
moments of 0.08 μB on nearest-neighbor sites. These values
are in reasonable agreement with our findings, but hardly any
information on the induced orbital moments can be found in
earlier work. Only Bornemann et al [19] report a total induced
spin moment of 0.4 μB and a total induced orbital moment of
0.07 μB for Co/Pt(111) (both per Co atom). As these values
are considerably lower than our integrated values while the
moments induced on nearest-neighbor sites are comparable,
we can only conclude that the spatial extension of the induced
polarization cloud is much smaller than derived here. This is an
immediate consequence of the fact that the Dyson equation has
been solved only for a small cluster surrounding the adatom.
On all other substrate atoms any induced polarization has hence
been suppressed

Very little information has also been given on the
anisotropies of spin and orbital moments—only in the paper
by Etz et al [22] are values of the magnetic moments given for
both orientations of the magnetization. The reason for the lack
of information on the direction-dependence of the magnetic
moments is that the calculations of the MAE use either
the magnetic force theorem [4, 22, 23] or the torque–force
approach [19, 20]. In both cases, a self-consistent calculation
is performed only for one direction of the magnetization and
the MAE is determined as the difference in the sum of the one-
electron energies, calculated at a fixed effective one-electron
potential. For Fe/Pt(111) our calculations predict an isotropic
spin moment and a modest anisotropy of the orbital moment
of the Fe atom, �μL = μl(⊥) − μL(‖) = 0.11 μB, and an

orbital anisotropy of opposite sign, �μL = −0.10 μB induced
on the Pt atoms. For the Fe atom, Etz et al report a substantial
negative anisotropy of the spin moments, �μS = −0.12 μB,
and a very large orbital anisotropy of �μL = 0.36 μB. It
is intriguing that for this system, the agreement between both
sets of calculations is much better for an in-plane orientation of
the magnetic moment. For Co/Pt(111) both calculations lead
to similar values of the orbital anisotropy (�μL ∼ 0.2 μB,
but Etz et al also report a substantial negative spin anisotropy).
The additional spin anisotropy is reflected in a MAE which
is lower than found in our calculations. The MAE reported
by Etz et al [22] agrees well with Bornemann et al [19],
while Gambardella et al [4] report a much larger value (even
larger than experiment). Since all three calculations [4, 19, 22]
are based on a SKKR Green’s function approach, the same
geometry and the same functional, the origin of this difference
is not clear. For Fe/Pt(111) the calculated MAEs span the range
between 2 meV and nearly 9 meV. The difference between
our low value and the larger values reported in the SKKR
calculations parallels larger orbital moments and both orbital
and spin anisotropies.

3.3.3. LSDA versus GGA. To assess the influence of
the choice of the exchange–correlation functional, we have
also performed calculations with an idealized geometry and
a GGA functional. The results for Co/Pt(111) are listed
in table 3. For the adatom, the semilocal GGA functional
leads to a slightly increased spin and a significantly reduced
and slightly less anisotropic orbital moment. In contrast the
induced spin and orbital moments are significantly enhanced
with the GGA, resulting also in an enhanced effective spin
and orbital moment. As with the LSDA, we note opposite
signs of spin and orbital anisotropies of the adatom and of
the substrate. Altogether we note that the GGA disfavors the
formation of a large orbital moment on the adatom, but also
leads to stronger hybridization effects. Both effects together—
decreased orbital anisotropy of the adatom and increased
negative orbital anisotropy of the substrate—lead to a decrease
of the magnetic anisotropy energy from 8.1 to 2.4 meV, while
the sign remains unchanged.

3.3.4. Self-consistent total-energy differences versus force
theorem. Calculations of the MAE require a very high
level of convergence of the total energies—which is rather
time-consuming. Therefore many calculations are based on
the ‘force theorem’ [35, 36] stating that to first order, the
difference in the total energy calculated for magnetization
along the easy and hard axes may be approximated by
the difference in the sum of the one-electron energies
calculated at a fixed potential. If the force theorem has
been used [4, 17, 22] a self-consistent calculation has been
performed for perpendicular magnetization, while for in-
plane magnetization only a non-self-consistent calculation
with a fixed potential has been performed. In table 4 we
compare the spin and orbital moments for in-plane orientation
resulting from a self-consistent calculation and from a non-
self-consistent calculation using the potential and charge-
distribution resulting from the self-consistent calculation for
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Table 4. Spin μS , orbital μL , and total μtot magnetic moments (all in μB) of Fe and Co adatoms adsorbed on a Pt(111) substrate and induced
moments on the Pt-substrate atoms integrated over all atoms in the supercell. Results for in-plane orientation of the magnetization resulting
from self-consistent calculations and from non-self-consistent calculations based on the potentials and charge-distributions calculated for
perpendicular magnetization are compared. The MAE is given in meV, a positive value indicates a perpendicular easy axis.

Self-cons. total energy Force theorem

μS μL μtot MAE μS μL μtot MAE

Fe—GGA, relaxed, atheor.

Fe 3.283 0.108 3.391 3.286 0.108 3.394
Pt 2.172 0.518 2.690 2.163 0.514 2.677
Effective moment 5.455 0.626 6.081 2.99 5.449 0.622 6.071 2.84

Fe—LSDA, ideal geometry
Fe 3.366 0.234 3.600 3.378 0.236 3.614
Pt 1.457 0.325 1.782 1.330 0.295 1.652
Effective moment 4.823 0.559 5.382 2.35 4.708 0.531 5.239 2.31

Co—GGA, relaxed, atheor.

Co 2.155 0.088 2.243 2.137 0.088 2.255
Pt 3.325 0.829 4.154 3.279 0.812 4.091
Effective moment 5.480 0.917 6.397 1.19 5.416 0.900 6.316 1.20

Co—LSDA, ideal geom.
Co 2.151 0.350 2.501 2.137 0.354 2.491
Pt 1.258 0.279 1.537 1.095 0.240 1.335
Effective moment 3.409 0.629 4.038 8.14 3.232 0.594 3.826 12.71

perpendicular magnetization. Indeed we find that the non-self-
consistent calculation reproduces the magnetic moments with
very good accuracy. For Fe/Pt(111) we also find very good
agreement between the MAEs calculated from the difference
in the self-consistent total energies and determined by the
difference in the sum of the one-electron energies (according
to the force theorem), for both the GGA at a relaxed geometry,
and the LSDA and the idealized bulk-like geometry. This is
remarkable, because at the idealized geometry the differences
between the self-consistently calculated induced moments and
the non-self-consistent calculations are not entirely negligible.
For Co/Pt(111) the force theorem yields good results in GGA
calculations using a fully relaxed geometry, while in LSDA
calculations for an idealized geometry the force theorem leads
to value of the MAE which is increased by about 4 meV
compared to the self-consistent result. The largest differences
are always found for the induced spin moments, they are larger
in LSDA calculations and larger for Co than for Fe adatoms.
The reason is that at a fixed idealized geometry (and hence a
partially suppressed hybridization) even small changes in the
charge- and spin densities can lead to significant changes in the
magnetic moments. This shows that the compensation between
the changes in the one-electron energies and double-counting
corrections (Hartree- and exchange–correlation energies)
predicted by the force theorem is indeed realized in most
cases to a very good extent, but the case of Co/Pt(111)
demonstrates that for the very small MAEs the use of the
force theorem can still lead to a non-negligible quantitative
error.

3.3.5. DFT + U results. To examine the influence of post-
DFT corrections on the orbital moment and on the MAE, we
have performed calculations using a GGA + U approach and
a modest value of U = 2 → 3 eV for the on-site Coulomb

repulsion on the Fe 3d states. For the implementation of the
GGA+U approach in VASP we refer to the work of Rohrbach
et al [48]. U = 2 eV is the value also used by Shick et al
[23] in their calculations for Co/Pt(111) and slightly smaller
than the value of U = 3 eV recommended by Ebert et al to
achieve agreement for the orbital moments of 3d impurities
in alloys. The calculations have been performed for a fully
relaxed system. Our results are compiled in table 5. With
increasing U we find increasing spin and orbital moments on
the adatom, accompanied by a slow decrease of the induced
moments. Both effects arise immediately from the increased
exchange splitting of the Fe 3d states. The effect on the
calculated MAR is also very modest.

The increase of the orbital moment of the adatom is
much smaller than found by Ebert et al for 3d impurities in
a polarizable matrix. The difference is again in the different
treatment of relaxation effects. In the Green’s function
calculations of Ebert et al, local relaxations are neglected—
hence the impurity couples only weakly to the host and the
Coulomb repulsion induces a strong exchange splitting. In
our relaxed system, the effect of the added Coulomb repulsion
is much smaller because of the strong coupling to the ligand
states.

Our results may be compared with the work of Shick et al
[23] on Co/Pt(111), based on an LSDA + U approach on an
unrelaxed or partially relaxed system. The Co orbital moments
are more sensitive to the addition of a Coulomb repulsion,
again the relaxation reduces its effect. Also the effect on the
MAE is found to be small—with a U = 2 eV the MAE
increases only from 2 to 3 meV. The use of the DFT+U method
requires further investigations, including realistic estimates of
the strength of the Coulomb repulsion.
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Table 5. Spin μS , orbital μL , and total μtot magnetic moments (all in μB) of Fe and Co adatoms adsorbed on a Pt(111) substrate and induced
moments on the Pt substrate atoms integrated over all atoms in the supercell. Results from calculations including spin–orbit coupling for
perpendicular and in-plane orientations of the magnetic moment are presented. The MAE is given in meV, a positive value indicates a
perpendicular easy axis. The calculations are performed using the GGA + U and allow for a full relaxation of the adatom/substrate complex.

Including SOC

Perpendicular In-plane

μS μL μtot μS μL μtot MAE

U = 2

Fe 3.399 0.126 3.525 3.400 0.135 3.535
Pt 2.103 0.392 2.495 2.192 0.524 2.716
Effective moment 5.502 0.518 6.020 5.592 0.659 6.251 2.62

U = 3

Fe 3.480 0.151 3.631 3.480 0.164 3.644
Pt 2.049 0.382 2.431 2.135 0.514 2.649
Effective moment 5.529 0.533 6.062 5.615 0.678 6.293 2.70

4. Discussion and conclusions

We have examined the influence of different approximations
(relaxed or idealized structure, local or semilocal functional,
force theorem or self-consistent total-energy calculations) on
density-functional calculations of the magnetic anisotropy of
magnetic adatoms on Pt(111) surfaces. The surprising result of
our studies is that the magnetic anisotropy energy of Fe/Pt(111)
is surprisingly robust against changes in the computational
setup—the results vary only between 2 and 3 meV and
both easy axis orientation and the value of the MAE are in
reasonable agreement with experiment [13]. For Co adatoms
the variations of the MAE (between 1.2 and 12.7 meV) are
much more pronounced, as a consequence of a spiky electronic
density of states close to the Fermi level. But even in this case
the semi-quantitative agreement with experiment is preserved,
the theoretical values bracket the experimental results [4, 13].
The most important point in theoretical calculations is the
description of the geometry of the adatom/substrate complex,
while the remaining factors such as the choice of a functional
etc are of minor importance. If relaxation is suppressed, the
coupling of the magnetic adatom to the ligands with a strong
SOC is strongly reduced, but this also permits the formation of
a relatively large orbital moment on the adatom. If a realistic
geometry is created by relaxation, the strong coupling to the
ligands leads to a strong hybridization of adatom and ligand
states and a larger induced moment, but the increased orbital
mixing adds to the lack of orbital dependence of the exchange
fields and minimizes the orbital moment of the adatom.

This important point may be illustrated by the partial local
densities of states calculated for the optimized geometry of
the adsorbate/substrate complex and assuming an idealized
structure (see figure 3). The partial d-state densities of
states (DOS) are shown for the adatom and for the atoms
in the first substrate layer, for perpendicular and in-plane
orientation of the magnetization. The calculations for a relaxed
geometry demonstrate a strong hybridization between adatom
and substrate for all states, leading to a broadening of the d
states of the adatom. If an idealized geometry is assumed,

the partial DOS of the dz2 , dxy , and dx2−y2 consist of two
narrow peaks located at the Fermi level and at binding energies
of about −3 eV, arising from majority and minority spin
states. Only the dxz and dyz states show a slightly stronger
hybridization. The hybridization with the d band of the
substrate is largely restricted to the region around the peaks
in the partial Fe d-DOS. In particular, peaks just above the
Fermi level are induced in the Pd dz2 , dxz , and dyz DOS.
It is also interesting to analyze the changes in the partial
DOS as a function of the direction of magnetization. For
perpendicular magnetization, the dxz and dyz , and the in-plane
dx2−y2 and dxy states are degenerate by symmetry, for in-
plane magnetization the degeneracy is lifted. As expected this
splitting is more pronounced in calculations with a relaxed
geometry, and—somewhat surprisingly—it is restricted to a
rather narrow range of binding energies from about −4.5
to −2 eV. In this range the DOS of the d2

z states is more
sharply peaked for out-of-plane magnetization, while for
the dxy and dyz states whose degeneracy is also lifted, the
structure in the dxz DOS becomes more pronounced for in-
plane magnetization while the dyz DOS is more smeared out.
When the partial DOSs are integrated over occupied states, the
effects in the different partial DOSs largely cancel, resulting
in the very small MAE of about 2 meV. The DOSs shown
in figure 3 result from self-consistent calculations for both
orientations of the magnetic moments—a non-self-consistent
calculation with a frozen potential (as required for the use of
the force theorem) gives almost identical DOS. Hence, for the
elucidation of the physical mechanism determining the MAE,
the partial DOSs are a too crude description of the electronic
structure.

The differences in the electronic structure arising from the
use of different exchange–correlation functionals on the other
hand are of minor importance. The differences between the
two panels of figure 3 are mostly related to the difference
in the lattice constants of the substrate. The smaller lattice
constant in the idealized geometry based on the smaller lattice
constants calculated using the LSDA (right panel of figure 3)
leads to a slightly broader Pt d band. If the Pd bands are
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Figure 3. Partial d-electron densities of states for an Fe atom adsorbed on a Pt(111) and for the Pt atoms in the surface layer, as calculated for
perpendicular and in-plane magnetization. The left panel shows the results calculated using the GGA and a fully relaxed adsorbate/substrate
complex, the right one shows the results obtained using the LSDA and an idealized bulk-terminated geometry (see text).

matched at the lower band edge, the centers of gravity of the
DOS for Fe majority and minority electrons are again in good
agreement. An important difference—which is again mostly
geometry-related—is that because of the reduced overlap of
the Fe majority and minority DOSs, the Fermi level falls into a
region of high Fe-DOS if an idealized geometry is used.

Altogether our analysis demonstrates that the most
important approximation in DFT calculations of the magnetic
anisotropy of supported nanostructures is the description of
the geometry of the adsorbate/substrate complex. Calculations
assuming an idealized geometry essentially attempt to
cure a defect of DFT (missing orbital dependence of the
exchange field) by artificially minimizing adatom/substrate
hybridization. Hence while calculations based on a relaxed
geometry certainly provide the more realistic scenario, both
types of calculations provide a lower limit to the MAE: in
one case the influence of the strong SOC on the ligands,
in the other case the orbital moment of the adatom is
underestimated. Future work should be based on realistic
geometries and concentrate on orbital-dependent corrections
to the DFT functionals, with the DFT + U being just one

possible alternative. Preliminary results also demonstrate
that the conclusions drawn here for isolated magnetic atoms
on polarizable substrates also hold for other nanostructures
(clusters, chains, ultrathin layers) composed of the same or
similar elements.
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[4] Gambardella P, Rusponi S, Veronese M, Dhesi S S, Grazioli C,
Dallmeyer A, Cabria I, Zeller R, Dederichs P H, Kern K,
Carbone C and Brune H 2003 Science 300 1130

[5] Tischer M, Hjortstam O, Avranitis D, Dunn J H, May F,
Baberschke K, Trygg J, Wills J M, Johansson B and
Eriksson O 1995 Phys. Rev. Lett. 75 1602
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