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Magnetocrystalline anisotropy energy of Co and Fe adatoms on the (111) surfaces of Pd and Rh
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We performed a combined theoretical and experimental investigation of the orbital magnetism and magne-
tocrystalline anisotropy of isolated Co and Fe adatoms on Pd(111) and Rh(111). Theoretical calculations of the
spin and orbital moments are based on ab inifio spin-polarized density-functional theory (DFT) including a
self-consistent treatment of spin-orbit coupling. The calculations use a slab model to represent the adsorbate/
substrate complex and allow for a complete structural relaxation leading to a strong inward displacement of the
adatom and modest vertical and lateral relaxations in the substrate atoms. Compared to an idealized geometry
where the atoms are kept on bulk lattice positions up to the surface, relaxation leads to a much stronger
adatom/ligand hybridization. This is also reflected in the results for orbital moments and magnetocrystalline
anisotropy energy (MAE). The enhanced hybridization leads to strong quenching of the adatom orbital mo-
ments but also to the formation of large induced spin and orbital moments in the substrate. As a consequence,
we find that the substrate contribution to the MAE is much more important than estimated before on the basis
of studies using an idealized geometry. We also find the surprising result that the MAE strongly depends on the
adsorption site. The magnitude and even the sign of the MAE change for adatoms on face-centered cubic with
respect to the ones on hexagonal close-packed hollow sites on the (111) surface. The dependence of the MAE
on the combination of adatom and substrate has been analyzed in terms of the electronic structure, leading to
a sound physical picture of the origin of the MAE. A fundamental problem, however, is the correct prediction
of the size of the orbital moments of the adatoms. We suggest that this problem can be solved only via
post-DFT corrections introducing an orbital dependence of the exchange potential. The theoretical results are
compared to site-averaged, element-specific x-ray magnetic circular dichroism (XMCD) measurements. Low-
temperature XMCD spectra and magnetization curves reveal weak out-of-plane anisotropy for Fe adatoms on
both substrates. Interestingly, Co adatoms on Rh(111) present in-plane anisotropy with MAE of about
—0.6 meV, contrary to the known out-of-plane anisotropy of Co on Pd(111) and Pt(111). The orbital to spin
magnetic-moment ratio measured by XMCD shows that the Co adatoms present much stronger orbital mag-
netization components compared to Fe. The connection between orbital moments and MAE is discussed at the

theoretical level including the contribution of the induced substrate magnetization.
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I. INTRODUCTION

The desire to build magnetic or magneto-optical storage
devices with maximal storage density'-? has spurred a strong
interest in the properties of magnetic nanostructures sup-
ported on nonmagnetic substrates.’ One bit of information is
stored per magnetic domain, and a high magnetic anisotropy
is required to inhibit magnetization reversal and hence loss
of information. A reduction in the size of the nanostructure
carrying one bit of information requires the increase in the
magnetic anisotropy energy (MAE) per atom. In addition, the
easy axis must be oriented perpendicular to the surface of the
substrate to reduce the dipolar magnetic interactions between
neighboring magnetic moments. The ultimate size limit of a
system showing magnetic anisotropy is an isolated magnetic
atom on a nonmagnetic substrate. A high MAE requires large
spin and orbital moments and a strong spin-orbit coupling
(SOC). Recently, a giant MAE was found by Gambardella et
al* for Co atoms on a Pt(111) substrate. In this case, the
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large magnetic moment is provided by the Co atom but for
Co, like for all 3d ferromagnets, the spin-orbit coupling is
weak. Strong SOC is found in the heavy 5d metals such as Pt
but these metals are nonmagnetic. Hence the giant MAE ob-
served for Co/Pt(111) must have its origin in the strong cou-
pling between the magnetic adatom and its ligands. The situ-
ation is similar as for ultrathin films of 3d elements adsorbed
on heavy-metal substrates or multilayers formed by these
systems.’

The investigation of the MAE of supported magnetic
nanostructures remains a challenge to both theory and ex-
periment. Using x-ray magnetic circular dichroism (XMCD)
(Ref. 6), it is now possible to measure the magnetic proper-
ties of submonolayers down to coverages as low as 0.002
monolayers (MLs).” At these coverages statistical growth,
obtained by deposition at temperatures where monomer dif-
fusion is frozen, leads almost exclusively to single adatoms.3
Due to the spatial extent of the x-ray beam of a few hundred
micrometer square, XMCD performs ensemble averages.
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However, for ensembles containing only monomers with no
mutual magnetic interactions, XMCD enables one to mea-
sure the spin and orbital moments as well as the MAE of
single atoms. A review of experimental investigations of the
magnetic properties of isolated atoms adsorbed on surfaces
has recently been presented by Brune and Gambardella.” The
results for Co/Pt(111) remain characteristic for the magne-
tism of 3d atoms on 4d or 5d substrates. Both spin and
orbital moment of the Co atoms (ug=1.8*=0.1ugz, u
=1.1%0.1up) measured at low temperature and in a mag-
netic field strong enough to achieve saturation are strongly
enhanced compared not only to bulk Co (where ug
=1.52up, p;=0.15up) but also in comparison to ultrathin
films,>!% atomic wires,'"!?> and supported nanoclusters.!*!13
From the magnetization curves measured in magnetic fields
perpendicular and nearly parallel to the surface, a very large
MAE of 9.3*1.6 meV and a total moment per Co atom
(measuring the sum of the spin and orbital moments of the
magnetic adatom plus the magnetization induced in the sub-
strate) of 5.0+ 0.6uz have been estimated. A similar “giant
effective moment” of about 10u/Co atom has been reported
for very dilute Co-Pd alloys.'* Considering the difference in
the coordination between an adatom adsorbed on a surface
and an atom immersed in the bulk, both estimates are in
reasonable agreement.

Additional information on the structural and magnetic
properties of Co atoms adsorbed on Pt(111) comes from
scanning tunneling microscopy (STM) and scanning tunnel-
ing spectroscopy (STS).!>!® The STM images confirm that
the Co atoms occupy both face-centered cubic (fcc) and hex-
agonal close-packed (hcp) hollows of the Pt surface. The
particular advantage of spin-polarized STS measurements is
that they allow to probe the magnetic properties of individual
adatoms.'® Assuming a perpendicular easy axis of magneti-
zation and a MAE of 9.3 meV taken from the XMCD ex-
periments, a fit of the magnetization curves as a function of
the applied field yields slightly different total effective mo-
ments of wu(hep)=3.9+0.2up and u(fcc)=3.5%£0.2u; for
Co atoms in the two different adsorption sites. Inelastic tun-
neling spectroscopy observes the exchange of spin angular
momentum between the tunneling electrons.!”!® Very re-
cently, it has been proposed that the MAE may be derived
from the spin-flip energy.'*?! However, to derive the MAE
from the spin-excitation energy, the magnitude of the spin S
to be flipped (consisting of the spins of the adsorbed atom
plus the induced substrate moments) must be known. If S
>1, the excitation from the ground state with S;=*S to a
state with S,= = (S—1) does not necessarily correspond to a
spin reorientation by 90°. For Co/Pt(111), Balashov et al.?!
assumed a spin of S=1 to derive an MAE compatible with
the XMCD result. For Fe/Pt(111), a similar large MAE of 6.5
meV was derived from the STS data, assuming a spin of S
=3/2.

The determination of the spin and orbital moments and of
the MAE of supported magnetic nanostructures also repre-
sents a challenge to current spin-density-functional theories
(SDFTs) of magnetism. Magnetic anisotropy is caused by
spin-orbit coupling, hence a relativistic calculation is re-
quired. The essential problem, however, is twofold: (i) the
strong coupling between nanostructure and substrate must be
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correctly described. This is particularly important for isolated
adatoms. The spin degeneracy of the free atom is broken
only by the coupling to the ligands. (i) All current versions
of SDFT tend to underestimate the orbital moment. The rea-
son is that the charge and spin densities determining the ef-
fective one-electron potential are determined as averages
over occupied orbitals. It has been proposed that the evalua-
tion of the orbital moments could be improved by adding
semiempirical corrections such as the orbital-polarization
term proposed by Brooks et al.?> However, calculations
based on the full orbital-polarization term produce too large
moments.*?3

In any calculation of the MAE, a number of technical
choices are required: (i) choice of the exchange-correlation
functional: local or semilocal (gradient-corrected), eventu-
ally adding post SDFT corrections. (ii) Self-consistent band-
structure or Green’s-function calculations—this also implies
the choice of the form of the one-electron potential (full-
potential or atomic-sphere approximation). (iii) Spin-orbit
coupling taken into account by solving the Dirac
equation®*? or by using the second-order variational
approach.?%?7 (iii) Modeling of the substrate-periodic slabs
or semi-infinite (possible only within Green’s-function ap-
proaches). (iv) Geometry of the adsorbate/substrate
complex—all atoms in sites continuing the crystalline lattice
of the bulk substrate, relaxation of the adatom only, or full
relaxation of adatom plus substrate. (v) MAE determined in
terms of independent total-energy calculations for different
orientations of the magnetization or using the ‘“magnetic
force theorem (FT)”?%?? as the difference in the band ener-
gies at a frozen potential and charge density. Very recently,
we have published a study attempting to assess the influence
of these different approximations on ab initio calculations of
the MAE.?°

For the archetypal systems Co/Pt(111) and Fe/Pt(111), a
number of SDFT studies of orbital moments and MAE have
been published.*?!393> With the exception of our recent
work®® and the work by Shick and Lichtenstein®> and by
Balashov et al.?! all these calculations are based on a
Green’s-function approach within the screened fully relativ-
istic Kohn-Korringa-Rostocker (KKR) method, an idealized
geometry propagating the bulk structure of the substrate, the
local-density approximation, and the use of the magnetic
force theorem.*2!31-33 In our recent assessment of the impact
of the different approximations, we have demonstrated that
the most important step is the description of the adsorbate/
substrate complex. Calculations based on the assumption of
an idealized bulklike geometry essentially attempt to cure a
defect of the SDFT (missing orbital dependence of the ex-
change field) by artificially minimizing adatom/support hy-
bridization. This allows to achieve a larger orbital moment
and an MAE in semiquantitative agreement with experiment
at the expense of an unrealistic geometry and electronic
structure. Calculations based on a relaxed geometry provide
a more realistic scenario but tend to underestimate the orbital
moments even more strongly. Hence both types of calcula-
tions provide rather a lower limit to the MAE: in one case
the influence of the strong SOC of the ligands and in the
other the orbital moments of the adatom is underestimated.

In the present work, we report on a combined theoretical
and experimental investigation of the spin and orbital mo-
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ments as well as the MAE of isolated Co and Fe atoms on
Pd(111) and Rh(111) substrates. Compared to the well-
studied Co(Fe)/Pt(111) case, these systems based on 4d
substrates differ by a reduced strength of the SOC but an
increased magnetic polarizability of the substrate metals.
Both Pd and Rh are known to be nearly magnetic, their
density of states at the Fermi level just fails to meet the
Stoner limit for ferromagnetic ordering. For both metals,
there have been reports that at least their more open (100)
surfaces are magnetic. This has led to a lengthy and heated
discussion but the question seems now to be settled in favor
of the absence of surface magnetism. Nonetheless, due to the
high polarizability of the Rh atom, for Rh nanostructures
(monolayers on Ag or Au substrates,’*37 Rh nanowires,>8
and free Rh clusters’>#°), the existence of a spontaneous
magnetization has been predicted, even though not verified
experimentally.*! Experimental confirmation for the magne-
tism of free Rh clusters is available from Stern-Gerlach
experiments.*? For Fe/Pd, a “giant” enhancement of the mag-
netic moment of Fe impurities,*** of embedded Fe mono-
layers and artificial layered FePt and FePd compounds with
an L1, structure has been reported.*> The recent SDFT stud-
ies of Rh surfaces magnetically doped with Co impurities®’
have demonstrated that the induced spin moments on Rh
atoms may be as large as 0.7 up and that the total moment per
Co atom may reach 4uyz. However, these studies have also
demonstrated that the magnetic polarization induced by a
Ruderman-Kittel-Kasuya-Yoshida mechanism is long ranged
and that convergence with respect to the model size may be
difficult to achieve.

II. COMPUTATIONAL SETUP

Ab initio density-functional calculations of the spin and
orbital magnetic moments and of the magnetic anisotropy
energy of Fe and Co adatoms on Rh and Pd (111) surfaces
were performed using the Vienna ab initio simulation pack-
age (VASP).*® VASP performs an iterative solution of the
Kohn-Sham equations within a plane-wave basis. Electronic
exchange and correlation are described within a spin-
polarized generalized-gradient approximation (GGA) using
the functional proposed by Perdew et al. (PWO91 - Ref. 47)
and the spin interpolation proposed by Vosko et al.*® The
choice of the GGA functional is motivated by the fact that
for the substrate, GGA predicts slightly too large and the
local-density approximation (LDA) slightly too low lattice
constants, while for Co and Fe metals, the GGA predictions
are definitely superior. In addition, the use of the GGA is
crucial for the correct description of the structural and mag-
netic ground state of bulk ferromagnetic 3d elements.** The
electron-ion interaction is described within the projector-
augmented-wave (PAW) (Ref. 50) formalism. The PAW po-
tentials have been derived from fully relativistic calculations
for atomic reference calculations. The PAW method recon-
structs the full nodal character of the exact all-electron
charge distribution in the core region. Hence it is a genuine
all-electron approach that avoids the necessity to include
nonlinear core corrections, which is of particular importance
for magnetic systems. The basis set contained plane waves
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with a maximum kinetic energy of 300 eV, which allows to
achieve full basis-set convergence.

Magnetic anisotropy and orbital moments are relativistic
effects depending on the strength of the spin-orbit coupling.
Spin-orbit coupling has been implemented in VASP by Kresse
and Lebacq.’' Following Kleinman and Bylander?® and Mac-
Donald et al.,’ the relativistic Hamiltonian given in a basis
of total angular momentum eigenstates |j,m;) with j=I i%
(containing all relativistic corrections up to order a?, where
« is the fine-structure constant) is recast in the form of 2
X 2 matrices in spin space by reexpressing the eigenstates of
the total angular momentum in terms of a tensor product of
regular angular momentum eigenstates |/,m) and the eigen-
states 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 cor-
rections, and the spin-orbit operator. The nondiagonal ele-
ments in spin space arise from the spin-orbit coupling but
also from the exchange-correlation potential when the sys-
tem under consideration displays a noncollinear magnetiza-
tion density. Calculations including spin-orbit coupling have
therefore to be performed in the noncollinear mode imple-
mented in VASP by Hobbs et al.’? and Marsman and Hafner.>3

The substrate has been modeled by periodically repeated
slabs consisting of up to ten atomic layers separated by a
sufficiently thick vacuum space of =16 A. A 5X5 surface
unit cell has been used with one adatom per surface cell. This
corresponds to a coverage of 0.04 ML, only slightly larger
than in experiment. Calculations on larger surface cells (and
hence lower coverages) would require a much increased
computational effort. In earlier experiments'? on Co/Pt(111)
for coverages varying between 0.007 and 0.03 ML, the MAE
changed only from 9.2 to 8.6 meV/atom. This indicates that
our surface cell represents an acceptable compromise.

The adsorbates were placed on one side of the slab only
and a dipole correction®>> was applied to compensate for
the electrical field gradient through the slab. Electronic and
magnetic degrees of freedom were relaxed simultaneously
until the change in total energy (TE) between successive it-
erations was smaller than 107 eV/cell. Such a stringent re-
laxation criterion is essential for an accurate MAE. The co-
ordinates of the adatom and the positions of the atoms in the
three topmost layers of the substrate were optimized using
scalar-relativistic calculations until the forces on all uncon-
strained atoms were converged to less than 0.01 eV/A. The
geometry and electronic and magnetic ground state resulting
from the scalar-relativistic calculation were used to initialize
relativistic calculations including (SOC). No additional re-
laxation of the geometry was performed because our earlier
work on Fe and Co adatom on Pt(111) has demonstrated that
relaxations with and without SOC lead to almost identical
results.>® Our description of SOC allows, in principle, for a
noncollinear orientation of spin and orbital moments but we
always found a collinear alignment. Two sets of self-
consistent calculations were performed for magnetic mo-
ments oriented perpendicular and parallel to the surface to
find the easy and hard magnetic axes and to determine the
MAE in terms of the difference in the total energies.

In parallel, the MAE was also calculated using the mag-
netic force theorem from the difference in the band energies
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at a frozen potential. The results achieved from the force
theorem are, in general, less accurate but using the layer and
angular momentum decomposed partial local densities of
states, the MAE may be decomposed into contributions from
the adatom and from different layers of the substrate, as well
as into contributions from different orbitals. However, the
calculation of the partial local densities of states must be
based on the projection of the plane-wave components of the
electronic eigenstates onto spherical waves within atomic
spheres. It must be kept in mind that this approximate de-
composition introduces additional numerical inaccuracies.
However, this decomposition is very helpful in elucidating
the electronic origin of the MAE.

The calculations including SOC require a fine k-point
mesh for the Brillouin-zone integrations. Test calculations
were performed for a Co adatom on a Rh(111) surface for
three different k-point grids: 3 X3 X1, 3X3X2, and 5X35
X 1 generated by the Monkhorst-Pack scheme® and a mod-
est Gaussian smearing of the eigenstates. A 3 X3 X1 grid
was found to provide a reasonable compromise between ac-
curacy and computational effort. All converged total energies
were extrapolated to zero smearing.

We should point out that our setup differs considerably
from that used in previous calculations**'323* of the mag-
netic anisotropy of supported nanostructures. Most of these
calculations are based on a KKR Green’s-function approach,
a local exchange-correlation functional, a complete neglect
of relaxation of the adsorbate/substrate complex, and the use
of the magnetic force theorem for calculating the magnetic
anisotropy energy. A detailed comparative study of the im-
pact of these approximations on calculations of the magnetic
anisotropy energy has recently been published for Fe and Co
adatoms on a Pt(111) surface.’®

III. COMPUTATIONAL RESULTS
A. Bulk metals and pristine surfaces

The lattice constants of fcc Pd and Rh calculated using the
GGA are (experimental values are given in brackets) apy
=3.957(3.891) A (Ref. 57) and ag,=3.825(3.803) A 385
and the bulk moduli are Bpy=174(180) GPa (Ref. 57) and
Bgy=262(269) GPa.’®> These lattice parameters have been
applied in all further calculations. For Pd, we performed a
comparative calculation using a local LDA functional, with
the results apy=3.866 A and Bp;=210 GPa.

For a clean Pd(111) surface, the distances between the
three top layers have been relaxed, We find interlayer relax-
ations of A;,=+0.2(0.3)% and A,;=-0.5(-0.4)% in calcula-
tions using five(ten)-layer slabs, to be compared with the
available low-energy electron diffraction data finding an ex-
pansion of the first interlayer spacing by about +1%.°-% For
the work function, we find ®=5.30(5.32) eV while experi-
ment yields ®=5.60 eV.% At this level, one is led to con-
clude that a five-layer slab describes the structure of a
Pd(111) surface with good accuracy. A problem arises, how-
ever, from the high polarizability of the Pd atoms. A spin-
polarized GGA calculation for the five-layer slab leads to a
weakly magnetic slab, the largest moments of 0.4up are cal-
culated for the central layer. In a calculation with a ten-layer
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slab, this spurious surface-induced magnetism disappears, all
moments drop below 0.005up even if the initialization as-
sumes a magnetic moment. The results are essentially inde-
pendent of the choice of the functional, spin-polarized LDA
calculations lead to almost identical results for the geometry,
the maximal moment in a five-layer slab is 0.3uy. Hence it
seems to be indicated to use a ten-layer slab in all
calculations—however, this statement has to be revised when
a magnetic atom is adsorbed at the surface.

The results for a Rh(111) surface are very similar. The
surface-induced relaxations are A;,=—1.2/-1.1/-0.9% and
A,3=0.6/0.0/0.0% for a five-layer, an eight-layer slab and in
experiment.%* The work function is #=5.25/5.22/5.30 eV
(experiments by Brault et al.%). The spurious surface-
induced moments are smaller already for the five-layer slab
(maximal moment 0.11up), an eight-layer slab is nonmag-
netic. However, the magnetism induced by an adatom or ad-
layer tends to be very long ranged and deserves attention.

B. Geometry of the adsorption complex

Table I summarizes the binding energies and the geomet-
ric data for isolated Fe and Co atoms adsorbed in threefold
hollows and in twofold bridge positions on Pd and Rh (111)
surfaces as calculated in a spin-polarized scalar-relativistic
approach. Both fcc and hep hollows have been considered
and the binding energy at the bridge site has been calculated
in order to provide an estimate for the diffusion barrier. The
most important results are the following: On a Pd(111) sur-
face, both Fe and Co adatoms prefer to occupy an hcp hol-
low, the difference in the binding energies is 39 meV/atom
and 36 meV/atom, respectively. The diffusion barrier for
Fe(Co)/Pd(111) given by the difference in the binding ener-
gies at bridge and the more stable hcp hollow sites is Eg;
~144(128) meV. Using a typical value for the attempt fre-
quency of yy=1X10"3 Hz, we derive onset temperatures
where the jump rate is v=1 Hz of T=41(36) K for the re-
laxation from fcc to hep sites and of 7=56(50) K for surface
diffusion, respectively. Thus thermal diffusion is prohibited
at the substrate temperatures used for atom deposition and
for recording of the XMCD spectra. It is intuitive to consider
nonthermal motion over a few lattice sites along the surface
possibly caused by the dissipation of the adsorption energy.
However, this so-called transient mobility has been pre-
cluded for all metal/metal systems where direct atomic-scale
investigations exist.®® One example is Pt/Pt(111), for which
field ion microscopy has reported an equal occupation of fcc
and hcep sites at 20 K, despite the fcc site being more stable,
as evidenced by diffusion from hcp to fcc hollows upon rais-
ing the temperature to 45 K. Similarly for Co/Pt(111) STM
has reported adsorption on both hollow sites with equal
probability.!> Based on present knowledge, metal atoms de-
posited at low temperature onto a metal substrate therefore
come to rest at their impact site implying instantaneous dis-
sipation of the adsorption energy of several electron volts.
We conclude that Fe and Co atoms investigated in experi-
ment are with equal probability on hcp and fcc sites on
Pd(111). In both locations, they relax strongly inward by
0.63 A (Fe) and 0.66 A (Co), corresponding to 28% and
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TABLE 1. The calculated adsorption energy E,q, work function change A® (with respect to the clean
surface), height z of the adatom above the surface, distance between adatom and the nearest surface atom d,
relaxation A;; of the interlayer distances, and the buckling of the substrate, b;. The calculations are performed
for five-layer thick slabs and the values quoted in brackets are obtained for a ten- and eight-layer slab for Pd

and Rh substrates, respectively.

Ey AD Z d App Axs b 1 bcz

Adsorption site (eV) (eV) (A) (A) (%) (%) (A) (A)
Fe/Pd(111)

hcp hollow 4.006 -0.36 1.67 2.37 +0.4 -0.3 0.06 0.07

(hcp hollow) 4.123 (-0.33) (1.64) (2.36) (+0.6) (-0.1) (0.04) (0.07)

fcc hollow 3.967 -0.36 1.67 2.37 +0.4 -0.3 0.07 0.04

bridge 3.862 -0.33 1.61 2.32 +0.7 -0.1 0.22 0.06
Co/Pd(111)

hep hollow 3.963 -0.29 1.64 2.62 +0.3 -04 0.04 0.07

fcc hollow 3.927 -0.30 1.66 2.63 +0.4 +0.4 0.06 0.04

bridge 3.835 -0.28 1.62 2.66 +0.4 -04 0.21 0.08
Fe/Rh(111)

hep hollow 5.180 -0.34 1.76 2.38 -0.7 +0.7 0.04 0.02

(hcp hollow) 5.289 (-0.37) (1.76) (2.38) (-0.9) (+0.1) (0.05) (0.02)

fcc hollow 5.091 -0.36 1.81 2.39 -0.6 +0.7 0.06 0.01

bridge 4.982 -0.36 1.80 2.32 -0.7 +0.7 0.07 0.03
Co/Rh(111)

hcp hollow 5.333 -0.28 1.73 2.36 -0.7 +0.7 0.05 0.03

(hep hollow) 5438 (=028)  (1.72)  (236)  (=09)  (+0.1)  (0.05)  (0.01)

fce hollow 5.245 -0.29 1.76 2.37 -0.6 +0.7 0.07 0.02

bridge 5.114 -0.31 1.78 2.30 -0.7 +0.7 0.06 0.03

29% of the ideal interlayer distance. The interlayer distances
in the substrate are hardly affected but the adsorption of the
adatom causes also a weak buckling in the two top layers,
the substrate atoms are attracted toward the adatom. The ad-
sorption induces a decrease in the work function. Calcula-
tions based on a ten-layer slab are shown only for Fe(hcp)/
Pd(111)—except for a slightly increased binding energy, the
increased slab thickness has no significant effect on the ad-
sorption geometry.

On the Rh(111) surface the preference for hcp adsorption
sites is even more pronounced, the differences in the binding
energies are nearly identical, 89 meV for Fe and 88 meV for
Co, respectively. The diffusion barrier for Fe(Co) atoms is
198(219) meV, which is only slightly larger than twice the
difference between the adsorption energies in the two hol-
lows. The onset temperatures for relaxation from the meta-
stable to the stable hollow are T=42(51) K and the ones for
surface diffusion 7=77(85) K. Again, from comparison of
these temperatures with the temperature used in experiment,
and from the absence of transient mobility, the atoms are
expected to be with equal probability on fcc and hcp sites.
The inward relaxation of the adatoms is slightly smaller than
on the Pd surface, 21% for Fe and 22% for Co, as expected
because of the smaller lattice constant of Rh. In an hcp hol-
low, the adatom moves closer to the surface than in a fcc site.
The adsorption of an adatom also reduces the outward relax-
ation of the top layer of the substrate, the buckling of the
surface at the adatom is weaker than on Pd(111).

C. Magnetic properties

Like magnetic impurities in highly polarizable hosts, Fe
and Co adatoms on Pd and Rh surfaces induce a large polar-
ization cloud in the substrate. Together, the moment of the
adatom and the induced magnetization yield a very large
total moment per magnetic atom. As shown in previous stud-
ies of the magnetic doping of transition-metal surfaces, the
magnetic impurities induce a long-range oscillatory decaying
polarization in the substrate.?” In Table II, the spin moments
of the adatom, the induced moments on the nearest neighbors
(NNs) in the substrate, the total induced moments (integrated
over all substrate atoms), and the resulting total spin moment
per adatom for scalar-relativistic calculations (not including
spin-orbit coupling) are compiled. The analysis of these data
leads to several interesting conclusions: (i) although Fe ada-
toms have a higher magnetic moment than Co atoms, the
magnetic moments induced by a Co adatom in a Rh(111)
substrate are much larger. The reason is that due to the larger
exchange splitting of the Fe d band, the overlap with the
Rh d band is reduced, leading to a weaker hybridization and
further to a reduced induced moment. On a Pd(111) sub-
strate, the difference is less pronounced because as a conse-
quence of the larger filling of the Pd d band the adatom/
substrate hybridization is reduced for both adatoms. (ii) On
both substrates and for both adsorption geometries, the larg-
est induced moments are always found on the three substrate
atoms directly binding to the adatom but the moments
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TABLE II. Magnetic spin moments (in wg) of adatoms, induced spin moments on nearest (NN) and
next-nearest (NNN) neighbor atoms in top layer (upper line) and subsurface layer (second line) of the
substrate, total induced spin moment of the substrate, and total spin moments for isolated Fe and Co atoms
on Rh(111) and Pd(111), as resulting from scalar-relativistic calculations. The results have been obtained for
a five-layer slab, numbers in parentheses have been calculated for a ten- (Pd) and an eight-layer (Rh) slab,

respectively.
ws(Fe/Co) ws(Pd)xn s(Pd)xnn s(Pd) ts(Fe/Co+Pd)
Fe(hcp)/Pd(111) 3.39(3.39) 0.33(0.32) 0.07(0.04) 0.60(-0.53) 3.99(2.86)
0.15(0.07) 0.10(0.03)
Fe(fcc)/Pd(111) 3.38 0.32 0.07 0.81 4.19
0.11 0.04
Co(hcp)/Pd(111) 2.25 0.35 0.09 0.25 2.50
0.17 0.13
Co(fce)/Pd(111) 223 0.33 0.08 0.62 2.85
0.15 0.06
us(Fe/Co)  us(Rh)ny ws(Rh)nn g (Rh) wus(Fe/Co+Rh)
Fe(hcp)/Rh(111) 3.22(3.20) 0.27(0.26) 0.01(0.01) 1.58(0.19) 4.80(3.40)
0.05(0.04) —-0.01(-0.01)
Fe(fcc)/Rh(111) 3.21 0.26 0.04 2.34 5.05
0.01 —-0.01
Co(hcp)/Rh(111) 2.10(2.07) 0.41(0.38) 0.09(0.08) 5.70(0.81) 7.80(2.89)
0.07(0.08) 0.02(0.02)
Co(fec)/Rh(111) 2.06 0.38 0.10 5.39 7.45
0.03 0.01

induced on the more distant atoms depend on substrate and
adsorption site. For an adatom in an fcc hollow on Rh(111),
the second largest induced moments are found on next-
nearest-neighbor (NNN) sites in the surfaces plane while the
moments induced in the subsurface layer are much
smaller—in contrast to adatoms in an hcp hollow which in-
duce significant moments also in the subsurface layer. The
difference is even more pronounced on Pd(111) where the
second largest moment is found on the Pd atom in the second
layer, directly below the adatom. This indicates that the
adatom/substrate hybridization involves d states with differ-
ent symmetry, depending on the adsorption site. (iii) While
the moments induced on nearest-neighbor sites are almost
independent of the slab thickness, the integrated spin mo-
ments decrease strongly for thicker slabs. This is the conse-
quence of the slow oscillatory decay of the induced magne-
tization with the distance from the magnetic impurity, as
discussed in detail by Dennler et al.3” for magnetically doped
Rh surfaces.

These results highlight one of the main difficulties of all
density-functional studies of magnetic nanostructures sup-
ported on highly polarizable substrates. If the calculations
are based on a slab which is sufficiently thick to produce a
nonmagnetic ground state in the absence of any magnetic
impurity, the integrated total induced moment depends very
strongly on the thickness of the slab, in particular, we note a
decrease in the induced and effective moments if the thick-
ness of the slab is increased. This surprising result is due to
the fact that at the lower surface of the slab the small induced

negative moment is enhanced by the reduced coordination at
the surface and the overestimation of the magnetic polariz-
ability characteristic for the DFT. The effect is further en-
hanced because the very small induced moments from many
atoms add up to a significant contribution. The conclusion is
that a tremendous computational effort would be needed to
bring the results on the magnetic properties of the adatom/
substrate complex to convergence with respect to the thick-
ness of the slab. For this reason we shall confine our calcu-
lations of the magnetic anisotropy to slabs of five layers. At
this slab thickness, the induced moments at the lower surface
are nearly zero (a node in the oscillatory decaying moments
falls close to the surface) and thus no artificially enhanced
moment exists at the lower surface. Implicitly we make the
assumption that the sum over the magnetic moments induced
in the deeper layers is very small, although individual in-
duced moments might be larger.

It might appear that investigations of such systems should
be based on Green’s-function methods for semi-infinite sub-
strates rather than on a slab geometry. However, this conclu-
sion would be premature. Our setup with a restricted slab
thickness corresponds in fact to the usual practice in KKR
Green’s-function calculations where the Dyson equation is
solved only for a small cluster surrounding the adatom. On
all other substrate atoms, magnetism is suppressed by con-
struction. Usually the number of atoms in such a cluster is
much smaller than the number of atoms in the computational
cell used for our five-layer slab.
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TABLE III. Spin ug, orbital u;, and total magnetic moments p,, (all in up) of Fe and Co adatoms adsorbed in fcc or hep hollows on
a Rh(111) substrate (five-layer slab) and induced moments on the Rh-substrate atoms integrated over all atoms in the supercell. Results
obtained for perpendicular and in-plane orientations of the magnetic moments are presented. MAE (in millielectron volt) denotes the energy
difference between the two orientations of the magnetic moments, calculated from the difference in the total energies (TEs) and using the
magnetic force theorem (FT). A positive sign corresponds to a perpendicular easy axis. The energetically more stable adsorption site is

marked by boldface.

Including SOC

Perpendicular In plane
Hs My Mo/ s Mot Hs M Ml s ot MAE(TE) MAE(FT)
Fe in hcp hollow:
Fe 3.216 0.078 0.024 3.294 3.216 0.087 0.027 3.303 0.07 0.02
Rh 2.686 0.060 0.022 2.746 2.751 0.224 0.081 2.975
Fe+Rh 5.902 0.138 0.023 6.040 5.967 0.311 0.052 6.278
Fe in fcc hollow:
Fe 3.205 0.087 0.027 3.292 3.204 0.097 0.030 3.301 —-0.58 -0.21
Rh 2.617 0.057 0.021 2.674 2.835 0.238 0.084 3.073
Fe+Rh 5.822 0.144 0.025 5.966 6.039 0.335 0.055 6.374
Co in hep hollow:
Co 2.094 0.141 0.067 2.235 2.095 0.147 0.070 2.242 1.65 0.16
Rh 5.646 0.136 0.024 5.782 5.786 0.511 0.088 6.297
Co+Rh 7.740 0.277 0.036 8.017 7.881 0.658 0.083 8.539
Co in fcc hollow:
Co 2.061 0.158 0.076 2219 2.060 0.166 0.081 2.226 -0.29 -0.14
Rh 3.905 0.062 0.016 3.967 4319 0.372 0.086 4.691
Co+Rh 5.966 0.220 0.037 6.186 6.379 0.538 0.084 6.917

D. Orbital moments and magnetic anisotropy

Table III summarizes the results for spin and orbital mo-
ments and for the magnetic anisotropy energy of Fe and Co
atoms supported on a Rh(111) surface. Both adsorption sites
have been considered as they are expected to coexist in ex-
periment.

Compared to the scalar-relativistic calculations (see Table
II), the spin moment of the adatom remains almost un-
changed but the total spin moment induced by an Fe adatom
is strongly increased by SOC effects while for a Co adatom,
the induced spin moment is decreased. The reason is that
SOC leads to a mixing of different spin states, with the main
contribution coming from states with a low excitation energy
in the scalar-relativistic mode. Orbital moments on the ada-
tom as well as the induced orbital moments remain small—
much lower than the experimental estimates. The orbital mo-
ments are always parallel to the spin moment, as expected
for late transition metals according to Hund’s third rule.

While the spin moments of the adatoms are isotropic, we
find a small anisotropy of the spin moments induced by Fe
(Apg=-0.065/-0.261up, a negative sign indicates that the
moment is larger for in-plane orientation) and a much larger
one for Co (Aug=-0.140/-0.414up) adsorbed in an hep/fec
hollow. In both cases, the induced spin moment is larger for
in-plane orientation. A substantial anisotropy is found for the
induced orbital moments, Au;=-0.164/-0.181up for Fe/
Rh(111) and Au;=-0.375/-0.310p for Co/Rh(111) in the
hep/fee hollows. The orbital moments of the adatom are
nearly isotropic.

For Fe/Rh(111), we calculate from the change in the total
energy a very small perpendicular magnetic anisotropy en-
ergy (MAE=0.07 meV) for an adatom in the energetically
preferred hcp hollow while for the fcc hollow, we predict an
in-plane easy axis (MAE=-0.58 meV). For Co(hcp)/
Rh(111), we find a perpendicular anisotropy with MAE
=1.65 meV, for Co(fcc) an in-plane orientation of the mag-
netization is preferred, with a MAE of —0.29 meV. The
MAE has also been calculated using the force theorem. The
results are in semiquantitative agreement with those derived
from the total-energy differences, although—given the small-
ness of the MAE—they must certainly be considered as less
reliable.

The site dependence of the magnetic anisotropy is a sur-
prising result which has not been considered before (all ear-
lier studies assumed that the adatom continues the bulk struc-
ture, with or without relaxation). The analysis of the
anisotropies of the induced moments (which we find to be
much stronger than that of the adatom) suggests that this
might be a decisive factor determining the surprising change
in the sign of the MAE. We find that the anisotropy of the
induced spin moments is strongly site dependent—in con-
trast to the almost isotropic spin and orbital moments of the
adatom (Aug;)=0.01). The induced spin and orbital mo-
ments are always larger for in-plane orientation. For both Fe
and Co in fcc hollows, we find a much larger induced in-
plane spin moment while for adatoms in an hcp hollow, the
spin anisotropy is reduced. The orbital anisotropy on the
other hand is of comparable magnitude for both adsorption
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TABLE IV. Spin pug, orbital u;, and total magnetic moments g, (all in up) of Fe and Co adatoms adsorbed on a Pd(111) substrate
(five-layer slab) and induced moments on the Pd-substrate atoms integrated over all atoms in the supercell. Results obtained for perpen-
dicular and in-plane orientations of the magnetic moment are presented. The MAE has been calculated as the difference in TEs and using the

magnetic FT. A positive sign of the MAE (in millielectron volt) corresponds to a perpendicular easy axis.

Including SOC

Perpendicular In plane
Hs ML M/ ps Hiot Hs ML ! s ot MAE(TE)  MAE(FT)
Fe in hcp hollow:
Fe 3.385 0.080 0.024 3.465 3.385 0.080 0.024 3.465 -1.80 -0.22
Pd 0.639 0.028 0.044 0.667 0.395 0.019 0.048 0.414
Fe+Pd 4.024 0.108 0.027 4.132 3.780 0.099 0.026 3.879
Fe in fcc hollow:
Fe 3.375 0.088 0.026 3.463 3.376 0.084 0.024 3.460 0.09 0.08
Pd 0.866 0.054 0.062 0.920 0.886 0.085 0.096 0.971
Fe+Pd 4.241 0.142 0.033 4.383 4.262 0.169 0.040 4.431
Co in hep hollow:
Co 2.245 0.220 0.098 2.465 2.244 0.188 0.083 2432 1.61 0.72
Pd —-0.282 -0.039 0.138 -0.321 -0.250 —0.046 0.184 —-0.296
Co+Pd 1.963 0.181 0.092 2.144 1.994 0.142 0.071 2.136
Co in fcc hollow:
Co 2.236 0.247 0.110 2.483 2.244 0.218 0.097 2.462 227 1.88
Pd 0.117 0.022 0.188 0.139 0.941 0.107 0.114 1.048
Co+Pd 2.353 0.269 0.114 2.622 3.185 0.325 0.102 3.510

sites. The larger induced in-plane spin moments parallel the
in-plane easy axis calculated for adatoms in the fcc hollows.
We have also investigated whether the results are affected
in any way by increasing the slab thickness or the density of
the k-point mesh. For an eight-layer slab of Co(fcc hollow)/
Rh(111), the preference for in-plane MAE is reduced from
—-0.29 to —0.19 meV, for Fe(hcp hollow)/Rh(111), the per-
pendicular MAE increases from 0.07 to 0.39 meV. Induced
moments on nearest-neighbor sites are unchanged, although
the total induced magnetization changes appreciably. This
indicates that the oscillatory varying induced moments on
the more distant sites have only a limited influence on the
MAE, justifying the use of thinner slabs. This also suggests
that the anisotropy of the total induced moments might not
be of decisive importance for the strength of the MAE. For a
five-layer slab of Co/Rh(111), doubling the number of k
points changes the MAE only from —0.29 to —0.25 meV.
This demonstrates that these small energy differences are
reasonably stable with respect to the computational setup.
Table IV summarizes the results for Fe and Co atoms on
Pd(111). For a Co atom in an hcp/fcc hollow on Pd(111), we
calculate orbital moments of w;=0.22(0.19)/0.25(0.22) up
for perpendicular (in-plane) magnetization, the spin moment
is unchanged relative to the scalar-relativistic calculation and
almost isotropic. At short distances from the adatom, induced
spin and orbital moments are both parallel to the Co moment
and almost independent of the direction of magnetization.
The induced spin and orbital moments on the Pd atoms in the
three top layers are shown in Fig. 1. At larger distances, the
induced moments are aligned antiferromagnetically, leading
to negative total induced spin and orbital moments and re-

sulting in a modest total spin moment of 1.96(1.99) u; at the
hep site. For a Co atom in an fcc hollow, the total induced
spin and orbital moments remain positive, both are larger for

0.026 | 0.059 |
0,004 /\, 6.0i0

25 1 0.057 | 0.0
). 0,009 /\ 0.0

3) 0060 | 0.

FIG. 1. (Color online) Magnetic spin (black) and orbital (gray)
moments (in up) induced by an isolated Co adatom (adsorbed in an
hep hollow on a five-layer Pd slab) on the Pd atoms in the first to
third layer (top to bottom) with an (a) out-of-plane and (b) an in-
plane orientation of the moments as shown schematically by ar-
rows. The shape of the surface unit cell applied in the calculations is
also marked.
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in-plane magnetization. The anisotropy of both spin and or-
bital induced moments is larger for the fcc than for the hcp
adsorption site but significantly lower than on the Rh sub-
strate. We have to emphasize that the pronounced anisotropy
of the induced moments is a rather long-range effect while
the anisotropy of the moments induced on the nearest-
neighbor sites is much more modest (see Fig. 1). This state-
ment has general validity for all systems investigated here.

For Co in both adsorption sites, the calculation predicts a
perpendicular easy axis and a MAE of 1.61 meV (hcp site)
and 2.27 meV (fcc site), respectively. The MAEs derived
from the force theorem are also both positive but somewhat
lower.

For an Fe atom in the energetically preferred hcp hollow,
we calculate isotropic spin and orbital moments for the ada-
tom, and a modest but strongly anisotropic induced spin mo-
ment and small induced orbital moments. Both spin and or-
bital induced moments are larger for perpendicular
magnetization. The smallness of the induced moments arises
again from a compensation between parallel and antiparallel
induced moments. The magnetic easy axis lies in the plane
with an MAE of —1.80 meV. For an Fe atom in an fcc hol-
low, we find again almost isotropic spin and orbital moments
(the spin moment is unchanged relative to the scalar-
relativistic result) and—in contrast to an Fe atom in the hcp
position—also almost isotropic induced spin and slightly an-
isotropic orbital moments.

The easy axis is perpendicular, the calculated MAE is
0.09 meV (total-energy differences) and 0.08 meV (force
theorem). While the very low MAE for Fe in an fcc hollow
corresponds to the low anisotropy of the moments of the
adatom and of the ones induced in the substrate, the large
negative MAE found for an adatom in an hcp hollow re-
quires an explanation because only the induced spin moment
displays a significant anisotropy, with the large value for
out-of-plane magnetization.

E. Electronic origin of the MAE

Together with the previous study of Fe and Co adatoms
on a Pt(111) substrate,?° the results described above allow to
discuss some interesting trends. For a Co adatom, the hcp
adsorption site is always preferred and we calculate an MAE
of 1.19/1.61/1.65 meV on Pt, Pd, and Rh substrates. That the
anisotropy energy on the 5d-substrate Pt should be lower
than on the 4d-metals Pd and Rh with a lower spin-orbit
coupling might at first sight be surprising but this is readily
explained in terms of a reduced adatom/substrate hybridiza-
tion reflected in a smaller overlap of the d states of the ad-
sorbate with the broader d band of the 5d-metal substrate.
The surprising result of the present calculations, however, is
the strong predicted site dependence of the MAE: for a Co
atom in the less-stable fcc hollow, on Pd(111) an enhanced
positive MAE of 2.27 meV is predicted while on Rh(111),
we find even a change in sign of the MAE to —0.29 eV. For
an Fe adatom in fcc hollows, we calculate an MAE of
2.99/0.09/-0.58 meV for Pt, Pd, and Rh substrates. The fcc
site is the preferred adsorption site only on Pt, and on Pd and
Rh the sign of the MAE is different for both sites: 0.09/
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FIG. 2. (Color online) Partial electronic densities of states for a
Co adatom on Rh(111) and for the Rh atoms in the surface layer, for
the adatom in an fcc (dashed lines) or in an hcp (dotted lines)
hollow. Cf. text.

—1.80 meV on Pd and —-0.58/0.07 meV on Rh for the fcc/
hcp hollows. Hence we find that on Rh the adatom shows
in-plane anisotropy in the fcc and out-of-plane anisotropy in
the hcp hollows while on Pd, the trend is reversed. An Fe
adatom has a perpendicular easy axis in the fcc, switching to
in-plane for the hcp hollow. For the Co adatom, the easy axis
remains perpendicular for both hollows but the MAE is re-
duced for the hcp site.

The explanation of this surprising site dependence of the
MAE must be sought in subtle differences in the hybridiza-
tion between the d states of the adatom and the substrate
orbitals. Figure 2 shows the partial electronic densities of
states (PDOSs) for the Co adatom and for the Rh atoms
in the surface layer, for both adsorption sites. To simplify
the picture and because in the presence of spin-orbit cou-
pling, the spin is not a good quantum number and because
the exchange splitting is very large for the adatom but only
quite modest for the substrate, we prefer to plot the spin-
integrated PDOS. Note that in all cases, the majority states of
the adatom are completely filled so that the peak in the Co-
PDOS close to the Fermi level arises from minority states
only. Due to the strong inward relaxation of the adatom, the
distribution of the d states of the magnetic adatom is strongly
broadened by the hybridization with the substrate. The band-
width of the Co d states is a measure of the strength of this
hybridization, it decreases in the sequence d,,.d,,—d2
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—d,y,d2_2. There are also subtle but significant differences
between the PDOS for adatoms in the two hollows—the
most important effects are found at the upper and lower band
edges at the maxima associated with states that have pre-
dominantly spin-up and spin-down character. On the other
hand, the changes associated with a reorientation of the mag-
netization direction are minimal—they hardly exceed the line
thickness in these graphs. For the Co/Pd(111) system, the
PDOS show a similar picture: the substrate bands are slightly
narrower and due to the additional electron in the Pd d band
the Fermi level falls close to the upper band edge. This also
reduces the hybridization with the Co-minority d states such
that the corresponding PDOS peaks fall closer to the Fermi
level.

The elucidation of the electronic origin of the MAE re-
quires an even more detailed analysis, and here the decom-
position of the MAE into adatom and substrate contributions,
and into contributions from different angular momentum
states permitted by the force theorem and calculated in terms
of the band energies by integrating the PDOS is very helpful.
Within this formalism, the MAE may be written as

2 Ep
MAE=>, >, (E - Ep)An,, (E)dE, (1)

i m=2YEpg

where the sum is over all atoms in the supercell and over all
angular momentum quantum number m,;, Ey is the energy at
the bottom of the valence band, and where

Aninl(E) = ”inl(E; 1)- nf”z(E; D 2

is the difference in the partial local density of states for elec-
trons with quantum number m; at the site i for perpendicular
(L) and in-plane (/) magnetization. The orbital anisotropy
Ap; = ,u,f - ,u,[ may be calculated in terms of the difference in

the occupation of states with m;=*2, * 1, i.e., according to

EF . .
My =2pp> 2| [An,(E)~An,, (E)E. (3)

i m=12JEg

Note that a large contribution to the MAE requires a large
value of Aninl(E), integrated over the valence band, irrespec-
tive of the value of m;. A significant orbital anisotropy arises
only if Anin](E) is different for states with m;=*1 and/or
m;=*2. One must also remember that the expression given
for the orbital anisotropy is exact whereas the force theorem
leads only an approximate value for the MAE.

For hcp Co/Rh(111), the contributions to the MAE are
0.19/0.12/0.06 meV for the Co adatom and the first and sec-
ond Rh-substrate layers. This gives altogether an MAE of
0.37 meV, to be compared with 0.16 meV calculated from
the force theorem and 1.65 meV from the self-consistent
total-energy difference. For fcc Co/Rh(111), the correspond-
ing numbers are 0.06/-0.13/-0.08 meV from Co/Rh1/Rh2,
together —0.15 meV to be compared with a total MAE of
—0.14 meV (FT) and —0.29 meV (TE). At this point, it must
be emphasized that not only the force theorem is already an
approximation. In addition, the decomposition of the DOS
into its local and angular momentum components resides on
an atomic-sphere projection and the individual PDOS are
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rather noisy. Hence the decomposition of the MAE has semi-
quantitative validity at best but it is still very helpful for the
elucidation of the physical mechanisms.

The decomposition of the MAE shows that the negative
sign for Co in the less-stable fcc hollows has a double origin:
a reduced positive contribution from the Co adatom and a
negative contribution from the substrate. Their origin can in
turn be traced back to differences in the PDOS for perpen-
dicular and in-plane orientation of the magnetization, shown
in Fig. 3. The differences in the PDOS induced by a change
in the direction of magnetization are very small, at most
about 1% of the PDOS. The curves look rather noisy at first
sight (even after a modest filtering) but the calculations show
that the oscillations at higher binding energies largely cancel
out and the dominant contributions come from states very
close to the Fermi edge. Inspection of the differences in the
PDOS shows for the Co adatom in the hcp hollow positive
contributions from the d?(m,=0) and d,., d,(m==*1)
states but in the fcc hollow small negative contributions from
the d2 and d,2_y2(m;=2) and small positive contributions
from the d,,, d,, states. This analysis also explains the very
small orbital anisotropy. A large Au; would require that the
degeneracy of the d,,/d,, and d,,/d_,» states for perpen-
dicular magnetization is strongly broken for in-plane magne-
tization while we find that, especially close to the Fermi level
these states remain almost degenerate (and hence do not con-
tribute to the orbital anisotropy, while still contributing to the
MARE). For the substrate contribution, a large positive contri-
bution for d and a smaller negative contribution from
d,., d,. states is evident for Co in the hep hollow. The in-
creased occupation of the m;=0 states also explains the
smaller orbital moment for perpendicular magnetization (al-
though the large value listed in Table III results from an
integration over all substrate atoms). For Co in an fcc hollow,
the differences in the PDOS of the Rh layer are small close
to Er, hence the negative contribution results also from states
at higher binding energies. The important role of d> and
d,, d,, states of both adatom and substrate in determining
the site dependence of the MAE shows its close relation to
small but significant modifications in the d states extending
perpendicular to the surface.

For Co/Pd(111), we find a positive (perpendicular) MAE
for both adsorption sites. For the adatom in the stable hcp
hollow, we calculated contributions of 0.6/0.07/0.09 meV for
Co/Pd1/Pd2, i.e., together 0.76 meV, to be compared with an
MAE of 0.72 meV (FT) and 1.61 meV (TE). For Co in an fcc
hollow, the corresponding values are 1.11/0.22/0.34 meV
from Co/Pd1/Pd2, total 1.67 meV, to be compared with an
MAE of 1.88 meV (FT) and 2.27 meV (TE). In this case, the
analysis of the differences in the PDOS shows almost the
same picture for both adsorption sites. The dominant contri-
butions to the MAE of both adatom and substrate come in
both cases from an increased occupation of d,2 states, which
is more pronounced for the fcc hollow.

For Fe adatoms the situation is even more complex. On
both substrates, the calculations predict that the MAE
changes sign between the two different adsorption sites. The
larger spin moment of the Fe adatom is coupled to a larger
exchange splitting and in turn to significant differences in the
electronic spectrum. The PDOS for Fe/Pd(111) is shown in
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FIG. 3. (Color online) Differences in the partial electronic densities of states for a Co adatom on Rh(111) and for the Rh atoms in the
surface layer as a function of the direction of magnetization, for the adatom in an fcc (left panels) and in an hep (right panels) hollow. Cf.

text.

Fig. 4. For all Fe d states, the minority states form a sharp
peak located about 0.5 eV above the Fermi level. Hybridiza-
tion of the states extending perpendicular to the surface with
the substrate orbitals leads to the formation of a sharp reso-
nance in the corresponding Pd states and the formation of a
deep minimum in the Pd-PDOS at the Fermi level. Differ-
ences in the PDOS caused by a different location of the
adatom are modest, the largest are found in the Fe d,» major-
ity states and in the Pd d,.,d,. states. For Fe/Rh(111), the
PDOS shows a similar picture but the Fermi level is down-
shifted due to the reduced d-band occupation in the substrate
and the hybridization-induced PDOS minima are much less
pronounced.

For hep Fe/Pd(111), the decomposition of the MAE yields
values of —0.04/-0.20/0.03 meV for Fe/Pd1/Pd2, total
—0.21 meV, to be compared with an MAE of —0.22 meV
(FT) and —1.80 meV (TE), for fcc Fe/Pd(111) we find 0.07/
0.02/0.02 meV for Fe/Pd1/Pd2, total 0.11 meV, to be com-
pared with an MAE of 0.08 meV (FT) and 0.09 meV (TE).
The decomposition shows that the in-plane anisotropy for Fe
atoms in the hcp hollows stems from a small negative con-
tribution of the adatom and a larger one from the first sub-
strate layer. A detailed assignment of the origin of these con-
tributions is more difficult than for Co adatoms. The
differences in the PDOS as a function of the direction of the
magnetization shown in Fig. 5 are very small at £ and for

binding energies up to about —1.5 eV. Hence according to
the force theorem, the leading contributions to the MAE
must be assigned to a change in the occupation of states
located at larger binding energies.

For hep Fe/Rh(111), the decomposition of the MAE yields
contributions of 0.04/0.05/0.03 meV for Fe/Rh1/Rh2, to-
gether 0.12 meV, in good agreement with the total MAE of
0.02 meV (FT) or 0.07 meV (TE). For fcc Fe/Rh(111), we
find contributions of 0.12/-0.10/-0.02 meV from Fe/Pdl/
Pd2—in this case, the contributions balance exactly to zero
whereas force theorem (-0.21 meV) and total-energy differ-
ences (—0.58 meV) yield a modest negative MAE. This
shows that the negative MAE for Fe in the fcc hollow stems
from the substrate contribution which overcompensates a
positive MAE from the adatom. The analysis of the differ-
ences in the PDOS yields again a picture very similar to that
described for Fe/Pd(111). However, it must be admitted that
for MAEs below 1 meV, we are certainly at the limit of the
accuracy of DFT calculations and that the decomposition of
the MAE according to the force theorem introduces addi-
tional approximations. The differences in the FT and TE val-
ues of the MAE should give rise to some caution against an
overinterpretation of this kind of analysis. Still, the analysis
of the PDOS leads to an important conclusion. Due to the
large exchange splitting of the Fe d states, the peak in the
minority DOS is located above the Fermi energy, the Fe-
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FIG. 4. (Color online) Partial electronic densities of states for an
Fe adatom on Pd(111) and for the Pd atoms in the surface layer, for
the adatom in an fcc (dashed lines) or an hep (dotted lines) hollow.
Cf. text.

DOS at Er is low and undergoes only very small variations
as a function of the direction of magnetization. Contributions
to the MAE stem from states with higher binding energies
and they are small due to cancellation effects. This leads to
the conclusion that Fe adatoms and, in general, Fe nanostruc-
tures should have a much smaller MAE than those formed by
Co atoms, in spite of the much larger spin moment of Fe.

Our analysis also considerably modifies the picture of the
origin of the MAE derived from earlier theoretical studies
based on idealized nonrelaxed geometries.’!*>3* From
LSDA calculations for Fe and Co adatoms on Pt(111) and
Ir(111) substrates, Etz et al.* concluded that even the S5d
substrates contribute only between 5.5% (for Fe/Pt) and 25%
(for Fe/Ir) to the MAE and can in no case change the sign of
the MAE determined by the adatom alone. Due to the weaker
SOC, the contribution from a 4d substrate could be expected
to be even weaker. However, this result is due primarily to
the neglect of relaxation which largely suppresses the hybrid-
ization between adatom and substrate states. For our fully
relaxed adatom/substrate complexes, we find that even for
the system with the by far largest MAE [Co/Pd(111)], the
substrate contributes about one third to the MAE and that as
demonstrated for fcc Co/Rh(111) the substrate contribution
can even determine the sign of the MAE.

Another conclusion, already suggested by the comparison
of orbital anisotropies and MAE, is that the popular assump-
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tion that the MAE is directly related to the orbital moment
anisotropy A, such that the largest orbital moment is found
along the easy magnetization direction favored by the MAE,
is not generally valid. This assumption is based on the per-
turbation treatment of the MAE proposed by Bruno®® for
materials with a single atomic species. In that case, pertur-
bation theory predicts MAE= ﬁA My, where & stands for the
strength of the SOC. It is evident that the relation between
MAE and orbital anisotropy cannot be as simple as that if
more than one atomic species is present and a strong hybrid-
ization exists between their electronic states. Andersson et
al.® have shown that the MAE can be written as a sum over
atomic species, i, and a double sum over occupied (s) and
unoccupied (s’) spin states, MAE:EBS,AE‘;S', where the off-
diagonal (s #s’) terms arise from the spin-orbit scattering at
other sites. Even for Au/Co/Au trilayers where Co is coupled
to a metal which has a strong SOC but only a very modest
magnetic polarizability, Andersson et al. have demonstrated
that the coupling to the ligands leads to strong deviations of
the MAE from the linear correlation with Ay; expected on
the basis of Brunos formula. For our systems, we find that
only for Co/Pd(111) at least the sign of the MAE is the same
as that of the orbital anisotropy but the MAE is larger for Co
in an fcc site while Ay, is larger for Co in an hcp site. For
the other systems, signs of MAE and orbital moment aniso-
tropy agree as often as they disagree. The correlation is not
improved if only local contributions to the MAE and local-
orbital moment anisotropies are compared. This emphasizes
that, not unexpectedly, the off-site spin-orbit coupling plays a
very important role. A further complication arises from the
fact that although the spin moments of the adatoms are al-
most strictly isotropic, significant anisotropies are found for
the induced spin moments. van der Laan’® has extended the
perturbation approach to include spin moment anisotropy but
again only for one-component systems.

IV. EXPERIMENT

The magnetic properties of Fe adatoms on the (111) sur-
faces of Pd and Rh, as well as the ones of Co adatoms on
Rh(111), have been investigated in sifu by means of XMCD
at the IDO8 beamline of the European Synchrotron Radiation
Facility (ESRF) in Grenoble. Single crystal Pd(111) and
Rh(111) substrates were prepared by Ar*-ion sputtering
(Exin=1.3 keV) at T=300 K followed by annealing at T
=800 K at an oxygen partial pressure of p02=6
X 10~8 mbar for 10 min to remove carbon impurities, and a
final flash annealing to 1000-1100 K. Substrate cleanliness
was checked by Auger electron and x-ray absorption spec-
troscopy (XAS). Minute amounts of Fe and Co were depos-
ited from high-purity rods (99.995%) with an electron-beam
evaporator on the substrate held at 7=8 =1 K. The deposi-
tion flux was 5 X 10™* ML/s and 1 X 1073 ML/s for Fe and
Co, respectively.

As outlined in Sec. III B, thermal diffusion is inhibited at
8 K and transient mobility is absent for all investigated
metal/metal systems where direct atomic-scale information is
available. Therefore, the Fe and Co atoms come to rest at
their site of impact. This is referred to as statistical growth.

104426-12



MAGNETOCRYSTALLINE ANISOTROPY ENERGY OF Co...

0.04 : . ; ; ; : : —
—— Feadatom (d2) L~ ||
— f ~—- 1stPdlayer (d) L~ ||
0
-0.02
0,04 . : . ; : i . )
- : : ; ; : , ; —
] 2  [— Peadatom (@x) L- ||
£ i -~ Feadatom (dy2) L=
*> 0.02+ i 1st Pd layer (dxz) L - ||
0 —— 1stPd layer (dyz) L - ||
~
8 op E—
2 \
B-0021 |} -
(=] N
=
<-0.04 "
T T T T T T T T 1
0.04 - — Feadatom () L~ ||
——- Feadatom (dxy) L - ||

1st Pd layer (d ) L= |
1st Pd layer (dxy) L - ||

-0.02} .

-0.04 o 1

Energy (eV)

PHYSICAL REVIEW B 81, 104426 (2010)

0.04 T T T T T T T ™
: — Feadatom (d;) L~ |
0.02 ——- 1stPd layer (dta).L- I
0.04 : ) g . ) i : .
- : : : : : : - —
g 0041 — Feadatom (dx) L—||
g -~ Feadatom (dyz) L~ ||
X 002r '\ h . 1st Pd layer (dxz) L - ||
> ! : © | =~ 1stPd layer (dy2) L ||
~ i r !
ISP
v 4
B-0021 ".,‘r 1
<-0.04 ]
004 —— Feadatom (d2) L~ ||
——~ Fe adatom (dxy) L - ||
0.02 1st Pd layer (d2) L - ||
1st Pd layer (dxy) L= ||
oF /‘\Q\f\ﬂ“{\,—ﬂm_ﬁ, S
-0.02+ -
-0.04 C 1 1 1 1 1 1 1 i
-6 -4 2 2

Energy (eV)

FIG. 5. (Color online) Differences in the partial electronic densities of states for an Fe adatom on Pd(111) and for the Pd atoms in the
surface layer as a function of the direction of magnetization, for the adatom in an fcc (left panels) or an hep (right panels) hollow. Cf. text.

For the coverages of ®=0.01 ML and ®=0.02 ML em-
ployed in this work, the probability of two adatoms landing
on neighboring sites and thus forming a dimer is very low.
The mean island sizes are 1.04 atoms at 0.01 ML and 1.07
atoms at 0.02 ML; 97%/3%/0% and 93%/6%/1% of the is-
lands are monomers/dimers/trimers for 0.01 ML and 0.02
ML, respectively.® We therefore probe essentially single at-
oms residing with equal probability in the two nonequivalent
hollow sites.

Since the magnitude of the XMCD signal scales as the
projection of the probed atomic moments onto the x-ray in-
cidence direction, out-of-plane vs in-plane magnetization
measurements were carried out by rotating the sample posi-
tion from #=0° to #=70°, corresponding to normal and graz-
ing incidence of the x-ray beam, respectively. A magnetic
field up to 5 T collinear with the x-ray beam was applied.
XAS experiments were performed at 7=8 =1 K in the total
electron yield (TEY) mode using 99+ 1% circularly polar-
ized light.

Figure 6 shows the XAS and the resulting XMCD spectra
for Fe on Pd(111) and on Rh(111) taken at the Fe L, 5 edges.
The adatom XAS have relative weak absorption features
compared with the Pd and Rh TEY background due to the
small coverage of only 0.02 ML and 0.01 ML, respectively.
The small hump of the L, edge is hardly visible in the XAS
but a clear L, peak can be detected in the XMCD signal. For
Fe on Pd and on Rh, the XMCD/XAS asymmetry is larger at
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FIG. 6. (Color online) (a) and (b) 0.02 ML Fe on Pd(111), (c)
and (d) 0.01 ML Fe on Rh(111): (a) and (c) XAS and (b) and (d)
XMCD spectra measured at the Fe L, ; edges at T=8 K and B
=5 T. In order to eliminate the dependence of the electron yield on
the sample orientation, the XAS at 70° and 0° have been normal-
ized to the background corrected area under the Lz peak: [ L}(,u,+
+u_). Inset in Fig. (d): magnetization curves at #=0° (black dots)
and 70° [red (gray) dots] measured by taking the peak height of the
L; XMCD intensity at 707.7 eV divided by the pre-edge intensity at
705.0 eV as a function of the applied magnetic field.
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TABLE V. Orbital to spin moment ratios estimated from XMCD
spectra acquired along the easy magnetization axis at B=5 T and
MAE (millielectron volt per atom, positive values indicate out-of-
plane easy axis).

0 (ML) Mol si7p MAE
Fe/Pd(111) 0.02 0.12+0.05 =0
Co/Pd(111)? 0.02 0.70+0.06 =3
Fe/Rh(111) 0.01 0.15%0.05 =0
Co/Rh(111) 0.02 0.57+0.04 -0.6*=0.1

4Reference 73.

0° suggesting an out-of-plane easy axis. The inset in Fig.
6(d) shows an example of field-dependent magnetization
measured along the out-of-plane (6#=0°) and close to in-
plane (6#=70°) direction for Fe/Rh(111). The M(H) curves
for Fe on Pd(111) are similar. At both angles, we observe two
almost linear magnetization curves with similar slope, in-
dicative of a very small MAE. Obviously, saturation is not
reached and we cannot apply the XMCD sum rules’!’? to
estimate the orbital and spin magnetic moment indepen-
dently. However, quantitative information can be obtained by
calculating the ratio u;/ ug,7p, Where wp is the spin dipole
moment. The obtained values along the easy axis are re-
ported in Table V. We must caution, however, that both the
magnitude’ and the anisotropy” of u,p can be substantial
for magnetic impurities. These effects, related to the aniso-
tropy of the spin density within the adatom unit cell, prevent
a precise determination of the orbital to spin ratio and orbital
moment anisotropy based on the comparison of w;/ug.7p
values measured along different directions.

The XAS, XMCD spectra, and magnetization curves of
0.02 ML Co/Rh(111) are shown in Fig. 7. The larger L;
XMCD peak for 70° indicates an in-plane easy axis which is
confirmed by the steeper slope of the magnetization curve at
6=70° compared to 0°. Again, saturation cannot be reached
and the corresponding w;/wg,7p value is reported in Table
V. The in-plane easy axis is quite unexpected, given that Co
adatoms on both Pt(111) (Ref. 4) and Pd(111) (Refs. 73 and
74) present strong out-of-plane anisotropy. The calculations
of Sec. III D, however, show that the sign of the MAE of
Co/Rh(111) can indeed be negative depending on the type of
adsorption site (positive for hep and negative for fec). Al-
though XMCD measurements cannot distinguish between
different absorption sites, these results point out the impor-
tance of the substrate and induced magnetization to deter-
mine the sign of the MAE.

The average MAE per adatom can be estimated from the
magnetization curves shown in Fig. 7(c) for Co/Rh(111). The
energy E(6,9,¢) of a paramagnetic particle of size s being
subject to uniaxial magnetic anisotropy K and exposed to an
external magnetic field B is composed of the Zeeman term
—suB cos 9 and the MAE term -sK(sin 6 sin O cos ¢
+cos f cos 9)2. The z axis is defined parallel to the field B,
and ¥ and ¢ are the polar and azimuthal coordinates of the
magnetic moment u, € defines the easy magnetization direc-
tion with respect to the surface normal. The mean value of
the magnetization is given by Boltzmann statistics and reads
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FIG. 7. (Color online) 0.02 ML Co/Rh(111) measured at T
=8 K. (a) XAS and (b) XMCD taken at the Co L, ; edges at B
=5 T. Normalization of XAS and XMCD as in Fig. 6. (c) Magne-
tization curves at #=0° (black open circles) and 70° [red (gray)
open circles] measured by taking the peak of the L; XMCD inten-
sity at 777.0 eV divided by the pre-edge intensity at 773.5 eV as a
function of the applied magnetic field. The solid lines are the best fit
obtained for paramagnetic impurities of a mean size s=1.07 atoms
with uniaxial anisotropy K=-0.6 meV and a total magnetic mo-
ment of u=5ug.
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f d‘Pf d? sin Ye E0-P-0)/kpT
0 0

By fitting this expression to the measured magnetization
curves, one obtains the free parameters u, K, and Mgat. As
pointed out before, the signal is dominated by the contribu-
tion from single adatoms. However, since the XMCD inten-
sity corresponding to magnetic saturation cannot be deter-
mined experimentally in this case, a relatively large
uncertainty remains in the fits. Moreover, to avoid increasing
the number of fit parameters, no allowance is made for ada-
toms occupying different adsorption sites. The small amount
of dimers is accounted for by using the average size of s
=1.07 atoms at 0.02 ML coverage. In the case of Fe/Pd(111)
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TABLE VI. MAE (in millielectron volt per atom), ratio u; /g of orbital and spin magnetic moments and
orbital anisotropy for Fe and Co adatoms on Rh(111), Pd(111), and Pt(111) substrates. The results for Rh and
Pd substrates are from the present work, those for Pt substrate are from Refs. 4, 21, 73, and 74 (experiment)
and Ref. 30 (theory). Where two entries are listed, the first refers to the hcp and the second (in parentheses)

to the fcc adsorption site for the adatom.

MAE Mr/ s Apr

Expt. Theor. Expt. (’ui';b) Theor. (%) Theor.
Fe/Rh(111) =0 0.07(-0.58) 0.15£0.05 0.03 —-0.009(-0.010)
Fe/Pd(111) =0 —1.8(0.09) 0.12+0.05 0.02 0.000(0.004)
Fe/Pt(111) 6.5+0.1 2.99 0.03 -0.004
Co/Rh(111) -0.6+0.1 1.65(-0.29) 0.57£0.04 0.07 —0.006(-0.008)
Co/Pd(111) = 1.61(2.27) 0.70£0.06 0.10 0.032(0.029)
Co/Pt(111) 93+1.6 1.19 0.61+0.09 0.06 0.038

and Fe/Rh(111), the difference between out-of-plane and in-
plane magnetization curves is too small to provide a reliable
fit. For Co/Rh(111), the best fit is obtained for MAE=
-0.6%£0.1 meV per atom and pu=5=* luy per atom, where
=y + g+ ming(Rh) includes the magnetic moment induced
on the Rh sites per Co atom. A possibility to derive an ex-
perimental estimate of w;,q(Rh) is by taking ug and wg,7p
obtained for the Co monolayer film’* and by making use of
the fact that ug is largely independent of coordination. This
way one would obtain an orbital moment of wu;=1.2up for
the Co atom and an induced moment of u;,4(Rh)
=1.8*= 1.0ug. Such an estimate, however, neglects changes
in w,p from the monolayer to the adatom, which can be as
large as 0.3uz.*

V. DISCUSSION AND CONCLUSIONS

We have presented a combined theoretical and experimen-
tal investigation of orbital magnetism and magnetic aniso-
tropy of single Fe and Co adatoms on Rh(111) and Pd(111)
substrates, complementing earlier results*2!3%7374 of the
same adatoms on Pt(111). Table VI confronts the collected
experimental and theoretical results.

The experimental determination of the spin and orbital
moments and of the MAE using XAS and XMCD spec-
troscopies turns out to be a very hard task because of the
very weak adsorption features in the XAS spectra, the small
variation in the magnetization curves with the direction of
the applied magnetic field, and finally the difficulty to
achieve saturation. For Fe atoms on Pd and Rh weak out-of-
plane anisotropy can be inferred from the angular depen-
dence of the Ly XMCD peak, and the analysis of the magne-
tization curves suggests a very low out-of-plane MAE. As
saturation cannot be achieved in fields up to 5 T, only the
ratio between the effective spin and orbital moments can be
determined. For Co on Rh(111), we find in-plane anisotropy
with an MAE of —0.6*+0.1 meV/atom and significant in-
plane orbital moment. Fe adatoms on both Pd(111) and
Rh(111) present significantly weaker orbital-to-spin moment
ratios, which, even taking into account the larger spin mo-
ment of Fe, indicate a much smaller orbital magnetization
relative to Co.

Compared to the large magnetic anisotropies of both ele-
ments on Pt(111),*?! the MAEs of isolated atoms on the
(111) surface of the two 4d metals investigated here are
much weaker, although the spin and orbital moments of the
adatoms are similar. This shows that the magnitude of the
MAE is determined primarily by the interaction of the mag-
netic adatom with the ligands displaying a strong SOC.

The theoretical calculations of the MAE are based on
spin-polarized density-functional calculations for slab mod-
els of the substrate including a self-consistent treatment of
spin-orbit coupling. Self-consistent calculations have been
performed for magnetization directions fixed along the sur-
face normal and parallel to the surface of the substrate and
the MAE is calculated from the difference in the total ener-
gies. In contrast to almost all previous theoretical studies of
the MAE of supported nanostructures, our calculations allow
for a complete relaxation of the adsorbate/substrate complex.
The relaxation effects are particularly pronounced for iso-
lated adatoms which move inward by more than 0.6 A com-
pared to a position continuing the bulk structure of the sub-
strate. Evidently this leads to a much stronger hybridization
between the orbitals of adatom and ligands. We have also
determined the energetically most favorable adsorption site
and found that a position of the magnetic adatom in an hcp
hollow is preferred over the fcc site continuing the stacking
sequence of the substrate lattice. We calculated the diffusion
barrier limiting the mobility of the adatoms and find that the
activation energy for adatom migration is on the order of 0.1
eV. Since the sample is kept at very low temperatures during
deposition and measurement, this implies a random distribu-
tion of the adatoms over hcp and fcc hollows.

A characteristic property of late transition elements such
as Rh and Pd is that doping with magnetic impurities induces
a large magnetic polarization cloud, the total moment per
magnetic atom is very large, substantially larger than the
upper limit to the spin moment set by Hund’s first rule. For
magnetic adatoms on these highly polarizable substrates, the
magnetic induction effect is even enhanced by the strong
inward relaxation. We have discussed in detail the difficulties
arising from these long-range polarization effects in conjunc-
tion with a slab model of the substrate. The induced magne-
tization is not restricted to the formation of an induced spin
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moment—the induced orbital moments are comparable and
sometimes even larger than the orbital moments of the ada-
tom. While the magnetic moments of the adatom show only
a modest anisotropy, both spin and orbital moments induced
in the substrate display a strong anisotropy.

While our calculations yield reasonable values for the
MAE (for a detailed discussion, see below), the orbital mo-
ments calculated for the adatom are much too low, by a
factor of about 6. The reason for this disagreement is two-
fold: (i) the lack of orbital dependence of the exchange field
calculated in DFT and (ii) the strong interaction between
adsorbate and ligands atoms which tends to quench the or-
bital moment to a value comparable to that in bulk materials.
In our detailed assessment of different approximations enter-
ing the calculation of orbital moments and MAE, illustrated
at the example of Co and Fe atoms on Pt(111),3* we have
demonstrated that for an adatom in an idealized geometry the
artificial suppression of the interaction with the ligands al-
lows to form larger orbital moments. But to use a bulklike
and, as we have shown, rather unrealistic geometry also
strongly reduces the adatom-ligand coupling which is deci-
sive for the magnitude of the MAE. Values of the MAE
resulting for both approaches are comparable and tend to be
lower than those derived from experiment—indicating that
either way theory misses an important contribution to the
MAE.

A surprising result of our study is that the MAE is found
to be strongly site dependent. Except for Co/Pd(111), the
MAE changes sign and magnitude if the adatom is placed in
an fcc instead of an hcp hollow. Since in the experiment, the
area covered by the x-ray beam contains many adatoms oc-
cupying with comparable probability hcp and fcc sites, the
experimentally determined MAE must be compared with the
average over the MAEs calculated for both sites. The com-
pensation of fcc and hcp sites can explain the weak aniso-
tropy observed for Fe on both substrates. For Co/Rh(111),
however, we find a positive (out-of-plane) MAE of 1.65 meV
and a very modest negative orbital anisotropy for an adatom
position in hep hollow sites and a smaller negative (in-plane)
MAE of —0.29 meV and a negative orbital anisotropy for fcc
sites. Thus, the arithmetic average of +0.68 meV disagrees
with the experimental value of —0.6 meV, possibly due to
uneven distribution of fcc vs hep sites or numerical uncer-
tainties. For Co/Pd(111), the calculated positive MAEs of 1.6
meV (hep) and 2.3 meV (fec) indicate strong out-of-plane
anisotropy for the ensemble average, in good agreement with
experimental estimates.”? In these cases, a positive MAE is
accompanied by a positive orbital anisotropy on the adatom.
This suggest that for sufficiently large MAEs, the sign of the
MAE is the same as that of the orbital anisotropy of the
magnetic species (as expected on the basis of perturbation
theory) while for very small MAE:s, this correlation might be
broken.

Good semiquantitative agreement between theory and ex-
periment is also found for Co and Fe adatoms on Pt(111).
The calculated values for spin and effective (adsorbate plus
substrate) moments are in reasonable agreement with experi-
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ment. The calculated ratios of orbital to spin moment are
much too low if orbital polarization is not taken into account.
On the experimental side, a precise determination of the or-
bital moment anisotropy is made difficult by the unknown
M7p contribution to the ratio of the orbital to spin moment
derived from the XMCD sum rules.”!7>7376 Assuming small
M7p anisotropy compared to u;, the experimental wu;/ pg.7p
values would indicate positive orbital moment anisotropy for
Fe on Rh(111) and Pd(111), as well as for Co on Pd(111) and
Pt(111) whereas Co/Rh(111) would have negative Aw;. The
theoretical results agree with these estimates, except for the
case of Fe/Rh(111), as for the MAE.

We have also attempted to relate the site dependence of
the MAE to changes in the electronic structure, using the
approximation to the MAE provided by the magnetic force
theorem (MAE=difference in the band energies at fixed po-
tential) and the projected local partial densities of states. This
analysis leads to two important conclusions: (i) the contribu-
tion of the substrate to the MAE is much more important
than estimated before on the basis of calculations using an
idealized bulklike geometry. The substrate contribution can
even invert the sign of the MAE. (ii) The site dependence is
related to a rehybridization of the d states of both adatoms
and substrate atoms extending perpendicular to the substrate.
(iii) For Co adatoms, the dominant contributions to the MAE
arise from a change in occupation of states very close to the
Fermi edge. The contribution from the substrate is larger for
Rh than for Pd because of the larger overlap of the Rh d band
with the Co minority states. (iv) The very small MAE of Fe
atoms observed on both substrates is related to the large ex-
change splitting of the Fe d states which minimizes the hy-
bridization of the Fe minority states with the substrate.

In our view, the main problem confronted by ab initio
calculations of the MAE is still the lack of orbital depen-
dence of the exchange potential. To use an idealized bulklike
and, as we have demonstrated, unrealistic geometry might
lead to larger orbital moments. However, this does not rep-
resent an acceptable solution because it artificially reduces
the adatom/ligand interactions which are the crux of the
problem. A fundamental improvement of theoretical predic-
tions of the MAE of supported magnetic nanostructures re-
quires post-DFT corrections introducing the orbital depen-
dence of the exchange potential.
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