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Morphology and magnetism of Fe, clusters (n=1-9) supported on a Pd(001) substrate
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We present a detailed ab initio density-functional study of the morphology and magnetic and electronic
properties of small Fe, (n=1-6,9) clusters and Fe monolayers supported on a Pd(001) substrate. Our focus is
on the variation of the cluster moments with the size and shape of the cluster and on the induced magnetization
of the substrate. For the smallest clusters, the magnetic moments of the Fe atoms are strongly enhanced
compared to bulk Fe. With increasing size of the cluster, the moment decreases linearly with the number of Fe
nearest neighbors. The magnetic moment of the adsorbed cluster induces a substantial magnetization of the
substrate. The induced magnetic moments are largest on the Pd atoms binding to the cluster atoms, increasing
with the number of Fe neighbors. The induced magnetic polarization is quite long ranged, and the enhanced
magnetic moments of the Fe atoms and the induced magnetization of the substrate add up to a “giant effective
moment” per Fe atom ranging between 7.6 up for an isolated adatom and 4.6 up for a nine-atom cluster.
Relaxation of the cluster structure reduces the Fe moments but enhances the induced moments. Orbital mo-
ments induced by spin-orbit coupling have been determined via self-consistent relativistic calculations for an
isolated Fe adatom. Due to the strong hybridization, the orbital moment on the Fe atom remains rather modest,
but a much higher ratio of orbital and spin moments is found for the Pd atoms of the substrate. Relativistic
effects also lead to a substantial anisotropy of the induced spin and orbital moments, which makes a significant

contribution to the magnetic anisotropy energy.
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I. INTRODUCTION

Small metallic clusters supported on or embedded in sur-
faces represent an interesting and timely field of research.
Potential applications of supported metallic clusters range
from catalysis to magnetic and magneto-optic storage tech-
nologies, exploiting the increased chemical reactivities of
nanosized clusters supported on oxides or other nonmetallic
substrates and the enhanced magnetism of metal-supported
clusters, respectively. However, while for gas-phase clusters,
Stern-Gerlach experiments on mass-selected cluster beams'?
allow a rather precise determination of the magnetic moment
of the superparamagnetic clusters and its variation with the
cluster size, similar measurements on supported clusters
turned out to be much more difficult. Lau et al.® have used
x-ray magnetic circular dichroism (XCMD) to investigate the
size-dependent magnetism of small Fe,, clusters (n=1-9) de-
posited on ultrathin nickel films grown on a Cu(001) sub-
strate. Their results demonstrate that, in general, both spin
and orbital moments are enhanced over their bulk values
(and also larger than in ultrathin iron films), but it is rather
intriguing that both the spin and the orbital components show
a nonmonotonous variation with cluster size. This lead the
authors to speculate that, due to symmetry, clusters with an
odd number of atoms show a different geometric arrange-
ment and, consequently, different magnetic properties than
even-numbered clusters. Their findings stand in marked con-
trast to XCMD studies of Co nanoparticles on Pt(111) by
Gambardella et al.,* where a steady decrease of the magnetic
moments with increasing cluster size was reported. Gam-
bardella et al. also pointed out that for a highly polarizable
substrate such as Pt, the induced magnetic moments of the
substrate atoms make a non-negligible contribution to the
total measured magnetization. “Giant effective moments” for
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dilute alloys of Fe in Pd of up to 12 up/Fe atom (of which
about 8 up are distributed among the Pd atoms surrounding
an Fe impurity) have previously been reported by many
groups.’8 Ulmeanu et al.® have used electron paramagnetic
resonance to determine the ratio of orbital-to-spin magnetic
moments in Fe-Pt nanoparticles and found values of
M7/ M%7 ~0.05 comparable to those for bulk Fe. In a more
recent work of the same group,'® a dramatic increase of the
ratio szf / Mgff of the Fe-Pt nanoparticles upon annealing
(leading to the formation of an ordered phase) has been
reported—this highlights the pronounced influence of the
Fe-Pt coordination on the formation of spin-orbit induced
magnetic moments.

The magnetism of supported clusters has been studied
theoretically for some time''?7 at various levels of theory,
ranging from semiempirical tight-binding methods''""> to
fully self-consistent density-functional calculations [most of
them based on Green’s-function Kohn-Korringa-Rostocker
(KKR) methods],'®%7 eventually even including spin-orbit
coupling.'#21-2227 The results of the recent investigations of
Fe clusters on Ni and Cu substrates by Mavropoulos et al.?
are prototypical for these studies: The average spin moments
of the clusters are reduced with cluster size, because a higher
Fe-Fe coordination increases the hybridization of the d
states. Measured as a function of the number of Fe neigh-
bors, the local magnetic moment decreases linearly. Rather
large differences exist in the prediction of the spin-orbit in-
duced orbital magnetic moments based on tight-binding'*
and on Green’s-function KKR methods.?!?>?7 The fully rela-
tivistic calculations of Lazarovits et al.?> and of Sipr et al.?’
indicate a strong variation of the orbital moment with the
substrate and that the size dependence of the orbital moment
is even more pronounced than that of the spin moment.

An assumption shared by virtually all of these studies is
that the clusters propagate the crystalline structure of the
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substrate. If a relaxation of the cluster was considered at all,
then it was restricted to the variation of the interlayer dis-
tance between the flat cluster and the equally flat surface
layer, while the lateral coordinates of the cluster atoms re-
mained in registry with the substrate. Since the lattice con-
stants of the most frequently used substrates (Cu, Ag, Ni, Pd,
and Pt) are significantly larger than those of the ferromag-
netic 3d metals, this means that the bonds between the atoms
in such a cluster are under considerable tensile strain. A no-
table exception is the work of Pick er al.>>** were a three-
dimensional relaxation of small Co clusters supported on and
embedded in Cu(001) surfaces has been performed. It was
concluded that, despite the relatively small mismatch be-
tween Cu and Co, the strain relaxations have a profound
influence on the geometry of both cluster and substrate and
on the magnetic properties. However, in this case, the relax-
ation has been calculated using a set of interatomic potentials
formulated in a second-moment tight-binding approximation
and fitted to total-energy calculations of the bulk substrate
material and of single and paired impurities of the cluster
atoms in the host. While this is a reasonable first approxima-
tion, it is evident that this approach does not account for the
many-body character of the interatomic interactions and for
their variation with the magnetic state of the cluster atoms.

Studies of the formation of induced moments require a
self-consistent calculation of the local spin-polarized density
of states for both cluster and substrate atoms—such studies
are rather scarce. Sipr et al.”’ have calculated the spin mo-
ments induced by Co clusters on Pt(111) and Au(111) sub-
strates. The calculations have been performed for a geometry
continuing the crystal structure of the substrate and are re-
stricted to nearest neighbors of cluster atoms. Modest spin
moments of about 0.1 wp are reported. This result stands in
marked contrast to the tight-binding study of Co clusters on
Pt(111) of Félix-Medina et al.'' reporting induced moments
ranging between 0.4 and 0.5 ug and to the ab initio density-
functional study of Dennler et al.”® on Co-doped Rh(111)
surfaces reporting induced moments increasing up to 0.6 ug
with the number of Co neighbors and extending also to more
distant neighbors. Effective magnetic moments per Co atom
of up to 4 up are calculated. The calculations of the effective
magnetization of clusters supported on the surface of 4d and
5d metals remain a challenge.

Our studies on freestanding and supported magnetic
monowires and monolayers?*? have demonstrated that not
only the magnetic properties of nanostructures change appre-
ciably under applied strain, but also the magnetic ordering
may profoundly influence the geometric properties of the
nanostructures. For example, the Fe-Rh interlayer distance of
an Fe/Rh(001) monolayer is 1.59/1.68/1.78 A for nonmag-
netic, antiferromagnetic, and ferromagnetic Fe layers (to be
compared with 1.93 A in bulk Rh).*? For freestanding
straight Fe monowires, the equilibrium interatomic distance
is 1.94 A for a nonmagnetic, 2.25 A for a ferromagnetic
(magnetic moment of 3.34 up), and 2.38 A for an antiferro-
magnetic wire (magnetic moment of +3.05 up).? If the fer-
romagnetic Fe wire is constrained to match the distances
between the binding sites along the edges of a stepped
Cu(11n), n=7,9,11, surface (Fe-Fe distance of 2.57 A), the
magnetic moment is reduced to 3.0 up—in this case not due
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to an imposed strain but because of the hybridization of the d
states with the substrate orbitals.

In this paper, we present ab initio spin-polarized density-
functional investigations of Fe, nanoclusters on a Pd(001)
substrate, i.e., on a system with a substantial size mismatch,
based on an unconstrained relaxation of the cluster structure.
We concentrate on (i) the geometric structure of the cluster
and the adsorption-induced distortions of the substrate, (ii)
the dependence of the magnetic properties on the size and
geometry of the cluster, and (iii) the contribution of the in-
duced magnetic moments of the substrate atoms to the total
magnetization of the cluster-substrate complex. In addition,
the contribution of orbital moments to the magnetism of ada-
toms and substrate is examined by performing self-consistent
fully relativistic calculations for an isolated adatom.

II. COMPUTATIONAL METHOD

The quantum-mechanical framework of our investigation
is density-functional theory within the local density approxi-
mation. The calculations performed in this study have been
performed using the VASP (Vienna ab initio simulation pro-
gram) code.®? This program performs an iterative solution of
the Kohn-Sham equations for periodic boundary conditions.
The electronic orbitals are expanded in terms of plane waves
with a maximal kinetic energy of 280 eV. The electron-ion
interaction is described by projector-augmented wave (PAW)
potentials.>*3 The PAW approach shares the computational
efficiency of the pseudopotential approach but is an all-
electron technique avoiding the problems related to the lin-
earization of the core-valence exchange interaction (this is
particularly important for magnetic calculations).

The calculations have been performed in a scalar relativ-
istic mode. The formation of spin-orbit induced orbital mo-
ments and their anisotropy have been examined by perform-
ing self-consistent fully relativistic calculations. These
calculations use an unconstrained vector-field description of
the magnetization density and of the exchange field®¢37 and
allow, in principle, for a noncollinear orientation of spin and
orbital moments. The vector field of the spin and orbital
magnetization densities do not necessarily have the symme-
try of the crystal lattice; hence, Brillouin-zone integrations
have to be performed on the full zone and require in addition
a fine k-point mesh. The computational effort is further in-
creased by a rather slow convergence of the magnetization
directions. Because of the high computational effort required
for these calculations, they have been restricted to the case of
an isolated Fe adatom.

We use the gradient-corrected exchange-correlation func-
tional proposed by Perdew-Burke-Ernzerhof*® (PBE) and the
spin interpolation of Vosko et al3° The use of the
generalized-gradient approximation is essential for a correct
description of the structural and magnetic ground state of
Fe.** Using the PBE functional, we calculate for face-
centered-cubic (fcc) Pd a lattice parameter of a;..=3.952 A
(atomic volume 0=15.430 A%) and a bulk modulus B
=1.66 Mbar, and for body-centered-cubic (bcc) ferromag-
netic Fe lattice parameter of a,,.=2.828 A (atomic volume
0=11.302 A3), a bulk modulus B=1.66 Mbar, and a mag-
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TABLE I. Point-group symmetry, magnetic cluster moments M., induced moments in the substrate Mpy, and total effective magnetic
moment (calculated as the sum of the magnetic moments on the Fe atoms and of the magnetic moments on the Pd atoms), M, (all per Fe
atom), average vertical distances between the nearly planar Fe cluster and the top layer of the Pd(001) surface, dp..pg, average distance
between the two top layers in the Pd substrate, dpy.pg, average bond length in the cluster, bg, g, and buckling amplitudes of the cluster and
the top layer of the substrate, Adg, and Adpgy, for Fe, clusters and an Fe monolayer (ML) on Pd(001).

Mg, Mpqy Mg dre-p dpg-pa bre.Fe Adp, Adpq
n Symmetry () (5) () (A) (A) (A) (A) (A)
1 C, 3.38 4.26 7.64 1.33 1.95 0.063
2 Cy, 3.32 2.95 6.27 1.40 1.96 2.73 0.000 0.084
3 Cy, 3.29 2.33 5.62 1.45 1.97 2.73 0.029 0.079
4 Cyp 3.22 1.72 4.94 1.52 1.98 2.67 0.000 0.097
5 C, 3.23 1.77 5.00 1.51 1.99 2.69 0.131 0.106
6 Cy, 3.19 1.53 4.72 1.57 1.99 2.66 0.094 0.094
9 Cyp 3.18 1.40 4.58 1.58 2.01 2.68 0.214 0.191
ML 3.12 0.56 3.68 1.70 2.06 2.79

netic moment of M =2.32 up. The corresponding experimen-
tal values are, for Pd, a=3.96 A and B=1.9 Mbar and, for
bce Fe, a=2.867 A, B=1.68 Mbar, and M=2.22 uz (Ref.
41).

The Fe,/Pd(001) system has been modeled by slabs con-
sisting of four Pd layers with a (5X5) unit cell and a suffi-
ciently thick vacuum space of 19 A. VASP allows us to cal-
culate the Hellmann-Feynman forces acting on ions; hence, a
full structural optimization of the cluster-substrate complex
may be carried out. During the relaxation, the two bottom
layers of the substrate were frozen in a bulklike geometry.
The structural relaxation is completed after all forces, except
those acting on atoms in the two frozen layers at the bottom
of the slab, drop below 10 meV/A. Brillouin-zone integra-
tions have been performed via the Methfessel-Paxton
technique*? on a 3 X3 X 1 k-point grid and with a smearing
parameter of 0.2 eV. All total energies were extrapolated to
Zero smearing.

Compared to Green’s-function KKR calculations model-
ing adsorbed clusters on a semi-infinite substrate, the advan-
tage of our supercell approach is that it achieves electronic
self-consistency for all atoms (which is important for the
determination of the induced magnetization), uses the full
potential, and allows for a full three-dimensional relaxation
of the cluster-substrate complex using the exact Hellmann-
Feynman forces. On the other hand, due to the finite size of
the supercell, it cannot be avoided that the magnetization
clouds induced by periodically repeated larger clusters over-
lap at the cell boundary. The alternative approach based on
the Green’s function of the semi-infinite substrate treats the
adsorbed cluster plus a part of the vacuum region and of the
substrate in contact with the cluster as a perturbation, and the
Green’s function of the cluster-substrate complex is obtained
self-consistently by solving a Dyson equation. For the poten-
tial, an atomic-sphere approximation is used and the central
region for which a self-consistent solution is constructed
contains between 37 and 87 atomic spheres (cluster, sub-
strate, and vacuum).?>?’ Hence, this region contains fewer
atoms than our supercell. In addition, no geometric relax-
ation is permitted. Hence, cluster and Green’s-function ap-

proaches should be considered as offering complementary
information.

III. RESULTS

The growth of Fe clusters and thin films on Pd(001) has
been investigated experimentally by various techniques. In
the submonolayer regime, Bader and co-workers**** (using
Auger and photoemission spectroscopies) and Jin et al.* (us-
ing reflection high energy electron diffraction and scanning
tunneling microscopy) report the formation on small ran-
domly distributed islands of monolayer height. With increas-
ing coverage, Boeglin et al.*® and Lee et al.*’ report a ten-
dency toward alloying at the interface.

In the following, we describe our results for the structural,
magnetic, and electronic properties of Fe, clusters on
Pd(001). As suggested by the experimental studies, we have
concentrated our attention on flat clusters with monolayer
height. To create a reference, we have also studied a com-
plete Fe monolayer on the same substrate, but intermixing
has not been considered. Table I summarizes the results for
the symmetry, the average magnetic moments of the Fe at-
oms and induced in the substrate, and also the main param-
eters characterizing the geometric structure. Figure 1 shows
the relaxed cluster structures; magnetic moments are listed
for the Fe atoms in the cluster and for all atoms in the sub-
strate having at least one Fe nearest neighbor. The magnetic
moments of the Fe atoms are found to be strongly enhanced,
not only compared to the value in bulk bce Fe (M,
=2.32 ug) but also compared to the moment in a complete
Fe monolayer adsorbed on Pd(001) (M,,,,,=3.12 wp). Sub-
stantial magnetic moments are induced in the substrate. On
the Pd atoms binding to the cluster atoms, these moments
vary between 0.18 and 0.41 upz. The induced magnetization
is rather long ranged. Together, the effective magnetic mo-
ment per Fe atom exceeds by far the limiting value for the
spin moment of an Fe atom set by Hund’s rule.

A. Geometry and energetics of the cluster-substrate complex

As a consequence of the size mismatch between the
nearest-neighbor distances in bulk Pd and Fe of 12%, the
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FIG. 1. (Color online) Relaxed structures and magnetic mo-
ments of Fe, clusters with n=1-6 and n=9 on a Pd(001) surface.
The numbers quote the magnetic moments (in up) of the Fe atoms
and induced on the Pd atoms of the substrate. For the Fes cluster, a
planar and a pyramidal configuration are shown (cf. text).

cluster geometry is quite strongly affected by the relaxation,
see Fig. 2. On the clean (001) surface of Pd, the top layer
undergoes a slight inward relaxation by —1.2%, compared to
an interlayer distance of 1.976 A in bulk Pd. The most fa-
vorable position for the adsorption of an isolated Fe atom on
this surface is in a fourfold hollow, at a vertical distance of
drepa=1.326 A, which is considerably shorter than the inter-
layer distance of dpy.pg=1.976 A, and the magnetic moment
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FIG. 2. (Color online) Adsorption energies E,;, average Fe-Fe
distance bg..p. in the cluster, and average distance dp..pq between
the Fe layer and the Pd surface as a function of cluster size. The
dashed lines represent the corresponding results for a compact Fe
monolayer on Pd(001).

of the Fe atom is Mp.=3.384 up. The adsorption of the Fe
atom induces an outward relaxation of the four nearest Pd
neighbors by 0.06 A and a magnetic moment of 0.26 u, on
the nearest-neighbor Pd atoms. The induced magnetization is
rather long ranged, and substantial magnetic moments are
also found on the more distant Pd atoms (for details, see
below), resulting in a giant effective moment of 7.64 ug/Fe
atom.

The shortest distance between hollows on the Pd(001)
surface is 2.794 A; this is also the distance between two Fe
atoms in an epitaxial Fe/Pd(001) monolayer. For a compact
Fe/Pd(001) monolayer, the relaxed distance between an ep-
itaxial Fe monolayer and the Pd surface is 1.704 A, corre-
sponding to a contraction of —13.7% compared to the inter-
layer distance in bulk Pd. The top layer of the Pd substrate
relaxes outward by 4.5%; each Pd atom in the interface layer
carries an induced magnetic moment of 0.34 wp. Together
with a magnetic moment of 3.12 up on each Fe atom and a
weak magnetization of the Pd atoms also in the deeper lay-
ers, this gives an effective moment of 3.68 wp/Fe atom. The
interlayer distance between the Fe monolayer at the substrate
allows us to calculate the atomic volume of Fe in the layer.
The value of 13.30 A is larger by 13.6% than the atomic
volume in ferromagnetic bcc Fe—evidently, the expansion is
a magnetovolume effect caused by the strongly increased
magnetic moment, in agreement with our results for
Fe/Rh(001) monolayers.3> The predicted contraction of the
Fe-Pd interlayer distance is larger than the experimental re-
sult of Lee et al.*’ obtained using low energy electron dif-
fraction for a strongly intermixed film with nominal mono-
layer coverage, but in very good agreement with the
theoretical results of this group for a compact Fe overlayer
obtained using a full potential linearized plane-wave calcu-
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lation in the generalized-gradient approximation.

The geometry of the supported Fe clusters on Pd(001)
interpolates between the limits set by the isolated adatom and
the compact monolayer, see Table I and Fig. 2. The Fe-Fe
distances in the supported clusters are contracted compared
to those in the epitaxial monolayer on average by about
0.1 A, but these distances are still much larger than the in-
teratomic distances in ferromagnetic bulk bee Fe (2.45 /OX), in
an unsupported square Fe monolayer (2.33 A) or in an Fe,
dimer (1.81 A).*0 In the supported Fe dimers and trimers, the
contraction of the lateral Fe-Fe distances relative to the dis-
tance between the hollows in the surface is rather modest,
only 0.06 A, indicating that, in this case, the binding to the
substrate dominates over the binding in the cluster. With in-
creasing cluster size, the lateral contractions increase in a
nonmonotonic way to up to 0.13 A. The lateral contractions
are largest for the rather compact clusters with four, six, or
nine Fe atoms. The average distance between the Fe adatoms
and the Pd surface increases from 1.33 A for the monomer to
1.58 A for the nine-atom cluster, but even in this cases, it is
still smaller by 0.12 A than for a monolayer and by 0.4 A
smaller than the interlayer distance in bulk Pd. For the clean
Pd(001) surface, the relaxed distance between the two top
layers is 1.952 A, i.e., contracted by —1.2%. Adsorbed Fe
atoms induce an outward relaxation of the Pd nearest neigh-
bors, i.e., a buckling of the substrate. Likewise, the stronger
bonding of the Fe atom at the rim of the cluster to the sub-
strate leads to a buckling of the cluster. The largest buckling
amplitudes of about 0.2 A are calculated for the square Fe,
cluster: the Pd atoms located below the center of the cluster
show the largest outward relaxation, and the corners and
edges of the cluster are bent toward the substrate.

The adsorption energy per Fe atom in the cluster [calcu-
lated relative to the clean Pd(001) surface and an Fe atom in
bee Fe] differs only modestly from that calculated for an Fe
monolayer, indicating that the adsorption energy is deter-
mined mainly by the Fe-Pd interaction, while the lateral in-
teraction between the cluster atoms is rather weak, see Fig. 2.
Binding of monomers and dimers is slightly weaker than in a
monolayer because of the lack of stabilizing Fe-Fe bonds;
bonding in clusters with three to six Fe atoms is stronger
compared to the monolayer because, as a consequence of the
relaxation, the Fe-Fe bonds are less strained. In the nine-
atom cluster, the energy of adsorption is already converged
to the value in a complete overlayer. For an Fes cluster, we
have studied both a planar geometry and a tetragonal pyra-
mid with the fifth atom in a second-layer position with a
strongly reduced magnetic moment (see Fig. 1). The planar
geometry is found to be lower in energy by 0.046 eV/Fe
atom, although it has very low symmetry. Again, this empha-
sizes the dominant role of the Fe-Pd interaction.

B. Magnetic moments of cluster atoms

It is evident that both the average magnetic moments in
the cluster and the magnetic moments induced on the sub-
strate atoms depend on the cluster size. The largest magnetic
moment (3.38 up) is calculated for the isolated adatom; to-
gether with the magnetic moments induced on the Pd atoms,

PHYSICAL REVIEW B 76, 094420 (2007)

3.4 T T T
TN
S
~
AN
N
33} NS ]
AN
N
\\i
() :\\

<321 N 1

SN e

~e

.\\\
340 o A
AN

~

3 1 1 1
0 1 2 3 4

#NN

FIG. 3. Magnetic moments of Fe atoms in Fe,/Pd(001) cluster
with n=1-6,9 as a function of the number of Fe nearest neighbors
(NN).

the effective magnetic moment is even 7.64 wp. In the nine-
atom cluster, the average Fe moment is still 3.18 up and the
effective moment is 4.58 up/Fe-atom. In the monolayer
limit, the corresponding values are 3.12 and 3.68 up; hence,
the effective moments depend even more strongly on the
cluster size.

In an unsupported square ferromagnetic monolayer of Fe,
the equilibrium interatomic distance is 2.33 A and the mag-
netic moment is 2.7 ug. If the interatomic distance is ex-
panded to 2.80 A to match the Pd(001) substrate, the mag-
netic moment is increased to 3.5 wp, which is slightly lower
than the effective moment of the relaxed supported mono-
layer. This means that the reduction of the Fe moment
through the hybridization with the substrate is overcompen-
sated by the induced magnetization on the host atoms.

The decrease of the magnetic moments is usually attrib-
uted to an increased interaction between the 3d orbitals on
neighboring atoms, which leads to more delocalized orbitals
and hence a reduced tendency to magnetism. The same effect
also influences the magnetic moments of the individual at-
oms in the cluster: sites with a larger number of Fe atoms
have lower magnetic moments, irrespective of the shape of
the cluster. This trend can be directly read from Fig. 3: sites
with only one Fe neighbor (in clusters with 2, 3, or 5 atoms)
have moments varying between 3.31 and 3.33 up, sites with
two Fe neighbors (in clusters with three, four, five, six, or
nine atoms) have moments in the interval from
3.21 to 3.25 up, and so on. Figure 3 shows that the variation
of the local magnetic moment is almost strictly linear—a
similar result has been reported by Mavropoulos et al.?® for
unrelaxed Fe clusters on the (001) and (111) surfaces of Ni
and Cu.

The magnetic moments depend on the state of relaxation
of the cluster, the relaxation in the vertical direction being
more important than the lateral relaxation. For an isolated
adatom on a nonrelaxed Pd(001) surface and in a site con-
tinuing the ideal fcc lattice of the substrate, we calculate a
magnetic moment of 3.7 up, to be compared with the value
of 3.38 ujp after full relaxation. For an Fe adatom in an un-
relaxed position on Pd(001), the Green’s-function calcula-
tions of Stepanyuk et al'® yield a magnetic moment of
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3.5 up, which is slightly lower than our result. The origin of
the difference is in the use of the local density approxima-
tions, which always leads to a slightly lower magnetic mo-
ment than the generalized-gradient approximation used in
our work. For a compact Fe monolayer continuing the ideal
fcc geometry of the substrate, we calculate a magnetic mo-
ment of 3.42 up, which is almost as large as the moment of
a freestanding square Fe monolayer strained to the lattice
constant of the Pd surface (3.5 ug). The influence on the
effective moment is more modest, because the decrease of
the Fe moments upon relaxation is largely counterbalanced
by an increase of the induced moments on the Pd sites. The
energy gain by the vertical relaxation is 0.15 eV/Fe atom,
i.e., it accounts for about 40% of the total adsorption
energy of the monolayer. The changes caused by a lateral
relaxation are more modest. For example, for a five-atom
cluster, we calculate the magnetic moments of
3.25/3.18/3.25/3.25/3.32 pp when only vertical relaxation
is admitted, to be compared with the values of
3.21/3.16/3.21/3.22/3.33 up for the fully relaxed cluster
(cf. also Fig. 1). Hence, the average cluster moment is de-
creased by the full relaxation by 0.03 wp. The energy gain on
lateral relaxation accounts for about 12% of the adsorption
energy of the relaxed cluster.

C. Induced magnetization of the substrate: Giant effective
moments

A very important aspect of ferromagnetic clusters sup-
ported on 4d substrates is the induced magnetic moments on
the substrate atoms. Large magnetic moments on Pd or Pt
atoms, induced by the covalent interaction with neighboring
Fe atoms, have been reported before for dilute magnetic
impurities,®® for Pd/Fe/Pd trilayers, and for layered,
L1,-type intermetallic compounds.**=3° The formation of in-
duced magnetic moments is a very general phenomenon in
nanostructured systems composed by magnetic 3d atoms and
highly polarizable 4d or 5d elements, see, e.g., Ref. 28 and
further references compiled therein. For the Fe,/Pd(001)
clusters, the contribution of the induced moments to the total
cluster moment per Fe atom decreases from 4.64 up for the
isolated adatom to 0.56 up for the compact monolayer. The
magnitude of the effective moments for the smallest clusters
is in good agreement with earlier results on Fe impurities in
bulk Pd.6-3

The largest induced magnetic moments are found on the
Pd atoms binding to atoms of the cluster; they depend
strongly on the number of Fe neighbors, see Fig. 4: for a Pd
atom with only one Fe nearest neighbor, it varies between
0.26 up for the adatom and 0.17 wp for an atom next to the
corner atom of a larger cluster. The largest induced moment
of 0.41 wp is calculated for the Pd atom just below the center
of a four-atom cluster. The induced moment for four-
coordinated Pd atoms decreases slightly for larger clusters,
reaching 0.34 wup for the Pd-interface atoms facing a com-
pact Fe monolayer. Green’s-function calculations by
Stepanyuk et al.'® for an Fe adatom and monolayers in un-
relaxed positions above the Pd(001) surface yield induced
moments on Pd nearest-neighbor sites of 0.14 up for the
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FIG. 4. Induced magnetic moments (in up) of Pd atoms in
Fe,/Pd(001) clusters with n=1-6,9 as a function of the number of
Fe neighbors. The horizontal line marks the magnetic moment of Pd
atoms in contact with an Fe monolayer.

adatom and 0.33 up for the monolayer, illustrating the strong
influence of the inward relaxation of the magnetic adatom on
the induced moment.

Substantial magnetic moments are also induced on the
more distant Pd atoms. Figure 5 shows the distribution of the
moments induced by an isolated Fe adatom on the atoms of
the three top layers of the substrate. The induced magnetiza-
tion cloud extends to the boundaries of the surface cell and to
the deepest layer of our model. About 41% of the induced
magnetization is located in the top layer, and 27% and 20%
in the first and second subsurface layers. This distribution of
the induced magnetization is almost independent of the clus-
ter size; similar values apply even to a full adsorbed Fe
monolayer. For the larger clusters, the overlap of the magne-
tization clouds induced by the periodically repeated cluster
becomes, of course, substantial—one has to remember that a
nine-atom cluster in a 5 X5 supercell represents a coverage
of 0.36 monolayers.

The variation of the induced moments as a function of the
distance from the central atom in the Fe, cluster is analyzed
in Fig. 6 for n=1 and n=9. For the isolated adatom, the
induced magnetic moments decrease approximately with the
square of the distance from the adatom. For the nine-atom
cluster, the moments induced on the Pd atoms just below the
cluster are almost equal to the moments induced by an Fe
monolayer. At the boundary of the supercell, the induced
moments on the top Pd layer are strongly decreased, whereas
the effect of the neighboring cluster is more pronounced in
the subsurface layer. Hence, the effective moments given
here should not be considered as quantitatively reliable for
an isolated cluster.

The induced moments depend also on the state of relax-
ation of the cluster. As discussed above, vertical relaxation
leads to an increase of the induced moment counterbalancing
the decrease of the cluster moments. Interestingly, a full
three-dimensional relaxation leads to a slight reduction of the
moments on the Pd atoms close to the outer rim of the cluster
(by 0.02-0.03 up) because the contraction of the Fe-Fe dis-
tances leads to an increase of the Fe-Pd distances.
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FIG. 5. Magnetic spin moments (in up) induced by an isolated
Fe adatom on the Pd atoms in the first to third substrate layers (top
to bottom). Numbers in parentheses show the spin moments derived
from fully relativistic calculations including spin-orbit coupling.

D. Orbital magnetic moments

It has been claimed that in small clusters of magnetic
atoms, orbital moments are strongly enhanced compared to
the spin moment. However, for gas-phase clusters, the exist-
ing calculations based on semiempirical tight-binding
methods®!? predict widely differing values. Fully relativistic
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FIG. 6. Magnetic moments on the Pd atoms in the surface (full
dots) and subsurface (crosses) layers induced by a single Fe adatom
(top) and by a nine-atom Fe cluster (bottom), plotted as a function
of the distance from the central Fe atom. Distances are normalized
by the distance d between Pd atoms in the surface layer. The hori-
zontal lines show, for comparison, the moments of Pd atoms in the
first and second layers induced by a compact Fe adlayer (cf. text).

Green’s-functions KKR calculations of Lazarovits et al.?? for
Fe and Co clusters on Ag(001) predict orbital moments of
M;=0.88 wp for an isolated Fe adatom and M;=1.19 uj for
Co, decreasing rapidly with increasing size of the cluster.
Sipr et al.*’” find M;=1.0 ug for a Co atom on Au(111), but
only M;=0.64 wg on Pt(111). For adsorbed clusters, the
work of Pick et al.>* has demonstrated that the relaxation of
the cluster geometry influences orbital moments even more
than spin moments. For an isolated Co adatom on a Cu(001)
surface, an inward relaxation of 0.24 A induces a reduction
of the orbital moment by 27%. Anisotropies of orbital mo-
ments and anisotropy energies have been calculated using the
self-consistent potentials for a perpendicular magnetic mo-
ment and the magnetic force theorem. For Fe atoms and
clusters, in-plane orbital moments are always lower than for
perpendicular orientation, whereas for Co and Ni, the aniso-
tropy can have either sign.?? The anisotropy of the orbital
moments also determines the magnetic anisotropy energy ac-
cording to perturbation theory.>
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TABLE II. Spin, orbital, and total magnetic moments (in up) of
an Fe adatom on a Pd(001) substrate and induced moments on the
Pd-substrate atoms (integrated over all atoms in the supercell). Re-
sults for perpendicular and in-plane orientations of the magnetic
moment are presented. For the spin moments, the results obtained
without spin-orbit coupling are given in parentheses.

Spin Orbital Total
Perpendicular
Mg, 3.38 (3.38) 0.073 3.45
Mopy 4.52 (4.26) 0.574 5.09
Effective moment 7.90 (7.64) 0.674 8.54
In plane
Mg, 3.38 0.082 3.46
Mopy 1.40 0.150 1.55
Effective moment 4.78 0.232 5.01

Here, we present a fully relativistic self-consistent calcu-
lation for an Fe adatom on Pd(001). We have performed two
sets of self-consistent calculations: one with the spin moment
initially oriented perpendicular to the surface and one with
an in-plane orientation. Our approach allows for an indepen-
dent reorientation of both the spin and orbital moments, but
we find that spin and orbital moments remain collinear (al-
though not necessarily parallel). The calculations have been
performed for the geometry resulting from the scalar relativ-
istic calculations. We have verified that the forces acting on
the atoms are sufficiently small so that a change in the ge-
ometry induced by relativistic effects can be excluded. Our
results are compiled in Table II.

The main results are as follows: (i) The orbital moments
of the Fe adatoms are parallel to the spin moment and remain
very modest, M;~0.07 up for perpendicular and M,
~0.08 up for in-plane orientation. This is a consequence of
the massive inward relaxation by 0.65 A leading to the
strong hybridization of the Fe 3d orbitals with the 4d orbitals
of the substrate, which quenches the orbital moments almost
as efficiently as in bulk Fe. (ii) Substantial orbital moments
are induced on the substrate atoms; they differ strongly for
perpendicular and in-plane orientations. (iii) Spin-orbit cou-
pling also influences the orientation and size of the induced
spin moments (see Fig. 5). (iv) The strong orientation depen-
dence of the induced moments enhances the magnetic
anisotropy—we find perpendicular orientation to be pre-
ferred by 32 meV.

We will discuss first the simpler cases of perpendicular
magnetization. For the Fe adatom, the orbital moment is only
about 2% of the spin moment. On the Pd surface atoms that
are nearest neighbors to the Fe atom, the induced spin and
orbital moments are 0.262 and 0.032 up, respectively, corre-
sponding to a ratio M;/M;=0.13. On the Pd atom in the
subsurface layer immediately below the Fe atom, the spin
and orbital moments are 0.12 and 0.022 ug. Small orbital
moments are also found on the more distant Pd atoms, add-
ing up to an effective orbital moment of 0.67 up and a ratio
of M5"/M=0.078. All induced spin and orbital moments
are parallel to the magnetic moment of the Fe atom; the
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FIG. 7. (Color online) Magnetic spin (top) and orbital (bottom)
moments on the Pd atoms in the surface layer induced by a single
Fe adatom with an in-plane orientation of the magnetic moment (cf.
text).

distribution of the local spin and orbital moments reflects the
fourfold symmetry around the z axis perpendicular to the Pd
surface.

An in-plane orientation of the magnetic moment on the Fe
atom (along the x axis) reduces the symmetry from fourfold
to twofold (from C,, to C,,). In addition, the induced spin
and orbital magnetic moments can now be oriented antipar-
allel to the Fe moment; as an example, we show in Fig. 7 the
distribution of the induced spin and orbital moments in the
Pd surface layer. Compared to a perpendicular magnetic mo-

094420-8



MORPHOLOGY AND MAGNETISM OF Fe,, CLUSTERS...

ment, the orbital moments of the Fe atom are slightly en-
hanced. The induced spin moments on the nearest-neighbor
Pd atoms are only slightly reduced (from 0.26 to 0.25 up),
but already for next-nearest neighbors, the induced moments
are reduced to 50%, and on the more distant sites, the in-
duced moments are even antiparallel to the Fe moment. The
same observation holds for the induced orbital moments for
which the symmetry breaking is even more evident. For a
perpendicular orientation, the induced orbital moments on
the nearest-neighbor sites are 0.032 wp; for in-plane orienta-
tion, two Pd atoms carry an orbital moment of 0.036 up and
another two carry a moment of 0.027 up. A tendency to form
antiparallel induced moments is also found in the deeper
layer. For perpendicular orientation, the integrated induced
spin moments are 2.07/1.42/1.03 wj for the three top layers;
for in-plane orientation, the corresponding values are
1.17/0.26/-0.01 ug. For the orbital moments, we find
0.25/0.18/0.14 up for perpendicular and 0.14/0.02/
—0.01 up for in-plane orientation. Hence, while for the ada-
tom the spin moment shows no anisotropy and the orbital
moment only a modest anisotropy, both the induced spin and
orbital moments are strongly anisotropic.

The strong anisotropy of the induced moments also ex-
plains the unusually large value of the magnetic anisotropy
energy (MAE). According to Bruno® and van der Laan,> the
anisotropy energy is proportional to the strength of the spin-
orbit coupling and the anisotropy of the orbital moment (as-
suming that the spin moment is unchanged upon reorienta-
tion). This simplified analysis shows that because of both the
larger anisotropy of the induced orbital moment and the
stronger spin-orbit coupling in Pd, the contribution of the
Pd-interface atoms dominates the MAE. Similarly large val-
ues of the MAE have been reported by Nonas et al.>'> for
isolated adatoms on Ag(001), but only if a heuristic orbital
polarization term>® is added to the Hamiltonian, leading to a
very strong enhancement of the orbital moment of the 3d
adatom (any contribution from the induced moments being
neglected). However, in their second paper, Cabria et al.
give a rather critical assessment of the orbital polarization
mechanism, pointing out that for Fe impurities in Ag, the
DFT predictions for the local moment and the hyperfine field
are in good agreement with experiment, while the orbital
polarization scheme leads to wrong result. Our study sug-
gests that the induced orbital moments neglected in all pre-
vious studies play an important role in determining the
MAE.

E. Electronic structure and magnetism

The physical mechanism determining the variation of the
local magnetic moments in nanostructures has been dis-
cussed by Dennler et al.?® within the framework of the
theory of itinerant magnetism, following earlier arguments
based on observations by photoelectron spectroscopy’’ and
DFT calculations.’®* Larger local magnetic moments corre-
late with a larger exchange splitting. The constant of propor-
tionality is the Stoner parameter [; the fact that [
~1 eV/up is independent of the local arrangement shows
that it may be identified with the Hund’s rule exchange pa-
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FIG. 8. (Color online) (a) Spin-polarized electronic density of
states (DOS) for an isolated Fe adatom and for a compact Fe mono-
layer on Pd(001). (b) Local spin-polarized electronic DOS for cen-
ter, edge, and corner atoms in an Feo/Pd(001) cluster (cf. text).

rameter J. We illustrate this only very briefly in terms of an
analysis of the spin-polarized electronic density of states
(DOS). Figure 8(a) compares the local DOS of an isolated Fe
adatom with that of a compact Fe monolayer. For the ada-
tom, the majority states are completely occupied; the part of
the DOS between —3 eV and the Fermi energy is due to the
hybridization with the Pd 4d band. The dominant feature of
the minority DOS is the very narrow peak just above Ef. For
the monolayer, the width of the majority band is unchanged,
but due to the increased hybridization, the center of gravity is
shifted to lower binding energies. In the minority DOS, the
lateral Fe-Fe interaction leads to a bonding-antibonding split-
ting. If the exchange splitting is evaluated in terms of the
center of gravity of spin-up and spin-down bands, a Stoner
parameter of /=~ 1+0.1 eV/uy is obtained. The Stoner pic-
ture applies even to the more subtle differences in the mag-
netism of the center, edge, and corner atoms of the nine-atom
cluster, see Fig. 8(b). The larger magnetic moments of the
corner atoms parallel a larger exchange-splitting (which is
due to the downshift of the center of gravity of the majority
DOS). The local values of the Stoner parameter fall within
the limits given above.

IV. CONCLUSIONS

We have used ab-initio DFT calculations to study the
morphology and magnetism of Fe, clusters supported on
Pd(001). For the cluster sizes considered in our investiga-
tions, the Fe atoms form slightly buckled two-dimensional
islands on the substrate. As a result of the size mismatch
between Fe and Pd, the geometry of the clusters does not
simply propagate the crystal structure of the substrate. The
most important effect is a strong inward relaxation of the Fe
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atoms compared to the interlayer distance in bulk Pd, by
0.65 A for an isolated adatom and by 0.40 A for an Fe,
cluster. In addition to the vertical relaxation, a modest con-
traction of the lateral distances between the Fe atoms and a
buckling of both cluster and substrate is calculated.

The magnetic moments of Fe atoms in the cluster are
strongly enhanced compared to bulk Fe, and even in the
largest nine-atom cluster, they are still larger than in a com-
pact Fe/Pd(001) monolayer. The total cluster moments are
further enhanced by the induced magnetization of Pd atoms
in the vicinity of the adsorbed cluster; for all clusters consid-
ered here, the effective magnetic moment per Fe atom is
larger than the limiting value of the spin moment of an iso-
lated Fe atom set by Hund’s rule, i.e., =4 ug. The giant
effective moments calculated for the smallest clusters are of
the same magnitude as the effective moments of Fe impuri-
ties bulk Pd.%-® The size dependence of the average cluster
moments is a consequence of the increasing average Fe-Fe
coordination number. The local magnetic moment of an Fe
atom in the cluster depends only on the local coordination
number and is independent of the size and shape of the clus-
ter, following a linear relation between coordination and spin
moment. The local induced moments on the Pd atoms de-
pend on the number of nearest-neighbor Fe atoms. The size
dependence of the effective moment per Fe atom is even
more pronounced than that of the cluster moments. The re-
laxation of the cluster structure influences the magnetic mo-
ments in the cluster and induced in the substrate in opposite
directions: Fe moments are reduced upon relaxation because
of the enhanced Fe-Pd (and if lateral relaxation is permitted,
also Fe-Fe) hybridization. On the other hand, a closer Fe-Pd
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interaction leads to an increase of the induced moments.

For an isolated Fe adatom on Pd(001), we have performed
self-consistent fully relativistic calculations including spin-
orbit coupling for perpendicular and in-plane orientations of
the magnetic moment. We find that for the adatom in a re-
laxed position, the enhancement of the orbital moment over
the bulk value is only very modest. On the other hand, for
the induced moments on the substrate atoms, a much larger
value of the ratio M;/M g between orbital and spin moments
is found. For a perpendicular orientation of the moments, the
induced orbital moments make a non-negligible contribution
to the effective moment. Spin-orbit coupling leads to a pro-
nounced anisotropy of the induced moment: for an in-plane
orientation, not only the orbital but also the spin-moments
induced in the substrate are strongly reduced. The strong
anisotropy of the induced moments leads to a large magnetic
anisotropy energy dominated by contributions from the Pd-
interface atoms. These results, although for reasons of the
high computational effort restricted to the case of an isolated
adatom, shed light on the magnetic properties of clusters
supported on highly polarizable metallic substrates. Future
work will extend the relativistic calculations to larger sup-
ported clusters.
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