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Abstract

By studying the magnetic behavior of self-assembled Co islands on a single-crystal metal surface, Pt(111), we show
magnetic anisotropy evolves from isolated atoms to monolayer islands and films. Single Co adatoms are found to ha
magnetocrystalline anisotropy energy ofEa = 9.3 ± 1.6 meV/atom arising from the combination of partly preserved orb
moments(mL = 1.1 µB) and strong spin-orbit coupling induced by the Pt substrate. Combined scanning tunneling micr
and X-ray magnetic circular dichroism experiments performed for differently sized small two-dimensional Co islands e
a clear connection betweenEa andmL, both quantities decrease sharply with the lateral coordination of the magnetic a
In accordance with this, Kerr magnetometry experiments, again performed in conjunction with scanning tunneling mic
reveal that the anisotropy energy of large two-dimensional Co islands is almost entirely determined by the relatively low
of perimeter atoms, havingEa = 0.9 ± 0.1 meV/atom. These results confirm theoretical predictions and are of fundam
value the understanding of how the magnetic anisotropy develops in finite-size magnetic particles. Identification of
of perimeter and surface atoms opens up new opportunities for engineering the anisotropy and the moment of a
nanostructure.To cite this article: P. Gambardella et al., C. R. Physique 6 (2005).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Anisotropie magnétique de l’atome isolé aux îlots monocouches de Co/Pt(111).En étudiant les propriétés magnétiqu
de particules de Co auto assemblées sur une surface d’orientation (111) d’un monocristal de Pt, nous montrons comm
sotropie magnétique évolue de l’atome isolé aux îlots monocouches et aux films ultraminces. Nous trouvons que le
de Co isolés adsorbés en surface ont une énergie d’anisotropie magnétocrystalline deEa = 9.3 ± 1.6 meV/atome provenan
de la combinaison d’un moment orbital conservé(mL = 1.1 µB) et d’un fort couplage spin-orbite induit par le substrat de
Des expériences combinées de microscopie à effet tunnel et de dichroïsme circulaire magnétique à rayons X, effectu
îlots de Co de petit taille établissent une connexion claire entreEa etmL, chacune de ces quantités décroissant rapidement
la coordination latérale des atomes magnétiques. En conformité avec ceci, nous trouvons en employant la magnéto
effet Kerr et le microscope à effet tunnel que l’énergie d’anisotropie de grands îlots bidimensionnels de Co est presq
rement déterminée par le nombre relativement faible d’atomes au périmètre, ayantEa = 0.9 ± 0.1 meV/atome. Ces résultat
confirment les prédictions théoriques et sont d’un intérêt fondamental pour comprendre comment l’anisotropie magn
développe dans les particules magnétiques de taille finie. L’identification du rôle des atomes au périmètre et des a
surface ouvre de nouvelles opportunités pour l’ingénierie de l’anisotropie et du moment de nanostructures magnétiqPour
citer cet article : P. Gambardella et al., C. R. Physique 6 (2005).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

It is well known that the magnetic properties of transition metal particles depend on the coordination of the con
atoms [1–4]. Small clusters deposited on metal surfaces are predicted to have spin(mS) and orbital(mL) magnetic moments in
between those of bulk compounds and free atoms [5–7], and to exhibit strong magnetic anisotropy with characteristic
(Ea) of the order of 1–10 meV/atom, i.e., a factor 103 larger than bulk ferromagnetic metals [7,8]. In the case of single-dom
particles,Ea determines the orientation and stability of the magnetization and is thus a crucial parameter for most app
of magnetic materials in modern technology. Van Vleck [9] was among the first to recognize that the orbital magnetiza
the spin-orbit interaction, connects the magnetocrystalline anisotropy to the atomic structure of magnetic materials.

In recent years, extensive work [10–19] on magnetic surfaces and thin films has shown that a lowering of the sym
sults in an increase ofmL compared to bulk systems, where thed-state hybridization and the crystal field effectively quenchmL .
This effect gives rise to a variety of interesting phenomena, such as enhanced and perpendicular magnetic anisotropy
19]. Surface-supported nanoparticles offer additional degrees of freedom to tune the magnetic anisotropy by ad-h
ifications of the particle size, shape, and coupling with the substrate, making nanometer sized systems attractive
investigations as well as for miniaturized data storage applications [20–22]. In this respect, self-assembled magneti
grown on metal surfaces constitute an ideal system since their size, shape, and composition can be controlled with re
while producing them in numbers large enough for investigation with spatially integrating techniques [23,24]. In the fo
we present an extensive study of the evolution of the magnetic anisotropy energy in surface supported aggregates
sizes evolve from one to about one thousand atoms. The data demonstrate a strong correlation between magnetic
and morphological details. Reducing the atomic coordination number the anisotropy energy is seen to steeply incre
assumes the giant value of 9 meV/atom in the case of a single adatom. Identification and evaluation of the role of hig
low coordinated magnetic atoms opens up new opportunities for material engineering which are likely to be of help in
forward the superparamagnetic limit in small magnetic particles.

2. Orbital magnetic moment and magnetic anisotropy of single Co atoms and nanoparticles

Gas-phase transition metal (TM) atoms possess largemS andmL according to Hund’s rules, which are due to intra-atom
Coulomb interactions. In a solid, electron delocalization and crystal field effects compete with these interactions, c
substantial decrease ofmS and partial or total quenching ofmL . Theoretical calculations [7] predict such effects to be stron
reduced in TM impurities at non-magnetic surfaces owing to the decreased coordination, with implications also for the
ance of significant magnetic anisotropy (Fig. 1). TM clusters in the gas phase have also shown a strong dependence
magnetic moment(mS + mL) on the particle size [3,25]. To date, however, fundamental points are still unclear. In part
how does the magnetic anisotropy energy (MAE) evolve from single atoms to finite-sized magnetic particles, how do
relate to the atomic magnetic moments, and how do both depend on the details of the atomic coordination. Such que

Fig. 1. Ab-initio calculation ofEa andmL for Co on Pt(111) using the spin-polarized-relativistic Korringa–Kohn–Rostocker Green’s fun
method in the spin-density approximation [30]. The Co atoms are onfcc sites. The values ofmL between brackets have been computed wit
the orbital polarization scheme with a 50% reduced Racah parameter. The reported values have been averaged over all Co sites
island, although site differences may well be relevant (see, e.g., [34]).
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Fig. 2. (a) STM image of isolated Co adatoms on Pt(111) (coverage 0.010 ML, 85 Å× 85 Å); (b) L3,2 XAS spectra of isolated Co adatom
(0.010 ML) atT = 5.5±0.5 K, B = 7 T taken with parallel(µ+) and antiparallel(µ−) alignment of light helicity with respect toB atθ0 = 0◦,
70◦ relative to the surface normal, as shown in the inset. The spectra at 70◦ have been normalized to the(µ+ + µ−)L3 intensity at 0◦ in order
to eliminate the dependence of the electron yield on the sample orientation; (c) XMCD spectra(µ+ − µ−) obtained for theθ0 = 0◦ and 70◦
magnetization directions. The dashed line is the integrated XMCD atθ0 = 0◦; (d) Magnetization curves atθ0 = 0◦ (filled symbols) and 70◦
(empty symbols) measured atT = 5.5 K. The points represent the peak of theL3 XMCD intensity at 778.6 eV divided by the pre-edge intens
at 775 eV as a function ofB . The difference between theθ0 = 0◦ and 70◦ curves is consistent with the XAS-normalized XMCD spectra. T
solid lines are fits to the data as described in [30].

not only relevant in bridging the gap between the atomic and solid-state descriptions of magnetic phenomena, but als
they provide guidelines for the engineering of nanostructures with novel or enhanced magnetic properties, as shown i
section.

Here we report on the measurement ofmL andEa in single surface adatoms and small, two-dimensional particles in
critical size range below one hundred atoms. To construct such small particles we have exploited the epitaxial growth
Pt(111) in ultra-high-vacuum (UHV), which allows us to obtain a narrow size distribution by means of kinetically con
growth [23]. This technique exploits the energetic hierarchy of the different diffusion and dissociation processes of ad
surfaces, and their dependence on the substrate symmetry. Control is achieved by means of external parameters su
the substrate temperature and deposition flux, allowing atoms to diffuse and nucleate forming aggregates of defined
shape [23]. The Co/Pt system was chosen in order to maximize the MAE effects, since hcp-Co presents the largest MA
3d ferromagnetic elements (0.045 meV/atom compared to, e.g., 0.005 meV/atom for Fe). In addition, CoPt alloying in th
bulk-ordered L10 phase results in a MAE increase up to 0.8 meV/Co atom [21], owing to the strong spin-orbit coupling of t
Pt 5d states.

Fig. 2(a) shows a scanning tunneling microscope (STM) image of isolated Co adatoms obtained by depositing 0.0
layers (1 ML= 1.50× 1015 atoms/cm2) at T = 5.5 K, for which surface diffusion is completely inhibited. X-ray magne
circular dichroism (XMCD) [26] measurements were performed to probe the adatom magnetism by detecting X-ray ab
spectra (XAS) at the CoL2,3 edges (2p to 3d transitions) using left and right circularly polarized light in the total electron y
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mode (Fig. 2(b)). The measurements were carried out on beamlines ID08 and ID12B at the European Synchrotron
Facility, where the samples have been grown in-situ in UHV conditions. The XMCD signal (Fig. 2(c)), is the difference b
the XAS spectra recorded for parallel(µ+) and antiparallel(µ−) alignment of the photon helicity with the applied fieldB.
Fields of up to 7 T were used to magnetize the sample at anglesθ0 = 0◦, 70◦ with respect to the surface normal. The adat
XAS spectra show relatively weak absorption features compared to the Pt background due to the extremely low conc
of Co adatoms. However, the XMCD signal is very large relative to the total Co absorption signal, indicating the pres
strong magnetic moments localized at the Co atoms. Two effects are characteristic of single adatom magnetic proper
the vanishing intensity of the XMCD at theL2 edge indicates unusually strong orbital magnetism; second, the large diffe
between the magnetization measured in-plane and out-of-plane up to 7 T (Fig. 2(d)) reveals an extraordinary MAE.

According to the XMCD sum rules [27–29], we obtainmL = 1.1±0.1 µB/atom measured parallel to the easy axis direc
(θ0 = 0◦) [30]. This value is considerably reduced with respect to the 3 µB of a gas-phase Co atom, but extremely high fo
metallic bulk system, wheremL is usually reduced to∼ 0.1–0.2 µB owing to the hybridization of thed-states. The explanatio
lies with the reduced coordination of an isolated atom adsorbed on top of a flat surface, favoringd-electron localization and
thus the survival of atomic-like character in the 3d orbitals. The presence of such a large orbital magnetization has signi
consequences for the magnetic anisotropy.

The MAE was determined by measuring the adatom magnetization parallel toB, with B applied along different direction
with respect to the surface normal, as shown in Fig. 2(d). A fit of the magnetization assuming classical, coherent
of the magnetization and uniaxial anisotropy yieldsEa = 9.3 ± 1.6 meV/atom [30], which is an exceptionally large valu
Typical systems with high MAE are SmCo5 (Ea = 1.8 meV/Co atom [21]), Co/Pt, Co/Au multilayers (Ea ∼ 0.3 meV/Co atom
[12,14]), and one-dimensional Co atomic chains (Ea = 2.0 meV/Co atom [19]). Different effects combine in establishing
magnitude of the MAE for the Co adatoms. First, the reduced coordination leads to 3d-electron localization (band narrowing
which augments the spin-orbit energy due to increases in the local density of states near the Fermi level and the orbita
magnetic moment [31,32]. Second, the strong spin-orbit coupling of the Pt 5d-states results in additional MAE of the induc
magnetization, an effect common to CoPt compounds [33].

The predominant influence of the atomic coordination on the MAE andmL is revealed by measurements on two-dimensio
monolayer particles obtained by statistical growth and annealing for average sizes 1< n � 5 atoms, and by diffusion-controlle
aggregation atT < 130 K for 5< n � 40 atoms. Fig. 3 reportsmL andEa as a function ofn. The smallern is the larger
themL , Ea dependence on changes of the cluster size. Particles withn = 3 and 4 atoms havemL reduced to 0.78± 0.05 and
0.59± 0.05µB/atom, respectively. One-atom variations of the particle size cause significant reductions ofEa: for n = 3 atoms,
Ea = 3.3 ± 0.4 meV/atom, only about 30% of the single adatom value. Ab-initio calculations (Fig. 1) [30,34] show th
atomic coordination rather than the absolute particle size is the key to determinemL andEa (see Fig. 1). In the experimen
the finite size distribution of the epitaxially grown Co particles does not strictly allow for such a distinction. However, th
reported in the next section show how the practical consequences of this effect can be exploited in much larger Co
to enhance the total MAE. The comparison between Figs. 3(a) and 3(b) also demonstrates the correlation betweenmL andEa,
as expected from a perturbative treatment of the spin-orbit interaction. According to Bruno [31,32] and van der Laan
Ea is directly related to the anisotropy ofmL , and (in TM atoms with more than half-filledd-electron shells) the easy axis

(a) (b)

Fig. 3. (a)mL and (b)Ea as a function of average island sizen for Co/Pt(111). For comparison, the dashed lines showEa of the L10 CoPt alloy
and hcp-Co, respectively. The error bars on the horizontal scale represent the standard deviation of the size distribution as determin
From [30].
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the direction wheremL is maximum. In our experiment, the incomplete saturation of the magnetization close to the ha
direction (Fig. 2(d)), does not allow a precise estimate of themL anisotropy via the XMCD sum rule for the orbital mome
However, it is clear that a largemL anisotropy, hence largeEa values, can be observed only ifmL itself is large, thus explaining
the observed correlation betweenEa andmL reported in Fig. 3.

Finally, a theoretical exercise of some interest is the estimate of the MAE due to the induced polarization of the Pt s
If we imagine thatEa can be decomposed in partial contributions arising from Co and Pt sites (which is strictly not true
hybridization with Pt modifies also the character of thed-states localized on Co sites), the Pt substrate contributes to abou
of the total MAE calculated for a single Co adatom. Because of the strong decrease of the Co MAE with increased coor
however, the Pt share increases to 30% for the dimer and up to 60% for the pentamer, eventually providing the domin
contribution in Co/Pt multilayers [33].

3. Temperature dependence of the zero field susceptibility of an ensemble of polydisperse 2D monodomain islands

The results on 2D Co clusters containing less than a few tens of atoms suggest that the size of ferromagnetic par
stable magnetization direction at room temperature can be made smaller than formerly anticipated, by artificially redu
coordination of the magnetic atoms forming the particles. The industrial requirement for non-volatile data storage on h
is 10 years stability for a written bit, which implies an overall MAE ofK = 1.2 eV per magnetic grain of the recording mediu
Assuming the Co–Co adatom coordination of 2, and a homogeneous magnetization, the data in the previous sectio
lower limit of about 400 atoms per grain. The ultimate limit will be to use a single grain to store one bit, which would
400 atoms per bit. Currently, one uses about 103 grains per bit and each grain contains 105 atoms. Whether single grain bits ca
be realized hangs on the homogeneity of the magnetic propertiesM , K , and of the direction of the easy axis. Note that sim
issues are of relevance for the downscaling of the cells of magnetic random access memories (MRAMs).

A lower limit to the atomic coordination is set by the requirement that ferromagnetic order within the particle ha
established up to the temperatures of interest and up to a large inclination ofM away from the easy axis appearing during m
netization reversal. Reducing the coordination reduces the ferromagnetic exchange energy. One illustration is one-di
chains, where the ferromagnetic correlation length is small and spin blocks with opposite magnetization form even at
temperature [19,35]. Atoms in 2D or 3D nanostructures have higher mean coordination such that they may remain a f
netically ordered unit up to high temperatures. One speaks of single domain particles which have homogeneous mag
and are well described by a macrospinM to which the aligned moments of the constituent atoms all add up.

In the remainder of this article we present results on 2D single domain particles in a size range of the order of 100
and we restrict ourselves to the system Co/Pt(111) for the sake of comparison with the section above. The morpholo
island ensemble has again been characterized with STM and the zero-field susceptibilityχ has been measured in-situ wi
surface magneto optical Kerr effect (MOKE). Under UHV conditions, there is no oxide shell and all constituent ato
ferromagnetically ordered. Thus the particle morphology contributing to the magnetic signal is accessible at the atom
and a one-to-one correlation to the magnetic properties as a function of shape and size can be established. As we will s
this allows determination of the MAE of surface versus perimeter atoms, having a lateral coordination of 6 and 4, resp
[36].

Before analyzing the experimental data we present an analytical model describing the transition from blocking to su
magnetism of an ensemble of monodisperse, non-interacting monodomain particles. The Co islands on Pt(111) hav
out-of-plane anisotropy and thus are characterized by two local minima for the potential energyE as a function of the an
gle Θ between surface normal and magnetizationM . These minima correspond to theup and down orientation ofM (see
inset of Fig. 4). The anisotropy energy at zero fieldK = E(90◦) is the energy of the transition state passed during m
netization reversal. The rate of barrier crossing for an ensemble of monodisperse particles, all having identical valuK

and M , or the time average of this rate for a single particle, is described in the case of small fields by an Arrhen
pressionν = ν0 exp((−K ± H · M)/kBT ), with typically ν0 = 1 × 1010 s−1 [37] andkB the Boltzmann constant. At zer
field, the relaxation timeτ is given byτ = 1/2ν = τ0 exp(K/kBT ), with τ0 = 1/2ν0. The barrier is readily overcome
T > Tb = K/kB ln(1/ωτ0), whereω is related to the observation timet = 2π/ω. In our caseω is the sweep frequency o
the external magnetic field used to measureχ . Tb is the blocking temperature, defined by the temperature where the en
ble reaches half of its thermodynamic equilibrium susceptibilityχeq. For T > Tb the particles are superparamagnetic, a
χ(T ) = χeq(T ). ForT < Tb the particles are blocked in a fixed magnetization state (up or down), and henceχ(T ) = 0. This is
the state where information can be stored. In the vicinity ofTb the state of the system is determined by the kinetics of ba
crossing.

To fully capture the kinetics and thermodynamics we first calculated the zero-field susceptibility by numerically solv
master equations to obtain the occupation of the two energy minima, and by allowing for thermal fluctuations arou
minima (see symbols in Fig. 4). Since we are interested in the limit of small fields, we can also linearize the master equ
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Fig. 4. Zero-field magnetic susceptibilityχ(T ) for an ensemble of monodisperse, uniaxial particles (K = 200 meV,M = 1500 atoms×
2.1 µB = 182 meV/T, triangular field sweep withω = 0.3 Hz). The analytical model (thick curve) perfectly describes the blocking to su
paramagnetic transition as evidenced by comparison with the numerical calculation (symbols). The equilibrium zero-field susceptibiliχeq, is
shown as thin curve. Inset: Energy of an uniaxial monodomain particle as function of the orientation ofM with respect to an out-of-plane exte
nal fieldH in the Ising model (2 states:up anddown), in the Langevin model (continuum of states, no anisotropy,E is given by Zeeman energ
H · M ), and in the full model incorporating the anisotropy energyK . χ(T ) derived from the Ising (full gray curve) and Langevin (dash-dot
curve) models are shown in the main figure for comparison. From [36].

describe the kinetics [38], and multiply by the equilibrium susceptibilityχeq(T ) to derive the following analytical expressio
for the real part of the complex zero-field susceptibility, which is the quantity we measure:

χ(T ) = 1

1+ ω2τ2
χeq. (1)

χeq(T ) (see thin line in Fig. 4) has been calculated by Chantrell et al. [39], and given in the following form by Fr
et al. [40]:

χeq(T ) = M2
[

exp(K/kBT )√
πKkBT Erfi(

√
K/kBT )

− 1

2K

]
. (2)

Fig. 4 shows that our analytical solution forχ(T ) (thick line) perfectly reproduces the numerical one. Note that the nume
model takes into account the full shape of theE(Θ) curve, while the analytical one only contains the maximum energyK via
the relaxation time. The agreement between the two shows that the small field limit is justified.

Despite the fact that the particles are monodisperse, the transition from blocking to superparamagnetic takes pla
finite temperature window of�T = 2kBT 2

b /K (8 K in our example). The maximum ofχ is located just aboveTb and its value

is approximatelyχmax = M2/kBTb ∝ M2/K . For comparison, we also show the infinite anisotropy limit, leading to a
state system (Ising model, see gray full curves in main figure and inset), and the vanishing anisotropy limit, characte
an occupation of all orientations ofM (Langevin model, dash-dotted curves). With increasing temperatureχeq goes from the
first to the second limit and therefore it decays slightly steeper than the 1/T behavior characterizing the two limiting cases
is seen that the Ising model is a good approximation forχ(T ) if Tb < T < 2Tb, while the Langevin model may only be us
for very high temperatures.χ(T ) of an ensemble of polydisperse particles is given by summing over the individual par
each one represented by given values ofM andK determined from their area and perimeter using different assumptions o
origin of M andK .
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Fig. 5. Morphology and magnetism of an ensemble of compact one monolayer high Co islands on Pt(111): (a) STM image sho
morphology of islands (coverage 0.40 ML, mean island sizeS = 1200± 1000 atoms); (b) Size and perimeter length distribution. As custom
in literature on epitaxial growth, this distribution has been normalized to yield unit area under the curve (s island size,S average island size,Ns
density of islands of sizes, cov coverage in ML); (c) Magnetization as a function of out-of-plane field (T = 150 K, triangular field sweep with
ω = 2π/10 s). The Ising fit is shown as blue line and yieldsm = 2.1 µB when taking the size distribution into account. The green line is
Langevin model with this value; (d) Temperature dependence of zero-field susceptibilityχ(T ) measured by MOKE. Curves are fits associat
the same anisotropy energyEa to all atoms per island (dark green 0.047 meV/atom, light green 0.060 meV/atom), solely to the perimete
atoms (blue 0.57 meV/atom), and to both (red 0.9 and−0.03 meV). From [36].

4. Quantifying the contribution of perimeter vs. surface atoms to the magnetic anisotropy

To elucidate the different role played by inner and edge atoms in a nanostructure we grew 2D islands with broad
perimeter length distributions (Figs. 5(a), (b)). This allows us to probe a large range of both size and perimeter val
a single sample. The non-linear relationship between perimeter length and island area gives each of the two distrib
characteristic shape, thus enabling to disentangle the roles of the two atomic species.

For the determination of the magnetic momentm per atom we measure with MOKE the magnetization as function of app
field atT placing ourselves just aboveTb. The data are displayed asMtot(H) in Fig. 5© and show the typical superparama
netic reversibleS-shaped curve. The magnetization reaches 60% of its saturation value at our experimentally available
±500 Oe. The vertical scale in Fig. 5© is calibrated by comparing with the signal from a full monolayer, which we can s
and by assuming the Kerr signal to be linear with coverage,Msat(0.4 ML) = 0.40× Msat(1.0 ML). For calculating the island
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macrospins we assume that each atom has the same total magnetic momentm, thus the moment of an island containings atoms
is given byM = sm. This assumption is justified sincem varies by much less than 20% for the size range of interest [41]
saw above that the Ising model is a good approximation just aboveTb. Applying this model to fit the experimental magnetizati
curve and taking the size distribution into account leads to the blue curve yieldingm = 2.1±0.2 µB/atom. This value is in good
agreement with that expected from taking the sum of the calculated Co spin momentmCo,S = 1.8 µB [42], its measured orbita
momentmCo,L = 0.2 µB [14], and the measured polarization of Pt at its interface with Co, amounting tomPt = 0.2 µB [43].
When the size distribution is unknown, one typically represents the real system by an ensemble of monodisperse pa
having the average size. We emphasize that this generally yields erroneous results; here it would givem = 3.0± 0.2 µB/atom.
In addition, using the same assumption and the Langevin model, would yield an unrealisticm = 6± 1 µB/atom.

The MAE was determined by measuring the susceptibility at zero fieldχ (the indicated slope in Fig. 5(c)) as a functi
of temperature (Fig. 5(d)).χ(T ) shows a broad peak around 100 K revealing a broad transition from blocking to supe
magnetic. This peak is followed by a roughly 1/T decrease. The full curves are inferred from using the size and perim
distributions as input to calculateχ(T ) for the ensemble of particles from our analytical expression with different assump
on the origin of the anisotropy per island,K . For the atomic moments we used in our fitsm = 2.1 µB/atom, as determine
above. Note, however, that the value ofm is irrelevant for the fit, as it only affects the scaling factor of the vertical sca
the χ(T ) plot and the systematic uncertainty inm coming from the fact that we cannot saturate our sample is irreleva
the following conclusions on the origin and values ofK . We further note that we attribute all the MAE to the Co atoms,
therefore the values we give include, as in the previous section, the effect of the polarized substrate.

First, we assume that each atom contributes the same amount,K = sEa, with Ea denoting the anisotropy per surface C
atom (green curves). Second, we assume that only the perimeter atoms contribute to the anisotropy,K = pEa, with p the
perimeter length in atoms (blue curve). Finally, we assume that surface atoms contribute the amountEas, and perimeter atom
Eap, thusK = sEas+ pEap (red curve). The only free parameter of the fits is the anisotropyEa attributed to the surface, o
perimeter atoms, or to both. Becauseχ(T ) is dominated by terms containingK/T , a variation ofEa stretches or compresse
the curves along thex-axis, while keeping their origin fixed (see dark and light green curves in Fig. 5(d). However, there
way to change their overall shape which is controlled by the size and perimeter distributions.

From inspection of Fig. 5(d) it is obvious that attributing the anisotropy of the nanostructures entirely to the sur
interface fails because the green curve is far too broad. In addition, the inferred value ofEa = 0.047± 0.005 meV/atom is
comparable to Co bulk, making difficult any reconciliation with typical thin film values of 0.1–0.2 meV/atom [14,44,45]. The
blue curve fits our data much better and associatesEa = 0.57± 0.05 meV to the perimeter atoms and zero contribution to
surface atoms in the interior of the islands. Finally, the best fit is obtained when we take both inner and edge atoms int
and associateEap= 0.9± 0.1 meV to the perimeter andEas= −0.03± 0.01 meV to the surface atoms. We note that the va
Eap= 0.9± 0.1 meV associated to the step atoms, having on average four in-plane neighbors, compares well to the M
measured by means of XMCD in small clusters with sizes of about 10 atoms, where the lateral coordination is com
Recently,Ea values of the same order of magnitude have also been reported for Co atoms forming monatomic chains
to the{111}-facetted steps of a Pt(997) surface [19]. It is interesting to decomposeEas into its magnetocrystalline and sha
contributions,Eas= Ecryst+ Eshape. We note that a variation of the demagnetization factor with island size is expecte
this transition occurs for much smaller islands than the one studied here [46], thus we assume a constant demagnetiza
of 1 and calculate a demagnetizing energy ofEshape= −0.090 meV/atom using the saturation magnetization of bulk Co.
getEcryst= 0.06± 0.01 meV/atom which is more than counterbalanced byEshape. This implies that without the anisotropy o
the perimeter atoms the islands would be magnetized in-plane.

In the previous discussion we tacitly assumed the absence of magnetic interactions between the particles, possibly
by their dipolar stray field. One indication that such interactions are indeed absent comes from the agreement betwe
imental and calculated data forχ(T ) in the superparamagnetic regime, where we observe the predicted slightly steep
1/T decrease, while calculations show that interactions would considerably flatten this decrease [47]. On the other
absence of interactions can also be rationalized by comparing the island switching fieldHsw, the applied fieldH , and the stray
field Hdipol, created by all other islands at the location of one island. Assuming an ensemble of monodisperse partic
M = sm = 146 meV/T andK = 117 meV, and assuming that all of them are ferromagnetically aligned we getHdipol = 100 Oe
(Eq. (4) of [48]). This value is below the applied field amplitudes, and it is an upper bound to the real dipolar field si
probability of all the neighbors of a given island being aligned is low. The temperature dependence of the switching
approximately given by [49,50]

Hsw(T ) ≈ H0

(
1− 5

√
kBT

K

)
≈ H0

(
1−

√
T

Tb

)
, (3)

whereH0 = 2K/M = 1.6× 104 Oe. The switching field becomes comparable to the dipolar one only in the interval 0.99Tb <

T < Tb. In a polydisperse sample a small island may be superparamagnetic while the larger ones in is vicinity remain
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In this case the dipolar field simply adds to the external one which has a larger amplitude in our case such that we do
dipolar interactions. This qualitative argument signifies that much higher densities of non-interacting particles may be
for out-of-plane magnetization than the density investigated here, which amounts to 2 Tera-particles/in2.

Our data highlight two important points. First the high magnetic anisotropy of low coordinated atoms, and, sec
magnetocrystalline anisotropy of highly coordinated atoms that can eventually be compensated by shape anisotropy
dicular media. The first point rationalizes several results on the magnetic anisotropy of thin films reported in literature.
indication of the role played by step atoms came from a couple of papers comparing the magnetism of Fe films on W(1
smooth and high step density surfaces [51,52]. For the step atoms, the authors measured anisotropy energies twice
those of surface atoms and rationalized the effect by taking into account the broken symmetry at step sites in a Néel a
model. Further indications came from Co films epitaxially grown on Cu(100). Weber et al. observed the Co magnetic an
to oscillate as a function of the Co thickness. The period was exactly equal to one monolayer, corresponding to the v
of the film morphology alternating between filled and incompletely filled atomic layers [53]. On the same system w
observed that step decoration with minute amount of Cu induces a 90◦ in-plane rotation of the easy magnetization axis of a
to 20 monolayers thick Co film [54,55]. The linear dependence of the anisotropy energy with the step density observe
Co films grown on vicinal Cu(100) surfaces again indicates the step induced anisotropy the origin of which being attri
the missing bond at the step edges while biaxial strain due to the in-plane lattice misfit was excluded [56,57]. More
XMCD measurements revealed a systematic enhancement of the anisotropy energy per atom with reduced size for C
Fe [58] clusters on Au(111), although no quantitative assignment ofEa values to core and perimeter atoms could be achiev

The second point can be at first sight surprising because it contradicts several results on Co/Pt(111) [43,44,59–6
multilayered Co/Pt [14,45,63] and Co/Pd [64–66] films all showing out-of-plane anisotropy. However, three theoretica
show the ideal Co monolayer on Pt(111) [42,67] and Pd(111) [68] to have in-plane anisotropy, the later result hav
experimentally proofed [69]. In particular, Wu et al. [42], using a model with only one Pt layer and ignooring the in
current contribution to the effective magnetic field [70], calculated a surface anisotropy ofEcryst= 45 µeV/atom, very close to
our estimation ofEcryst= 0.06± 0.01 meV/atom. The perpendicular anisotropy often observed in thin Co films can pro
be ascribed to the non-homogeneity of the deposited films. Lundgreen et al. [71] observed 3D growth for Co depos
Pt(111) at room temperature. The 1.2 ML film shows a large fraction of the surface covered by the second layer. M
room temperature growth produces site exchange between interfacial Co and Pt atoms, as demonstrated by STM imag
X-ray magnetic diffraction [60]. Roughness increases the number of low coordinated sites and interfacial exchange
the number of Co–Pt bonds. Both effects enhance the perpendicular anisotropy with respect to the ideal case of a p
monolayer with an abrupt interface and no steps. A similar increase of the perpendicular anisotropy is produced by
layers because polarization can be induced at the new interface [69,72,73]. For example it has been demonstrated
plane magnetization of 6 ML Co/Pd(111) turns to be out-of-plane after capping it with about 2 ML of Cu [65]. All these
are absent in our sample since the islands were grown at low temperature and then shortly annealed in order to preven
mechanisms, the islands are flat and they are observed in situ without the use of capping layers.

(a) (b)

Fig. 6. Tailoring magnetic properties in bi-metallic islands: (a) 3D view of an STM image of one monolayer high islands with Pt core
approximately 3 atom wide Co shell (deposition of 0.2 ML Pt at 130 K and annealing to 760 K generates the quasi hexagonal non
core; subsequent deposition of 0.2 ML Co at 220 K creates the Co rim). In the STM topographs, Co can be discerned from Pt by its 0
apparent height which was used as color code; (b)χ(T ) reveals that the Co-rim–Pt-core islands have the same anisotropy as the pure Co
with equal perimeter length. From [36].
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Our finding opens new possibilities to separately tune the anisotropy and moment of nanostructures. To exemplif
produced bi-metallic one monolayer high islands with a nonmagnetic core (Pt) surrounded by a 2–3 atoms-wide mag
(Co), see Fig. 6. We took care that the rim is at least two atoms wide in order to increase the exchange-coupling energ
enforce long-range ferromagnetic order (in monatomic Co chains, where the chain atoms have only two magnetic n
ferromagnetic order has been reported to extend only over 15 atoms at 45 K [19]). It is seen from Fig. 6(b) that kee
anisotropy energy per perimeter atom fixed to the value inferred above for the pure Co islands perfectly reproduces the
behavior. The bi-metallic islands have identical anisotropy as their equally shaped pure Co counterparts; however, th
much smaller overall moment due to their non-magnetic core.

5. Enhanced zero-field susceptibility by partial oxidation

Due to their reduced dimensions, small metallic magnetic particles created by metal epitaxy at surfaces are very se
pollution, in particular to oxidation. The effect of oxidation on the magnetic properties can be quite complex. Since ox
generally starts at the low coordinated sites, partial oxidation may provide helpful insight into the origin of magnetic pro
such as magnetic anisotropy. Generally, oxidation degrades the magnetic properties, for instance it has been reporte
the anisotropy [74]. However, in particular systems it may dramatically increase the anisotropy, e.g., due to exchange
with an antiferromagnetic CoO shell [75]. In this section we discuss the evolution of the magnetic properties of the 2D
islands shown in Fig. 5 as function of their progressing oxidation.

STM images show clearly that the oxidation process begins at the island edge [76]. With increasing oxygen expo
dislocation pattern characteristic of clean Co is progressively replaced by a superstructure with approximately(3× 3) unit cell
and a periodicity of 10± 1 Å. An oxygen dose of only 0.3 Langmuir is sufficient for the superstructure to cover the
surface of small islands, whereas clean Co patches remain only in the center of the largest islands (Fig. 7).

MOKE measurements show that partial oxidation modifies the temperature dependence ofχ in two ways. The temperatur
at which the maximum occurs is reduced, and the maximum taken on byχ(T ) increases (Fig. 7(b)).

This apparently strange effect can be understood with the help of a qualitative argument. We know from the previous
that the island magnetic anisotropy energyK depends strongly on the perimeter atoms. Thus, for a very small amount of ox
for which only the island edge is oxygen covered due to the selective adsorption at step sites [77], the anisotropy drops
The island magnetic moment is less sensitive to oxidation and decreases proportionally to the oxidized fraction of the

(a) (b)

Fig. 7. Enhancement of the zero field susceptibility by oxygen adsorption: (a) STM image of Co islands after the exposure to 0.3L2. Only
a small fraction of the larger islands have still the native strain relief pattern in their center, the remaining Co covered surface is tra
into an oxygen induced(3× 3) structure; (b) In-phase zero field susceptibilityχ as function of temperature for pure and partly oxygen cove
Cobalt islands. Oxygen adsorption leads to a decrease of the blocking temperature and to an increase ofχmax. From [76].
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a first approximation, we can suppose thatK decreases, i.e.Kox < Kcl, while the macrospin stays constant, i.e.,Mcl = Mox.
Then, we obtain

χmax
ox

χmax
cl

≈ Kcl

Kox
> 1. (4)

With a more quantitative approach, the macrospin of an oxidized island can be written asM(x) = (1 − x)Mcl, wherex is the
oxidized fraction of the island. We assume that for a given exposure, all the islands have the same oxidized fraction due
that the oxygen capture rate is almost proportional to the island area. The surface anisotropy is affected in the same
macrospin, therefore we takeEs(x) = (1− x)sEas. For the perimeter anisotropy, we consider that the oxidation begins at e
until the edges are completely saturated, then the oxidation progresses toward the centre of the islands. If the edge
saturated, the number of edge atoms contaminated is simply given bypox = sx(sx < p), whereas if the edge is complete
oxidized (sx � p) pox = p, wheres andp refer to the number of surface and perimeter atoms in the clean island. T
straightforward expression for the perimeter anisotropy isEp(x) = (p − pox) Eap+ poxyE

ox
ap for the unsaturated case, and f

the saturated oneEp(x) = pEox
ap, whereEox

ap stands for the anisotropy of the edge after oxidation. For the clean paramet
keep the sameEas andEap determined above. The best fit to the data in Fig. 7(b) is obtained withEox

ap = 0.72 meV/atom and
x = 0.11. The fact thatEox

ap is only 21% lower thanEap seems surprising at first sight, since it signifies that the contamin
of Co edge atoms lowers their anisotropy only by a relatively small amount. However, it is likely that the oxygen-sa
step atoms present a much lower magnetic anisotropy energy than the value deduced here, and that the new interfa
the oxygen covered edge atoms and the clean Co atoms situated one row behind may augment their anisotropy far b
former surface value. Since the anisotropy is the sum of a surface and perimeter term, its reduction when all the perime
are contaminated can be higher than 21%. With our set of parameters, we find that the anisotropy of an island of 500
decreased by 12%, while the anisotropy of an island of 5000 atoms has decreased by 30%. This clearly shows that in
the anisotropy of the larger islands decreases much more rapidly than the anisotropy of the smaller ones, causing th
compression of the MAE distribution [76].

6. Conclusions

We showed how the magnetic anisotropy energy of Co islands grown on Pt(111) by self-assembly evolves as
increases from one to a few thousands atoms. In the limit of single adatoms we observed a MAE of 9 meV/atom, m
two orders of magnitude higher with respect to the bulk or thin film values. Due to the reduced atomic coordination th
recover part of their gas phase properties, e.g., their orbital moment is significantly larger than in bulk. The unquenche
magnetization is accompanied by a significant anisotropy of the orbital moment itself, which in turn induces a strong m
anisotropy owing to spin-orbit coupling. As a consequence of the strong coordination effect, the anisotropy of two-dim
Co islands grown on Pt(111) is principally determined by the edge atoms. On the other hand, the overall magnetic m
an island is determined by all atoms approximately to equal parts because the spin moment is less sensitive to the co
and much larger than the orbital moment. This opens a new approach to fine-tune magnetic anisotropy and magnetic m
adjusting the perimeter-to-surface ratio in magnetic nanostructures. Step atoms not only carry most of the magnetic a
but they are also more reactive. Therefore partial oxidation quenches first the anisotropy leading to an increase of
susceptibility accompanied by a compression of the MAE distribution.
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