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Spin and orbital magnetization in self-assembled Co clusters on Au„111…
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We show that superparamagnetic Co clusters supported on a Au~111! surface exhibit a strong variation in
perpendicular magnetic anisotropy with cluster size, which can be ascribed to electron localization at the
perimeter of the clusters. The reduced dimensionality of such sites leads to drastic changes in the 3d electronic
structure resulting in an increased orbital magnetic moment and a temperature-dependent 3d band occupancy.
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Miniaturization of magnetic materials can lead to une
pected and fascinating new phenomena, which are dire
related to questions about the fundamental limits of inform
tion storage and the observation of macroscopic quan
phenomena. These investigations will ultimately provi
new ways of using magnetic structures in technology. Qu
tum confinement, for instance, plays a crucial role in
giant magnetoresistance effect. Magnetic nanostructures
resent model systems for the study of interesting phys
phenomena that are due to the control of spatial dimens
of magnetic features at the microscopic scale. This open
the investigation of finite-size effects on fundamental m
netic interactions. Spatial dimensions are coupled to tem
ral behavior and the dimensions determine the relative
portance of different mechanisms for controlling t
dynamics. Very important in future magnetic storage te
nologies is the superparamagnetic limit at which the inher
magnetic anisotropy of a small particle is no longer stro
enough to produce a magnetization direction that is sta
over the extended times1 needed in nonvolatile magneti
memory.

Supported nanoscale clusters containing only 102– 103 at-
oms are small enough to be in a single magnetic-dom
state and even retain their magnetic moment above the
ordering temperature.2 In the picture of classical magnetism
the magnetic orientation of a small particle will remain sta
below the blocking temperature. However, quantum tunn
ing gives rise to a coupling between the states in differ
potential wells, thereby leading to a completely different d
namics. In applications it is essential to be able to tailor
potential well and induce a magnetic anisotropy, prefera
with an easy direction of magnetization perpendicular to
substrate surface. In this respect the orbital magnetic mom
PRB 590163-1829/99/59~2!/701~4!/$15.00
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mL of the cluster is of great importance. For the heavyd
transition metals it has been demonstrated that the eas
rection of magnetization corresponds to the crystalline a
with the largest value ofmL .3–5 On the other hand,mL is
directly linked to the electronic structure and its size depe
on the 3d hybridization and localization.6 For nanoscale
clusters this can lead to interesting features. Finite sys
sizes may result in a significant energy narrowing of t
valence electronic structure. In metallic systems the Fe
level intersects the valence levels so that changes in t
thermal occupation result in a temperature dependenc
mL . Since the Hund’s rule ground state has the largest
bital moment,7 we expect a reduction in the size ofmL with
increasing temperature. This is not the case in bulklike m
tallic systems, where the valence levels conglomerate
bands. As a consequence, the orbital moment is strongly
duced and shows no significant variation with temperatu
In the following we will demonstrate that nanoscale syste
behave completely different compared to metallic bulk s
tems.

We chose Co clusters supported on an Au~111! single
crystal surface as a model system. These clusters are
assembled at the elbows of the Au~111! herringbone recon-
struction during molecular-beam epitaxy at 300 K under
trahigh vacuum conditions.8 Their morphology is well
known from scanning tunneling microscopy studies. For
coverages below an equivalent ofQ51 atomic layers~AL !
the clusters are of nearly circular shape 2 AL high.8,9 Above
this coverage the individual clusters start to percolate8,9

leading to structures with more fractal-like boundaries. P
colation also results in a rapid increase in the cluster s
over a relatively narrow coverage range.9 The Au~111! sur-
face was prepared by Ne ion bombardment and annealin
R701 ©1999 The American Physical Society
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900 K.8,9 The Co deposition and subsequent measurem
were carried out at pressures below 1310210mbar to avoid
surface contamination. Co coverages were measured w
quartz microbalance.

The magnetic characterization of the in-situ grown clu
ters was performed using magnetic circular x-ray dichroi
~MCXD! at beamline ID12B of the European Synchrotr
Radiation Facility in Grenoble. When the photon energy
swept across the spin-orbit split CoL2,3 absorption edges, 2p
core electrons are excited into unoccupied 3d valence states
The spin conservation in the absorption process aligns
spin of the 2p core hole with that of the magnetic 3d orbit-
als. Strong spin-orbit coupling in the core shell leads to
x-ray absorption spectroscopy~XAS! signal which depends
on the relative alignment of photon spin and sample mag
tization. This can be clearly seen in Fig. 1~a!, where typical
XAS spectra are shown for a Co coverage of 1.6 AL. T
spectra were obtained with 85% circularly polarized photo
by reversing the direction of the magnetic field ofH5
64 T. As shown in the left inset of Fig. 1~a!, the x-ray beam
was parallel to the magnetic-field direction with the sam
tilted by 10° off normal incidence. The x-ray absorptio
cross section was measured by monitoring the fluoresce

FIG. 1. XAS spectra measured with the photon spin para
~line! and antiparallel~symbols! to the cluster magnetization. Th
Co spins were aligned by an external magnetic field of64 T at a
temperature of 20 K. The insets show the schematic experime
setup and the cluster magnetization as measured by theL3 intensity
variation versus the applied magnetic field~symbols!. From the
fitted Langevin function~solid line! the average cluster size can b
obtained as 80006300 atoms.~b! Difference~MCXD! of the XAS
spectra shown in~a! for 8000 atoms/cluster~dashed line! measured
at 20 K and 300 atoms/cluster~solid line! measured at 10 K. The
spectra were normalized to equalL3 intensities. The change in th
orbital moment is clear from the different areas of theL2 edge~see
text!. The inset shows the expandedL3 structures.
ts

a

-

s

e

n

e-

e
s

e

ce

yield ~FY! of the 2p core-hole decay using a photo diod
with an acceptance angle of 40° perpendicular to the incid
light. The MCXD spectrum is the difference between the tw
XAS spectra, and the integrated intensities are related to
magnetic ground-state moments. Two typical differen
spectra normalized to theL3 intensity are shown in Fig. 1~b!
for Co coverages corresponding to cluster sizes ofN58000
~dashed line! and 300 atoms~solid line!. From the integrated
MCXD intensitiesA2,3, at the corresponding edges the o
bital moment per spin can be obtained as~Ref. 10!

mL /mS
eff5CFY

2
3 (A31A2)/(A322A2). Here mS

eff5mS17mT ,
where the magnetic dipole termmT describes the anisotrop
of the spin distribution which is less than 10–20% ofmS for
Au/Co/Au~111! ultrathin films,4 so that it can be neglecte
here. The constantCFY takes into account an energy
dependent decay probability for FY spectra that can lead
deviation from the true XAS yield.11 We determinedCFY

51.3 for the larger clusters (N.8000) by comparing the
MCXD spectra obtained with FY and total electron yiel
The latter is directly proportional to the absorption cro
section,12 but could only be employed for the large cluste
due to the background signal from the Au~111! substrate.
The FY correction factor was assumed to be independen
Co coverage. This seems justified since mainly the MCX
intensity at each absorption edge changes with Co cove
while the MCXD line shape remained almost unaffecte
Small line-shape changes were found due to different oc
pied Co sites as discussed below. We found no evidence
saturation effects in the MCXD spectra due to the small
coverages considered here.11,15

For a precise determination of the cluster size we m
sured the sample magnetization monitored by the MC
intensity of theL3 absorption edge as a function of the a
plied magnetic field. The result forQ51.6 AL at a sample
temperature ofT5300 K is shown in the right inset of Fig
1~a! ~symbols!. At this temperature there is no remane
magnetization, the assembly of clusters is superparam
netic, and the fluctuating total magnetic moments of the cl
ters can only be aligned by a strong external magnetic fi
This behavior is described by the Langevin function9

I (L3)}coth(mNH/kT)2(mNH/kT)21 whereN is the average
number of atoms per cluster andk is Boltzmann’s constant
From the fit to the experiment@solid line in the right inset of
Fig. 1~a!# we obtainN580006300 atoms/cluster, assumin
a bulk value of the total magnetic moment per atom ofm
51.7mB .9 The values ofN obtained at different tempera
tures in the superparamagnetic region were identical.

When the sample is cooled down below the so-cal
blocking temperatureTB , the anisotropy barrier between op
posite magnetization directions can no longer be excee
by thermal spin fluctuations.1 A preferred spin direction is
then selected by an external field, leading to a nonzero r
anent macroscopic sample magnetization.TB can be ob-
tained from the onset of remanent magnetizationM0 by mea-
suring hysteresis loops at different sample temperatu
Results are shown in the inset of Fig. 2~a! whereM0 is given
normalized to the saturation magnetizationMS . We found a
variation ofTB from 224610 K for N512 0006400 atoms/
cluster, to 30610 K for 300660 atoms/cluster. Although
these values demonstrate a reduction of the absolute he
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of the anisotropy barrier, the anisotropy energy per at
EA}kTB /N actually increases when the cluster size is
duced @see Fig. 2~a!#. From angle-dependent MCXD
spectra15 taken belowTB , we find that the easy magnetiza
tion direction is normal along the surface for all cluster siz
studied here, in agreement with earlier work.9

To investigate the microscopic origin of the enhancem
in EA we determined the Co orbital moment per spin,r
5mL /mS . The results are summarized in Fig. 2~b! wherer
is given as a function ofN for temperatures below~solid
symbols! and above~open symbols! TB . Shown are the av-
erages of repeated MCXD measurements and their statis
uncertainties. While the value for the largest cluster size
identical to those obtained for ultrathin Au/Co/Au~111! sand-
wich films4 and slightly larger than the Co bulk value17 ~solid
circle!, there is a clear increase in the values ofr with de-
creasing cluster size. This is also apparent in the MC
spectra of Fig. 1~b!. A qualitatively similar tendency ha
been reported for the surface layer of epitaxial Co/Cu~100!
films,6 and reflects the 3d band narrowing due to the reduce
atomic coordination. In the case of clusters, the perimeter
atoms have fewer neighbors compared to the center ato

FIG. 2. Magnetic anisotropy barrier,EA}kTB /N, per cluster
atom versus the number of atoms in a cluster,N ~bottom axis! or
the Co coverage~top axis!. Note the nonlinearity of the bottom an
top axes that indicates the rapid increase inN during cluster perco-
lation. EA was estimated from the blocking temperatureTB deter-
mined as shown in the inset.~b! Orbital magnetic moment per spin
r , versus cluster size. The solid diamonds represent measurem
taken belowTB at temperatures of 10, 20, 20, and 100 K for 30
3600, 8000, and 12 000 atoms/cluster, respectively. AboveTB , r
was measured at 80 and 300 K for the 300 and 8000 atoms/clu
respectively~open diamonds!. The Co bulk value is given by the
solid circle. The dashed lines represent a fit}N21/2 to the experi-
mental data in both figures.
-

s

t

al
is

o
s.

Interatomic 3d hybridization is then less pronounced, lea
ing to an increase in the orbital moment.

A further consequence of the reduction of 3d hybridiza-
tion is a localization of the valence band electrons wh
results in modified energy levels for those Co atoms. T
can be observed in XAS and MCXD as a change in exc
tion energy, which is visible as a photon energy shift of t
L2,3 absorption structures with cluster size. The inset of F
1~b! clearly shows the photon energy shift between the 3
~solid line! and 8000~dashed line! atoms/cluster MCXD
data. However, more pronounced is the broadening of theL3
absorption structure for the 300 atom clusters. This is cau
by the appearance of a shifted component for the lo
coordinated perimeter atoms@indicated by the arrow in the
inset of Fig. 1~b!# at smaller photon energies compared to t
center Co atoms.

More strongly localized valence electrons, and thus a
duced 3d band width, are expected to lead to changes ir
depending on the temperature-dependent occupation od
orbitals near the Fermi level. We compared the tempera
dependence ofr for two cluster sizes, i.e., 300 and 800
atoms/cluster. While for the latter,r is temperature indepen
dent within the experimental accuracy, there is a clear red
tion of r with increasing temperature for the 300 atom clu
ters, as demonstrated by the solid and open symb
respectively, in Fig. 2~b!.

These results—~i! an enhanced orbital moment per spinr ,
~ii ! shifts in the L2,3 excitation energies, and~iii ! a
temperature-dependent variation ofr—are manifestations o
an increased 3d electron localization with reduced cluste
size. The qualitatively similar variation ofEA @Fig. 2~a!# and
r @Fig. 2~b!# with cluster size indicates the correlation of th
two quantities. For a one-electron model of 3d transition
metals it can be shown that the easy magnetization direc
corresponds to the crystalline axis with the largest com
nent ofr .3 The observed increase inEA can then be assigne
to the 3d band narrowing in the smallest clusters which e
hancesr .6

It is generally believed that an increase ofEA is caused by
the atomic sites with lowest coordination. Measurements
embedded Fe clusters were successfully interpreted wi
such a model, where only the relative changes in surfac
volume with cluster size had to be taken into account.13 In
the Co/Au~111! case we can distinguish mainly three i
equivalent Co sites, i.e., atoms at the cluster perimeter, at
at the Au, and atoms at the vacuum interfaces. Since the
of interface atoms andN is independent of cluster size, in
terface atoms cannot account for the observed change
Fig. 2. For the perimeter Co atoms, on the other hand,
would expect a scaling ofEA andr with f N21/2 which is the
relative number of perimeter sites in a cluster of sizeN. The
factor f accounts for changes in the cluster shape. T
dashed lines in Fig. 2 represent fits to the experimental d
for constant f . This qualitatively describes the measur
ments. The observed deviation from the dashed lines in
2 is most likely caused by a change in the cluster morph
ogy. While at low coverages the clusters are pancake-sha
( f 51), percolation above about 1 AL~Refs. 8 and 9! in-
creases the relative number of perimeter atoms (f .1). For
instance, a transition from circular to square-shaped isla
would increasef by about 27%. The observation of a shifte
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L2,3 absorption structure for perimeter atoms provides ad
tional evidence for this explanation, and perimeter sites
deed become more important at low coverages.

It is interesting that an increasing number of perime
atoms with low coordination increasesEA , leading to
uniaxial magnetic anisotropy with a preferred spin alignm
perpendicular to the surface. The influence of steps on u
thin fcc Co films is normally a stronger anisotropy in th
surface plane parallel to the step edges.14 The microscopic
origin for this behavior can be ascribed to the particular el
tronic valence band structure of the Co/Au~111! system. For
3d transition metals the effects of spin-orbit coupling cau
ing a magnetic anisotropy can be described by a perturba
of the spin-polarized electronic structure.3 Perpendicular
magnetic anisotropy is then introduced byLz coupling be-
tween 3dzx and 3dzy or 3dxy and 3dx22y2 states straddling
the Fermi level.3,16 Lz is the component of the orbital mo
ment operator perpendicular to the surface~z axis!. First-
principles calculations for 1 AL Co/Au~111! point out the
importance of the 3dzx and 3dzy electronic states which hav
their maximum electron density pointing towards and p
pendicular to the Co nearest-neighbor direction~x axis!,
respectively.16 For a semi-infinite Co/Au~111! layer both
types of orbitals have peaks in their respective density
states~DOS! above and below the Fermi level. The introdu
tion of steps, which preferentially run along the close-pack
atomic directions in the Co/Au~111! system, due to the for
mation of clusters is then expected to narrow the 3dzy DOS
of the perimeter Co atoms, thus shifting the maximum oc
e
.
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pied 3dzy DOS closer to that of the less affected unoccup
3dzx states. This will increase bothEA and r ~Ref. 16! as
observed in our experiments.

The narrowing of the 3d band structure can also expla
the observed temperature dependence ofr for the smallest
Co clusters. It is the temperature-dependent 3d level occu-
pation near the Fermi level that reduces the value ofr with
increasing temperature. This is most likely due to an atte
ation of mL , sincemS was found to be almost temperatu
independent in gas phase experiments.2 Because the size ofr
is a function of the 3d band width, its attenuation with tem
perature is far less pronounced for large clusters wherer is
only slightly larger than in the bulk17 @solid circle in Fig.
2~b!#.

In conclusion we have studied the influence of cluster s
and temperature on the orbital magnetic moment in nan
cale supported Co clusters. The increase of the perpendic
magnetic anisotropy barrier is a result of the reduced dim
sionality at the cluster perimeter. This is evidenced by
observation of an energy shift in the 3d electronic levels of
perimeter atoms and an increased orbital magnetic mom
which is no longer temperature independent for small cl
ters. We hope that our results will lead to deepening of
microscopic understanding of the complex interplay betwe
electron localization and orbital and spin ordering which
observed in materials such as colossal magnetoresistanc
ides.
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