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Spin and orbital magnetization in self-assembled Co clusters on Ad11)
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We show that superparamagnetic Co clusters supported or{ldl Awsurface 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 ial&utr8nic
structure resulting in an increased orbital magnetic moment and a temperature-depehnidant ®ccupancy.
[S0163-182699)51202-3

Miniaturization of magnetic materials can lead to unex-m, of the cluster is of great importance. For the heady 3
pected and fascinating new phenomena, which are directlyransition metals it has been demonstrated that the easy di-
related to questions about the fundamental limits of informarection of magnetization corresponds to the crystalline axis
tion storage and the observation of macroscopic quanturwith the largest value ofn_ .3~ On the other handn, is
phenomena. These investigations will ultimately providedirectly linked to the electronic structure and its size depends
new ways of using magnetic structures in technology. Quanen the 3 hybridization and localizatioh.For nanoscale
tum confinement, for instance, plays a crucial role in theclusters this can lead to interesting features. Finite system
giant magnetoresistance effect. Magnetic nanostructures repizes may result in a significant energy narrowing of the
resent model systems for the study of interesting physicalalence electronic structure. In metallic systems the Fermi
phenomena that are due to the control of spatial dimensiorigvel intersects the valence levels so that changes in their
of magnetic features at the microscopic scale. This opens ugmermal occupation result in a temperature dependence of
the investigation of finite-size effects on fundamental mag-m, . Since the Hund’s rule ground state has the largest or-
netic interactions. Spatial dimensions are coupled to tempasital moment, we expect a reduction in the size wf with
ral behavior and the dimensions determine the relative imincreasing temperature. This is not the case in bulklike me-
portance of different mechanisms for controlling thetallic systems, where the valence levels conglomerate into
dynamics. Very important in future magnetic storage techbands. As a consequence, the orbital moment is strongly re-
nologies is the superparamagnetic limit at which the inherentluced and shows no significant variation with temperature.
magnetic anisotropy of a small particle is no longer strondn the following we will demonstrate that nanoscale systems
enough to produce a magnetization direction that is stableehave completely different compared to metallic bulk sys-
over the extended timéseeded in nonvolatile magnetic tems.
memory. We chose Co clusters supported on an(#ui) single

Supported nanoscale clusters containing onk-1° at-  crystal surface as a model system. These clusters are self-
oms are small enough to be in a single magnetic-domaiassembled at the elbows of the A&l herringbone recon-
state and even retain their magnetic moment above the bulitruction during molecular-beam epitaxy at 300 K under ul-
ordering temperatureln the picture of classical magnetism trahigh vacuum conditiors. Their morphology is well
the magnetic orientation of a small particle will remain stableknown from scanning tunneling microscopy studies. For Co
below the blocking temperature. However, quantum tunneleoverages below an equivalent ®=1 atomic layergAL)
ing gives rise to a coupling between the states in differenthe clusters are of nearly circular shape 2 AL highAbove
potential wells, thereby leading to a completely different dy-this coverage the individual clusters start to percdiate,
namics. In applications it is essential to be able to tailor thdeading to structures with more fractal-like boundaries. Per-
potential well and induce a magnetic anisotropy, preferablycolation also results in a rapid increase in the cluster size
with an easy direction of magnetization perpendicular to theover a relatively narrow coverage rany&he Au111) sur-
substrate surface. In this respect the orbital magnetic momefdce was prepared by Ne ion bombardment and annealing to

0163-1829/99/5@)/701(4)/$15.00 PRB 59 R701 ©1999 The American Physical Society



RAPID COMMUNICATIONS

R702 H. A. DURR et al. PRB 59

' ' vossoosesose] yield (FY) of the 2p core-hole decay using a photo diode
7 with an acceptance angle of 40° perpendicular to the incident
/ light. The MCXD spectrum is the difference between the two
S/ XAS spectra, and the integrated intensities are related to the
magnetic ground-state moments. Two typical difference
H°~(°T) 05 spectra normalized to the; intensity are shown in Fig.(lb)
k for Co coverages corresponding to cluster sizeblsef8000

L, Intensity

(dashed lingand 300 atomssolid line). From the integrated
MCXD intensitiesA,; 3, at the corresponding edges the or-
bital moment per spin can be obtained &ef. 10
' ' my /M =Cry2(As+A,)/(A3—2A,). Here mE =mg+7my,

" where the magnetic dipole term; describes the anisotropy
of the spin distribution which is less than 10—20%naf for
Au/Co/Au(111) ultrathin films? so that it can be neglected
here. The constanC.y takes into account an energy-
dependent decay probability for FY spectra that can lead to a
deviation from the true XAS yieldt We determinedCry
=1.3 for the larger clustersN>>8000) by comparing the
MCXD spectra obtained with FY and total electron yield.
The latter is directly proportional to the absorption cross
section®? but could only be employed for the large clusters
due to the background signal from the (A@l) substrate.
Photon energy (eV) The FY correction factor was assumed to be independent of

FIG. 1. XAS spectra measured with the photon spin parallel.CO coverage. This seems justified since mainly the MCXD

(line) and antiparalle(symbolg to the cluster magnetization. The |n;t]e_|n5|t?]/ atMeg;:(gall_Jsorp:]lon edge C_hartljgels with Co ?foverige
Co spins were aligned by an external magnetic field-ef T at a while the Ine shape remained almost unaitected.

temperature of 20 K. The insets show the schematic experimentﬁ_maII “ne,'Shape qhanges were found due to d'ﬁer_ent occu-
setup and the cluster magnetization as measured by tigensity ~ Pied Co sites as discussed below. We found no evidence for
variation versus the applied magnetic figlsymbols. From the Saturation effects in the MCXD spectra due to the small Co
fitted Langevin functior(solid line) the average cluster size can be coverages considered here™®
obtained as 8006300 atoms.(b) Difference(MCXD) of the XAS For a precise determination of the cluster size we mea-
spectra shown itta) for 8000 atoms/clusteidashed lingmeasured sured the sample magnetization monitored by the MCXD
at 20 K and 300 atoms/clustésolid line) measured at 10 K. The intensity of theL; absorption edge as a function of the ap-
spectra were normalized to equa intensities. The change in the plied magnetic field. The result f&®=1.6 AL at a sample
orbital moment is clear from the different areas of theedge(see  temperature off =300K is shown in the right inset of Fig.
text). The inset shows the expandeg structures. 1(a) (symbols. At this temperature there is no remanent
magnetization, the assembly of clusters is superparamag-
900 K& The Co deposition and subsequent measurementigtic, and the fluctuating total magnetic moments of the clus-
were carried out at pressures below 10 ®mbar to avoid ters can only be aligned by a strong external magnetic field.
surface contamination. Co coverages were measured with Bhis behavior is described by the Langevin function,
quartz microbalance. I (L) cothNHKT)—(mNHKT) ! whereN is the average
The magnetic characterization of the in-situ grown clus-number of atoms per cluster akds Boltzmann’s constant.
ters was performed using magnetic circular x-ray dichroisnrom the fit to the experimemsolid line in the right inset of
(MCXD) at beamline ID12B of the European SynchrotronFig. 1(a)] we obtainN= 8000+ 300 atoms/cluster, assuming
Radiation Facility in Grenoble. When the photon energy isa bulk value of the total magnetic moment per atormnof
swept across the spin-orbit split €g ; absorption edges, 2  =1.7ug .9 The values ofN obtained at different tempera-
core electrons are excited into unoccupiebvlence states. tures in the superparamagnetic region were identical.
The spin conservation in the absorption process aligns the When the sample is cooled down below the so-called
spin of the 2 core hole with that of the magnetid3rbit-  blocking temperatur&y, the anisotropy barrier between op-
als. Strong spin-orbit coupling in the core shell leads to arposite magnetization directions can no longer be exceeded
x-ray absorption spectroscofXAS) signal which depends by thermal spin fluctuationsA preferred spin direction is
on the relative alignment of photon spin and sample magnethen selected by an external field, leading to a nonzero rem-
tization. This can be clearly seen in Figal, where typical anent macroscopic sample magnetizatida. can be ob-
XAS spectra are shown for a Co coverage of 1.6 AL. Thetained from the onset of remanent magnetizadbnby mea-
spectra were obtained with 85% circularly polarized photonsuring hysteresis loops at different sample temperatures.
by reversing the direction of the magnetic field Hf= Results are shown in the inset of FigaPwhereM is given
+4 T. As shown in the left inset of Fig.(8), the x-ray beam normalized to the saturation magnetizatidy. We found a
was parallel to the magnetic-field direction with the samplevariation of Tg from 224+ 10 K for N=12 000+ 400 atoms/
tited by 10° off normal incidence. The x-ray absorption cluster, to 3@ 10 K for 300+ 60 atoms/cluster. Although
cross section was measured by monitoring the fluorescendbese values demonstrate a reduction of the absolute height

Intensity (arb. units)
==}

MCXD 778 779 780 781

760 780 800 820
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Co coverage (AL) Interatomic 3l hybridization is then less pronounced, lead-
L% 10 13 ing to an increase in the orbital moment.
I e ey, A further consequence of the reduction af Bybridiza-
104 ¢ ¢ . tion is a localization of the valence band electrons which
F) T results in modified energy levels for those Co atoms. This
§ 8T } § 1 can be observed in XAS and MCXD as a change in excita-
2 tion energy, which is visible as a photon energy shift of the
E‘ o i or . o-~—e——0 L, 3 absorption structures with cluster size. The inset of Fig.
= 4l N g 0 100 200 300 | 1(b) clearly shows the photon energy shift between the 300
T T (K) (solid linel and 8000(dashed ling atoms/cluster MCXD
S e _ data. However, more pronounced is the broadening oE the
AT i absorption structure for the 300 atom clusters. This is caused
0 —t : t : : t by the appearance of a shifted component for the low-
024r ] coordinated perimeter atonfivdicated by the arrow in the
0.22 - inset of Fig. 1b)] at smaller photon energies compared to the
020 i ] center Co atoms.
o8 § 1 More strongly localized valence electrons, and thus a re-
g § duced 3 band width, are expected to lead to changes in
g 016 7 depending on the temperature-dependent occupatiordof 3
0.14| R - orbitals near the Fermi level. We compared the temperature
ol %: ............................ ,{_, ] dependence of for two cluster sizes, i.e., 300 and 8000
atoms/cluster. While for the latter,is temperature indepen-
0.10F R L . .
B 0{ Qent W|th|q th_e exper_lmental accuracy, there is a clear reduc-
0.08 - 2000 4000 6000 8000 10000 12000 tion of r with increasing temperature _for the 300 atom clus-
N (atoms) ters, as demonstrated by the solid and open symboals,

respectively, in Fig. &).

FIG. 2. Magnetic anisotropy barrieE,xkTg/N, per cluster These results<H an enhanced orbital moment per spin
atom versus the number of atoms in a cluskr(bottom axig or (i) shifts in the L,3; excitation energies, andiii) a
the Co coveragéop axig. Note the nonlinearity of the bottom and temperature-dependent variationref-are manifestations of
top axes that indicates the rapid increas&liduring cluster perco- an increased @ electron localization with reduced cluster
lation. Ex was estimated from the blocking temperatligdeter-  sjze. The qualitatively similar variation &, [Fig. 2(@)] and
mined as shown in the insgb) Orbital magnetic moment per spin, r [Fig. 2(b)] with cluster size indicates the correlation of the
r, versus cluster size. The solid diamonds represent measuremen{s, quantities. For a one-electron model of Fransition
;"’gk&;‘ g%'gg’)ﬂgn%t tlezrg%%"’::‘c:fnss /guls?érz?égégméoiggr300' metals it can be shown that the easy magnetization direction
was me_asured at SQ and 300 K for the 300 and E_BOOQ atoms/clusteﬁg;rte i?rog (_1rsh éooézzrsgjﬁlgrr;:g%vgz Enznlirgzzg%%rggo
respectively(open diamonds The Co bulk value is given by the L .
solid circle. The dashed lines represent i~ to the experi- to the 316band narrowing in the smallest clusters which en-
mental data in both figures. hanc_esr. . . .

It is generally believed that an increasekf is caused by

of the anisotropy barrier, the anisotropy energy per atonthe atomic sites with lowest coordination. Measurements on
EAxkTg/N actually increases when the cluster size is re-embedded Fe clusters were successfully interpreted within
duced [see Fig. 29)]. From angle-dependent MCXD such a model, where only the relative changes in surface to
spectr&® taken belowTg, we find that the easy magnetiza- volume with cluster size had to be taken into accddrin
tion direction is normal along the surface for all cluster sizeghe Co/Au111) case we can distinguish mainly three in-
studied here, in agreement with earlier work. equivalent Co sites, i.e., atoms at the cluster perimeter, atoms

To investigate the microscopic origin of the enhancemenat the Au, and atoms at the vacuum interfaces. Since the ratio
in E5, we determined the Co orbital moment per spin, of interface atoms andll is independent of cluster size, in-
=m_/mg. The results are summarized in Figbpwherer  terface atoms cannot account for the observed changes in
is given as a function oN for temperatures belowsolid ~ Fig. 2. For the perimeter Co atoms, on the other hand, we
symbol$ and abovelopen symbolsTg. Shown are the av- would expect a scaling dE, andr with fN~"2which is the
erages of repeated MCXD measurements and their statisticig#lative number of perimeter sites in a cluster of dizeThe
uncertainties. While the value for the largest cluster size idactor f accounts for changes in the cluster shape. The
identical to those obtained for ultrathin Au/Co/@i11) sand-  dashed lines in Fig. 2 represent fits to the experimental data
wich films* and slightly larger than the Co bulk vafidsolid ~ for constantf. This qualitatively describes the measure-
circle), there is a clear increase in the valuesr ofiith de-  ments. The observed deviation from the dashed lines in Fig.
creasing cluster size. This is also apparent in the MCXD2 is most likely caused by a change in the cluster morphol-
spectra of Fig. (b). A qualitatively similar tendency has ogy. While at low coverages the clusters are pancake-shaped
been reported for the surface layer of epitaxial CoA0G  (f=1), percolation above about 1 A(Refs. 8 and Pin-
films % and reflects the @ band narrowing due to the reduced creases the relative number of perimeter atofiisX). For
atomic coordination. In the case of clusters, the perimeter Cinstance, a transition from circular to square-shaped islands
atoms have fewer neighbors compared to the center atom#ould increasd by about 27%. The observation of a shifted
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L, 3 absorption structure for perimeter atoms provides addipied 3d,, DOS closer to that of the less affected unoccupied
tional evidence for this explanation, and perimeter sites in3d,, states. This will increase both, andr (Ref. 16 as
deed become more important at low coverages. observed in our experiments.

It is interesting that an increasing number of perimeter The narrowing of the 8 band structure can also explain
atoms with low coordination increaseS,, leading to the observed temperature dependence &r the smallest
uniaxial magnetic anisotropy with a preferred spin alignmentCo clusters. It is the temperature-dependedti@vel occu-
perpendicular to the surface. The influence of steps on ultrglation near the Fermi level that reduces the value wfith
thin fcc Co films is normally a stronger anisotropy in the increasing temperature. This is most likely due to an attenu-
surface plane parallel to the step ed§e3he microscopic ~ ation of m_, sincems was found to be almost temperature
origin for this behavior can be ascribed to the particular elecindependent in gas phase expenm.érﬁsaacausel the size of
tronic valence band structure of the CofAll) system. For S & function of the & band width, its attenuation with tem-
3d transition metals the effects of spin-orbit coupling caus-PErature is far less pronounced fo]:lzlargg clusters wheee
ing a magnetic anisotropy can be described by a perturbatioijntiy slightly larger than in the butk [solid circle in Fig.
of the spin-polarized electronic structu¥ePerpendicular (0)].

maanetic anisotrony is then introduced by counling be- In conclusion we have studied the influence of cluster size
Y Py Y piing b and temperature on the orbital magnetic moment in nanos-
tween 3, and 3,, or 3d,, and 3,22 states straddling

2 16 . ; cale supported Co clusters. The increase of the perpendicular
the Fermi levef:'® L, is the component of the orbital mo- magnetic anisotropy barrier is a result of the reduced dimen-
m.ent. operator perpendlcular to the surfe(zeaxls). First- sionality at the cluster perimeter. This is evidenced by the
principles calculations for 1 AL Co/AQ11) point out the  psaration of an energy shift in thel Zlectronic levels of
importance of the 8, and 3, electronic states which have perimeter atoms and an increased orbital magnetic moment
their maximum electron density pointing towards and peryhich s no longer temperature independent for small clus-
pendicular to the Co nearest-neighbor direction axis),

: 6 e ters. We hope that our results will lead to deepening of the
respectively’® For a semi-infinite. Co/A(111) layer both  \yicroscopic understanding of the complex interplay between

types of orbitals have peaks in their respective density Ofjeciron localization and orbital and spin ordering which is
stateSDOS) above and below the Fermi level. The introduc- gserved in materials such as colossal magnetoresistance ox-
tion of steps, which preferentially run along the close-packeqyqg.

atomic directions in the Co/At11) system, due to the for-
mation of clusters is then expected to narrow tlig, 3OS We thank N. B. Brookes, M. Finazzi, and K. Larsson for
of the perimeter Co atoms, thus shifting the maximum occutheir help and technical assistance.
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