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Transition from zero-dimensional superparamagnetism to two-dimensional
ferromagnetism of Co clusters on Au„111…

S. Padovani, I. Chado, F. Scheurer, and J. P. Bucher*
Institut de Physique et Chimie des Mate´riaux de Strasbourg, UMR 7504 CNRS–UniversitéLouis Pasteur, 23 rue du Loess,

F-67037 Strasbourg Cedex, France
~Received 9 November 1998!

The early growth stages of Co structures on Au~111! have been analyzed by scanning tunneling microscopy
and their magnetic properties simultaneously measured,in situ, by Kerr effect and,ex situby superconducting
quantum interference device. With increasing cobalt coverage, cobalt clusters, organized on the lattice of the
223A3 zigzag reconstruction coalesce into one-dimensional~1D! chains at a coverage of 1.0 monolayer~ML !
and then into a nearly continuous film at 2 ML. While this well-defined growth mode is dictated by the
presence of ordered point dislocations at the zigzag reconstruction of the relaxed gold surface, anomalous
nucleation and growth is also observed when large domains of strained linear reconstructions are present. Two
families of clusters must then be considered with important consequences for magnetic properties. When only
the zigzag reconstruction is present, the onset of long-range, 2D ferromagnetism is observed at a coverage of
1.6 ML of cobalt. A Monte Carlo simulation of an anisotropic Heisenberg model describes well transitions
from 0D cluster superparamagnetism, to 1D Ising behavior and finally to 2D ferromagnetism as a function of
cobalt coverage, in good agreement with experimental results.@S0163-1829~99!04617-2#
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I. INTRODUCTION

Although numerous studies were devoted to the gro
and magnetic properties of Co structures on various type
Au substrates~see, for example, Refs. 1–14!, up to now a
precisein situ correlation of the Co cluster morphology an
the magnetic behavior in the early growth stages is still m
ing. In particular, the onset of ferromagnetism has not b
analyzed in detail. Ferromagnetism with perpendicular
isotropy is generally observed above 2 monolayers~ML ! Co
coverage. Below 1 ML, a superparamagnetic phase has
attributed to the presence of small Co clusters.13,14 What is
happening between 1 and 2 ML is still subject to deba
Most of the magnetic studies were performedex situ on
gold-capped Co layers and multilayer samples without
morphology analysis. Whenever correlations between top
raphy and magnetism have been achieved, interesting dim
sional effects have been observed as in the case of Fe de
ited on a vicinal Cu~111! ~Ref. 15! and W~110! surfaces.16

An attempt to characterize both morphology and magn
properties has been made recently on a wedge-shaped
Au/mica sample13 but unfortunately the sample could b
characterized magnetically onlyex situ.

In this paper, the first growth stages of Co on Au~111!
have been followed by scanning tunneling microsco
~STM! and the magnetic properties analyzed simultaneou
by means ofin situ Kerr effect. Growth is shown to depen
strongly on the shape of the underlying reconstructions
addition to the well-known ordered cobalt clusters that gr
on the zigzag reconstructions,1 we observe randomly rami
fied islands which we attribute to growth on linear reco
structions. Strain induced linear reconstructions appear w
defects, such as screw dislocations, are present on the
face. We therefore conclude that the particular magn
properties of Co/Au~111! strongly depend on the proportio
of zigzag and linear domains. On a well-prepared gold sin
crystal, chain-like structures form at about 1.0 ML Co co
erage as a result of cluster coalescence along the rows. U
PRB 590163-1829/99/59~18!/11887~5!/$15.00
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increasing the coverage, the free space between chain
filled by new clusters, nucleating and growing between
jacent chains, until a nearly continuous, granular, 2-M
thick film is formed. A long-range two-dimensional~2D! fer-
romagnetic order first appears at 1.6 ML. The onset of
ferromagnetic order can be understood in terms of a tra
tion from a 1D system without long-range correlations to
percolating long-range 2D magnetic order as supported
Monte Carlo simulations.

II. EXPERIMENT

The experiments were carried out in an ultrahigh vacu
chamber which consists of a home-built STM and a four-g
diffraction optics also used as a retarding field analyzer
chemical analysis. A movable electromagnet and four vie
ports allow us to measurein situ the magneto-optical Kerr
effect in the longitudinal and polar geometries. A maximu
field of 650 Oe is reached. The sample temperature can
varied between 30 and 1500 K. Cobalt is evaporated from
high-purity rod, and gold from a boron nitride crucibl
heated by electron bombardment. Both evaporation cells
equipped with flux monitors calibrated by STM.

Two types of samples were used:~i! a gold single crystal
and ~ii ! an Au~111! film grown on mica. The Au/mica sub
strates consist of~111! textured grains randomly disoriented
The gold layers are grown in a separate chamber and
about 100 nm thick. The single-crystal and the gold film
mica are prepared in the same way by Ar1 ion sputtering at
1 kV and annealing cycles~maximum annealing tempera
ture: 1000 K!. This procedure leads to large flat terrac
presenting the 223A3 zigzag reconstruction. Each sample
analyzed by STM, polar, and longitudinal Kerr effect. Aft
the in situ characterization, the Co/Au/mica samples are
cased with about 50 ML gold and further analyzedex situby
superconducting quantum interference device~SQUID! mag-
netometry.
11 887 ©1999 The American Physical Society
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III. RESULTS AND DISCUSSION

Scanning tunneling microscopy of room-temperatu
grown Co structures on Au~111! show that Co atoms build
small bilayer-high clusters in the early growth stage.1 Figure
1 shows a STM picture obtained for 0.3 ML Co deposited
a gold single crystal~since the Co clusters are bilayer-hig
this means that only 15% of the gold surface is covered!. At
this coverage, no Kerr signal is obtainedin situ for a tem-
perature between 30 and 450 K, neither in the polar no
the longitudinal geometry. Gold-covered Co/Au/mi
samples at this coverage have been shown to behave s
paramagnetically with a saturation field above 10 kOe.13 At
650 Oe~the maximum field in our setup! the signal is too
weak to be measured. Therefore a Co film of compara
thickness has been prepared on a Au/mica sample, anal
by STM and Kerr~we checked, furthermore, that noin situ
Kerr signal was observable!, then covered with about 50 ML
gold and measuredex situby SQUID. Gold encasing doe
not alter the cobalt cluster morphology as demonstrated
an STM study.17 Figure 2 shows the SQUID magnetizatio
curves obtained at room temperature for in-plane and out
plane applied fields. Both curves are identical with zero re
anent magnetization, clearly indicating a superparamagn
behavior18 above the blocking temperature. The possible
crease of the perpendicular anisotropy barrier due to the
interface, created by the gold overlayer, is not sufficient
block the cluster’s magnetization at room temperature.

Results from the literature13,14 agree that superparama
netism is observed below 1 ML Co coverage. Above t
value, the results disagree somewhat, regarding the thick
limit for which a hysteretic magnetization curve is obtaine
There are also large discrepancies in the average cluster
estimated from the Langevin function.13,14 For a 0.4 ML Co
coverage on the Au~111!/mica sample, the fit with a single
Langevin function of the magnetization curves in Fig.
gives a cluster size of 2500 atoms, approximately~assuming
a magnetic moment per Co atom of 1.7mB), whereas the
organized clusters contain only about 500 atoms, as e
mated from STM images. In order to explain the differen
one has to examine more carefully the growth process of
on Au~111!/mica samples.

While, on a well-prepared gold single crystal, one c

FIG. 1. 0.3 ML Co grown at room temperature on a Au~111!
single crystal. 3003300 nm2.
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consider that organized dots~like those in Fig. 1! are repre-
sentative of the whole surface, this is no longer true for C
Au/mica samples. This remark is particularly relevant
magnetic measurements, since SQUID averages the m
netic properties of the clusters over the whole sample. Fig
3 shows a STM picture of the sample used for theex situ
SQUID measurement, prior to gold encasing. Three type
Co clusters can be identified:~i! Co clusters nucleated in th
step edges,~ii ! Co clusters building a regular array, and~iii !
randomly distributed Co clusters. The type~iii ! clusters con-
tain at least four times more atoms than the clusters in reg
~ii !. The origin of the different growth modes is directly re
lated to the particular reconstruction of the gold surface.

The clean surface of a well-prepared Au~111! single crys-
tal shows large atomic flat terraces~as large as 3003300 nm!
presenting the zigzag 223A3 reconstruction~the so-called
herringbone reconstruction!.19–21 It consists of an alternation

FIG. 2. SQUID magnetization curves recorded at 290 K for 0
ML Co on Au~111!/mica. For giant magnetic momentsmc

1 andmc
2

estimated from STM pictures, the fit with a sum of two Langev
functions give the proportion of each of the two populationsNc

1

andNc
2.

FIG. 3. 0.4 ML Co deposited at 300 K on Au~111!/mica. 250
3250 nm2 region showing three types of clusters:~1! On regular
arrays,~2! randomly nucleated~circled region!, and~3! nucleated in
step edges~indicated by an arrow!.
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of fcc and hcp stacking domains on gold surface@Fig. 4~a!#.
The domains are separated by soliton walls correspondin
atoms on bridge sites~bright lines on STM picture!. The
widths of the fcc and hcp domains are 42 and 22 Å, resp
tively. The zigzag domain shape allows to further relea
surface stress.22 Room-temperature-deposited Co atom
nucleate preferentially at the point dislocations of the z
zags. At low coverage, a regular array of small disconnec
bilayer high Co clusters form spontaneously@Fig. 4~b!#.
When defects like coin dislocations and screw dislocati
appear on the gold surface they perturb the zigzag rec
struction and stabilize the linear reconstruction@see arrows in
Fig. 4~c!#. This linear reconstruction, running along a^112̄&-
type direction,23 does not have point dislocations whic
could act as preferential nucleation sites and the Co clus
grow thus randomly@Fig. 4~d!#. The linear reconstruction
and hence the third type of Co clusters, are not observed
the single crystal since the density of defects is very l
compared to the Au/mica substrate. The fact that
random-shape islands of Fig. 4~d! are elongated in the direc
tion of the reconstruction accounts for anisotropic diffusio
It is worth noting that the weak corrugation of the reco
struction~less than 0.2 Å! is sufficient to induce this prefer
ential diffusion.

In order to estimate the proportion of clusters from ty
~ii ! and ~iii !, the magnetization curve~Fig. 2! is fitted by a
sum of two Langevin functionsL, corresponding to cluster
of N155006100 andN2525006500 Co atoms, respec
tively. The contribution of the clusters in the step edges
supposed to be negligible because of their small propor
and size. The normalized magnetization is given by

FIG. 4. ~a! Zigzag reconstruction on a gold single-crystal. 1
3100 nm2; ~b! 0.3 ML Co deposited at 300 K on single gold cry
tal. 1003100 nm2; ~c! linear reconstruction on Au/mica. Arrow
indicate the positions of screw dislocations. 1503150 nm2; ~d!
random-shaped islands on linear reconstruction for 0.6 ML Co.
white arrow indicates the direction of the linear reconstruction. 2
3245 nm2.
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c
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c1N2
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c
L~m1

cH/kBT!

1
N2

cm2
c

N1
cm1

c1N2
cm2

c
L~m2

cH/kBT!, ~1!

whereN1
c andN2

c are the numbers of the small and big clu
ters, m1

c5N1mCo and m2
c5N2mCo their giant magnetic mo-

ments (mCo51.7mB).The fit gives a proportion of 30610 %
big @type ~iii !# and 70610 % small@type ~ii !# clusters, con-
sistent with the STM data. Although the big clusters are
minority, they contribute the major part of the magnetic s
nal.

The anomalous growth of Co observed on the Au/m
sample explains not only the difficulty to obtain reliable clu
ter sizes by fitting the magnetization curves with a Lange
function, but also the discrepancies in the critical thickne
~1.2–2.0 ML!, found in the literature for the ferromagnet
transition.13,14 Indeed, a broad distribution of cluster size
will smear out the distribution of blocking temperatures a
prevent the measure of a well-defined critical thickness.

In contrast, let us now analyze the well-defined growth
a gold single crystal. Assuming a hexagonal shape of
clusters~see Fig. 6!, a separation of 75 Å between cluste
along a row and a distance between rows of 130 Å,
clusters within a row should coalesce at a coverage
proaching 1.0 ML. Although a detailed STM analysis sho
that at a coverage of 1.4 ML the clusters may still be se
rated by small gaps@see Fig. 5~a!#, the gaps are so small tha
it is reasonable to assume that the clusters are coupled m
netically along rows above 1 ML. Above this limit, add
tional clusters also start nucleating between adjacent cha

Although no obvious topographic differences are o
served when increasing slightly the coverage from 1.4 M
@Fig. 5~a!# to 1.6 ML @Fig. 5~b!#, the polar Kerr signal shows

e
5

FIG. 5. ~a! 1.4 ML Co deposited at 300 K on a Au~111! single
crystal, 2003200 nm2; ~b! 1.6 ML Co deposited at 300 K on a
Au~111! single crystal, 2003200 nm2; ~c! in situ polar Kerr signal
of ~a! recorded at 300 K;~d! in situ polar Kerr signal of~b! recorded
at 300 K ~circle! and at 425 K~triangle!.
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a dramatic change: at 1.4 ML@Fig. 5~c!#, no Kerr signal is
observed in an applied field of 650 Oe, whereas at 1.6
@Fig. 5~d!#, a hysteresis loop with 100% remanence is o
tained. The very abrupt transition suggests a magnetic
colation mechanism from 1D chains towards a 2D lon
range ferromagnetic order with perpendicular anisotropy

In the following, we analyze the evolution of the magne
state of the Co structures on Au~111! as a function of Co
coverage. The system is appropriately described by an an
tropic 2D Heisenberg model of giant magnetic moments
sociated with each cluster. The clusters are assumed t
arranged on anN3N hexagonal lattice~see Fig. 6!. The
increasing cobalt coverage is described by introducing
occupation matrix defined by« i51,0 depending if the site
i 5(xi ,yi) is occupied by a cluster or not. The relation b
tween the Co coverageQ and « i is given by Q
5(2/N2)( i« i , the factor 2 accounts for the fact that cluste
are bilayers. The system is described by the follow
Hamiltonian:

H52
gS

2 (
i , j

d i , jsi« i•sj« j2KuV0(
i

~s i
ze i !

2

2M0B(
i

s i
z« i , ~2!

wheresi is the normalized giant moment of the cluster at t
site i. The first termgSsi•sj accounts for the wall energ
(gS/2)(12si•sj )d i , j between first neighbors withd i , j51
~0! if i and j are ~not! first neighbors,g the surface energy
density, andS the surface of the wall. This term express
the necessity to create a magnetic wall between adja
clusters if their giant moments are in opposite direction
supposes that the wall thickness is negligible. Thus a ne
sary condition for our model to be relevant is that the wid
of the magnetic wallw is smaller than the diameter of th
clusters; an upper limit estimation ofw is given by the mi-
cromagnetic theoryw}AA/Ku'30 Å. The second term is
the anisotropic energy withKu the anisotropic constant an
V0 the cluster volume. The last term is the Zeeman coup
whereM0 is the giant moment of the cluster andB the ap-
plied perpendicular field. In the limit where the clusters a

FIG. 6. Schematic representation of the clusters~gray hexagons!
nucleated on the zigzag reconstruction. The distance between
cent clusters isd575 Å and between rowsL5dA3'130 Å.
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disconnected (S50, 0D limit!, we retrieve the Hamiltonian
of a superparamagnetic assembly of clusters.

An order of magnitude ofg is given by the Bloch-wall
energy g52AAKu'1023 J/m2 @Ku'1 MJ/m3,6 A
'1.10211 J/m ~Ref. 24! although our consideration does n
rely on a particular type of wall. AssumingS'300 Å, gS is
found of the order of 200 K. However, the micromagne
theory to evaluateg is very critical at the Co thicknesse
considered here, and the surface contactS between adjacen
clusters is difficult to estimate from STM pictures. Therefo
we determinegS from the critical temperature (Tc) of the
system. The 2D Heisenberg model with uniaxial anisotro
presents a critical temperature which is equal, within a go
approximation, to the one of the Ising model, provided th
gS/Ku,0.4.25 Since for the hexagonal latticeTc
>3.62(gS/kB),26 the value ofgS5125 K is determined from
the critical temperatureTc5450 K, previously measured fo
a 1.6 and 3.2 ML Co coverage.10 Note that the low experi-
mental saturation field close toTc @Fig. 5~d!# supports a tran-
sition from a ferromagnetic order to a superparamagnetic
correlated spin-block behavior rather than to a paramagn
state as discussed in Ref. 27. AssumingV0'20 nm3,the an-
isotropy barrier heightKuV0 is about 1000 K. Comparing
each cluster to a giant dipoleM0'1000 K T21, the dipolar
contribution between first neighbors is calculated to be of
order of 1 K, thus negligible.

The domain pattern and the magnetization curves are
culated as a function of the Co coverage by Monte-Ca

ja-

FIG. 7. DemagnetizedsZ map of 30330 sites for different cov-
eragesQ. Unoccupied sites are in white, occupied sites with
~down! magnetization are in grey~black!. The corresponding first
magnetization curves and full hysteresis loops are shown.
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PRB 59 11 891TRANSITION FROM ZERO-DIMENSIONAL SUPERPARAMAGNETISM . . .
simulations, using a Metropolis algorithm.28 The calculations
are performed on a 2563256 triangular grid with cyclic
boundary conditions. We start from a 1 ML coverage corre-
sponding to isolated chains~see Fig. 6! and allow bilayer
clusters to nucleate randomly between the chains until
film completion at 2 ML is obtained. The probability of sit
occupation isQ21, sinceQ52 ML when all sites are occu
pied.

Demagnetizedsz maps and magnetization curves a
shown in Fig. 7 for different coverages atT5300 K. Below
1.5 ML @Figs. 7~a! and 7~b!#, the thermal disorder destroy
the long-range correlation between clusters; there is no
only weak, remanence and a high saturation field. At 1.5
@Fig. 7~c!#, the domain size increases strongly and a hys
esis loop appears, with a 60% remanence and a satur
field of 2 kOe~the saturation field is defined at 90% of th
saturation on the first magnetization curve!. At two monolay-
ers @Fig. 7~d!#, large domains of about 1mm2 are obtained
and a square hysteresis loop with a low saturation field~500
Oe! is obtained. One can notice that between 1 and 2 M
^sz& is about 6862 % in the demagnetized state~independent
of Q! showing the Ising-like behavior of the system.

From the calculation, it clearly appears that the satura
field steadily decreases as a function of coverage from
value of 4.2 kOe at 1 ML@Fig. 7~a!# to a value of 0.5 kOe a
2 ML @Fig. 7~d!#, corresponding to a linear decrease of 4
Oe every tenths of a monolayer. This may explain, why
perimentally, a hysteresis abruptly appears when the fi
excursion is large enough to leave the reversible regime~this
occurs at 650 Oe for 1.6 ML at 300 K!.
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IV. CONCLUSION

The nucleation of Co has been analyzed by STM on
Au~111! single crystal and on Au~111!/mica substrates. On
the single crystal, the Co clusters form at low coverage
regular array on the whole sample surface because of
preferential nucleation of Co at the point dislocations of t
223A3 herringbone surface reconstruction. Increasing
coverage leads to growth and coalescence of the clusters
1D chains, inducing a transition from a superparamagnet
to a 1D magnetism without long-range correlations betwe
clusters. Correlations appear between 1 and 2 ML while
lands nucleate between chains. The main effect of the
creasing correlation is a strong decrease of the satura
field. At 1.6 ML the saturation field is less than 650 Oe.

On Au/mica samples, a large distribution of Co clus
sizes is observed. Cobalt cluster arrays, similar to those o
single crystal, are observed together with larger random
nucleated clusters. This is due to the coexistence, on
Au/mica substrate, of the normal herringbone surface rec
struction and of a perturbed linear reconstruction. The la
size distribution of the Co clusters on Au/mica substra
may explain the discrepancies of the thickness values
which a ferromagnetic behavior for the Co clusters is o
served.
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