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Magnetism of nanostructures studied by x-ray magnetic circular dichroism: Fe on Cu„111…
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Epitaxial growth of Fe on a stepped Cu~111! surface leads to the formation of fcc Fe stripes along the step
edges for coverages lower than 1.5 monolayer~ML !. Using the sensitivity of the x-ray magnetic circular
dichroism and sum-rule analysis, the changes in the magnetic properties in the low thickness range from;5%
of a monolayer to 4 ML, covering the one-dimensional~1D! coalescence~;0.8 ML! and the 2D percolation
limit ~;1.5 ML!, have been determined. The determination of the spin moment (mspin) indicates significant
features which can be correlated to the morphological transition. In particular, themspin decreases at the 1D
coalescence limit, but increases as the film reaches the 2D percolation limit and starts to transform into the bcc
phase. This behavior is tentatively ascribed to the decrease in the Fe atomic volume, as it is well known that
such changes can dramatically modify the magnetic properties ofg-Fe.
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I. INTRODUCTION

The constant demand for higher storage density in
magnetic device industry has resulted in an increasing in
est in nanostructures. In order to produce nanoparticles
high magnetization and stable properties, the basic physic
these particles needs to be understood. In this context
have studied Fe nanostructures obtained by taking advan
of the self-organization of Fe on Cu~111!.

In recent years, many investigations have been made
the structural and magnetic properties of face-centered-c
~fcc! g-Fe films grown on a Cu substrate. This interest
mainly due to the fact that the Cu substrate allows the
phase of Fe to be stabilized at room temperature~RT!,
whereas for bulk fcc Fe this phase only appears at a temp
ture in excess of 1186 K, which is above the Curie tempe
ture. The majority of this work was more concerned with t
properties of the two-dimensional~2D! Fe films.1 However,
taking advantage of the decoration effect of Fe growth
Cu~111!, Shenet al. have recently managed to produce 1
Fe stripes on a stepped Cu~111! substrate.2,3 It has been
found, by scanning tunneling microscopy~STM!, that in the
submonolayer range the deposited Fe atoms form par
stripes along the step edges~step decoration!. The magne-
tism of the stripes has a superparamagnetic nature th
distinguished from that of a 2D ferromagnetic film mainly b
its time-dependent remanent magnetization. At variance w
what one would expect, no in-line anisotropy due to the sp
orbit interaction has been observed.4 Actually, above;0.3
ML @the lowest coverage investigated by the magneto-opt
Kerr effect ~MOKE! measurements of Refs. 2 and 3#, Fe
films behave similarly to films grown on Cu~111!, with an
out-of-plane magnetic anisotropy until the bcc phase tra
formation occurs at;2.5–3 ML.

The aim of the present study is to obtain a comprehen
understanding of the magnetism of nanoscale Fe struct
deposited on a vicinal Cu~111! @Cu~111!-vic# substrate. Go-
ing from a few percent of a monolayer to 4 ML, we cover t
PRB 620163-1829/2000/62~9!/5803~7!/$15.00
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whole thickness range of interest forg-Fe. In particular, be-
low 0.8 ML, Fe essentially forms clusters of low spatial e
tension ~fewer than 3000 atoms per cluster!, while in the
coverage range from 0.8 ML to;1.5 ML, Fe forms 1D
stripes~1–2 ML high! whose width increases with coverag
until the 2D percolation occurs~;1.5 ML!. These results, on
the growth morphology, come from the STM experiments
Refs. 2 and 3. Two different kinds of effects are expect
the size effects due to the more atomiclike behavior and
dimensionality of such nanostructures, and the structural
fects. Indeed, an interesting feature ofg-Fe is that its mag-
netic structure strongly depends on its lattice constant. G
erally, for g-Fe theoretical models predict a larger magne
moment per atom as well as ferromagnetic ordering as
lattice parameter is increased.5–7 However, low-spin ferro-
magnetism, nonmagnetic, and antiferromagnetic phases
also predicted.5–7 Until now, there has been little experimen
tal evidence for the existence of different ferromagneticg-Fe
phases. For instance, in Refs. 8 and 9 the authors dem
strate the possibility of growingg-Fe on Cu~111! in a high-
spin phase~with a total magnetic moment close to 2.2mB per
atom! using pulsed laser deposition~PLD! while the films
obtained using thermal deposition~TD! give a low-spin
phase. The different magnetic properties are explained by
different film morphologies and structures induced by t
different growth kinetics involved with these two technique
layer by layer for PLD and 3D growth for TD. From thi
experiment it appears that very small changes in the lat
parameters can indeed lead to different magnetic prope
and that such small structural changes can be expected a
coverage, for instance at the 1D coalescence.10

This is not exactly the case for the system Fe/Cu~100!
where a high-spin phase is also observed in theg-Fe thick-
ness range, but is associated to a tetragonal expansion
ing to a fct phase rather than to a fcc structure.11 Indeed, up
to 4 ML, a high-spin phase is observed in correlation w
the fct structure. The spin moment is confined to a ran
between;2.3mB and ;3.3mB according to different x-ray
5803 ©2000 The American Physical Society



n
m
io
st

.
m

o-
iv
ed
en
s
n-

n-
ow
e
e

s

le
l-
t

-
ha
to

on
B

et
p

n
th
s
t
n
-

ity
ac-

ot
uf-
s
ire
le
.
elow
mp.
e

w-

ar
c-

us
ral
-
ion
-
ill

ag-
e

ligns

an

ne-
ec-
tra

tion

otal

Th

nd

th

f

5804 PRB 62P. OHRESSERet al.
magnetic circular dichroism~XMCD! measurements.12

Above 4 ML, a phase transformation takes place and o
the two first planes are still fct while the rest of the fil
becomes fcc. At correspondence with this phase transit
the net magnetization decreases and then remains con
until the bcc phase transformation occurs around 11 ML11

These different experimental results illustrate the co
plexity of accurately determining thin-film magnetic m
ments and show the importance of utilizing a very sensit
probe. In this context, XMCD appears to be a well-suit
tool. Indeed, aside from its element specificity, its high s
sitivity makes it ideal to study submonolayer-thick Fe film
Moreover, with the help of sum rules XMCD allows a qua
titative determination of the spin (mspin) and the orbital
(morb) magnetic moments.13,14We have obtained these qua
tities for nanoscale Fe clusters and 1D Fe stripes. As sh
below, our measurements confirm the out-of-plane magn
anisotropy for very low coverages and show the existenc
two low-spin phases with different spin moments:;1.4mB
below 0.8 ML and 0.6mB above, before the film undergoe
its fcc to bcc phase transformation.

II. EXPERIMENT

The measurements were performed at beamline ID12B
the European Synchrotron Radiation Facility in Grenob
using 90% circularly polarized light from a helical undu
ator. The magnetic characterization and the thin-film grow
were performedin situ in an ultrahigh-vacuum 7 T super
conducting magnet chamber with a vacuum better t
5310211mbar and a temperature range going from 6
320 K. The applied magnetic field is aligned with the phot
propagation vector and spin direction, as shown in Fig. 1.
rotating the sample by an angleg ~see Fig. 1!, we can mag-
netize the sample from perpendicular to in-plane geom
allowing angular-dependent measurements. The sam
preparation, consisting of cycles of Ar1 sputtering and an-
nealing at 700 K, was done in an independent chamber. O
clean, the sample was transferred, without breaking
vacuum, to the main chamber for Fe deposition and analy

The copper substrate had a miscut of 1.2° with respec
the ~111! orientation. The surface steps were aligned alo
the @011# direction with a~001! microfacet. The average ter

FIG. 1. Scheme of the geometry of the experimental setup.
magnetic field is aligned with the direction of the light.g ~obtained
by rotating the sample! is the angle between the magnetic field a
the normal to the sample surface. Wheng50, the light is along the
sample normal. The direction of the monatomic steps on
Cu~111! substrate is also indicated.
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race width is about 10 nm. The crystallographic qual
of the sample was checked with low-energy electron diffr
tion which exhibited the sharpp(131) pattern. The mor-
phology of the surface was checkedex situusing an atomic-
force microscopy in air. Although this technique does n
enable characterization with good atomic resolution, it is s
ficient to check the film’s step morphology. The Fe film
were prepared in the analysis chamber from an iron w
~4 N purity! heated bye-beam bombardment. The samp
was kept at 280 K to minimize interdiffusion processes15

During the measurements, the temperature was always b
RT. The Fe thickness was deduced from the Fe edge ju
The validity of this method was preliminarily tested with F
films calibrated with Auger electron spectroscopy, lo
energy electron diffraction~LEED!, medium-energy electron
diffraction ~leading to amplitude oscillations of the specul
beam with the filling of each layer in a similar way to refle
tion high-energy electron diffraction experiments16!, and
checked with a quartz microbalance. The LEED allowed
to confirm the critical thickness of the fcc to bcc structu
transition~;2.5 ML!. The consistency of our overall thick
ness calibration was further confirmed by the determinat
of the Curie temperature (TC) and of the blocking tempera
ture (TB) of our films for the lower coverages as we w
demonstrate in the next section.

Our XMCD measurements are based on the circular m
netic dichroism at the FeL2,3 absorption edges. When th
photon energy is swept across the spin-orbit-splitL3 andL2
edges, core electrons are excited into unoccupied 3d valence
states. The spin conservation in the absorption process a
the spin of the 2p core hole with that of the empty 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 seen in Fig. 2, where typical XAS sp
tra are shown for a Fe coverage of 0.13 ML. The spec
were obtained at normal incidence by reversing the direc
of the magnetic field (H564 T). The XAS spectra were
taken by measuring both the total electron yield and the t

e

e

FIG. 2. Typical XMCD spectra for a coverage of 0.13 ML o
Fe/Cu~111!-vic ~total electron yield mode!. m1 andm2 correspond,
respectively, to the absorption of left and right helicity~taking the
direction of the magnetic field as the quantization axis!. This mea-
surement has been done at normal incidence (g50°), T520 K and
H564 T. The variablesp and q on the integral of the XMCD
signal indicate the values used in the sum rules~see text!.
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PRB 62 5805MAGNETISM OF NANOSTRUCTURES STUDIED BY X- . . .
fluorescence yield~detected at 90° to incident beam!, al-
though only the former is generally directly proportional
the absorption cross section.17 The XMCD spectrum is the
difference between the two XAS spectra recorded with
posite orientation of the magnetic field and the helicity of t
light, which we will callm1 andm2 for simplicity. m1(m2)
corresponds to the absorption coefficient of left~right! circu-
larly polarized light taking the direction of the magnetic fie
as the quantization axis. Two important magneto-optical s
rules have been derived to deduce the orbital and spin m
netic moment from the XMCD.13,14 Using the same notation
as Ref. 18, we can write for theL2,3 edges

morb5
24qNh

3r
, ~1!

mspin
eff 5

2~6p24q!Nh

r
, ~2!

wherep andq are, respectively, the integral overL3 and over
(L31L2) of the XMCD signal~given bym12m2!, r is the
integral of the ‘‘white line’’ intensity of the magnetizatio
averaged absorption cross section (m11m2) ~to separate the
‘‘white line’’ from the continuum, a simple steplike func
tion was subtracted19!, andNh is the number of holes in the
3d band.mspin

eff counts for the effective magnetic spin m
ment as it includes a dipolar termmT describing the anisot
ropy of the spin moment: mspin

eff 5ms17mT . In practice, one
should correct the data for saturation effects which can
troduce some artifacts, but as we are working with very l
coverage~below 4 ML! these corrections are negligible.20 Nh
is in principle unknown although it can be estimated fro
band-structure calculations. In the case of bcc Fe, a v
close to 3.39 is found to give good agreement betw
theory and experiment.18 However, since we are only inter
ested in very small fcc structures, we will mostly consid
magnetic moment per hole, i.e.,morb/Nh andmspin

eff /Nh .21

III. SAMPLE CHARACTERIZATION AND DATA
TREATMENT

To make sure that we have reproduced the film morph
ogy of the previous experiment by Shenet al.,2,3 we compare
some magnetic critical parameters such asTC and TB . Be-
low the 2D percolation, the Fe/Cu~111! system is character
ized by a superparamagnetic phase. This magnetic pha
like a paramagnetic one, except that the basic element
spin block with parallel spins alignment and is thus a gi
magnetic moment, and due to thermal activation there is
long-range order.TC corresponds to the disappearance of
magnetic ordering inside each block, andTB , which is par-
ticular to the superparamagnetic phase, can be defined a
temperature below which the anisotropy barrier between
posite magnetization directions cannot be exceeded by t
mal spin fluctuations. A preferred spin direction is then
lected by an external field, leading to a nonzero reman
macroscopic sample magnetization. However, in contras
ferromagnetism, this remanence decays in time, with a t
scale depending on the temperature. BothTC and TB are
characteristic of the coverage and morphology and can ea
be estimated from the magnetization curve: the former by
-

m
g-

-

e
n

r

l-

is
a

t
o

e

the
p-
r-
-
nt
to
e

ily
e

vanishing of the magnetization at saturation~T.TC , Fig. 3,
top curve! and the latter by the appearance of remane
~T,TB , Fig. 3, bottom curve!.

The magnetization curve is obtained by monitoring t
intensity of theL3 absorption edge as a function of the a
plied magnetic field.22,23 The results for 0.6 ML Fe/Cu~111!
at three different temperatures are shown in Fig. 3. The th
phases are clearly seen and for this particular coverage
estimateTC'(280620) K and TB'(80620) K. Another
parameter which can be deduced from the magnetiza
curves, in the superparamagnetic phase, is the cluster
Indeed, it has been shown in several experiments on Co c
ters deposited on a Au~111! substrate22,24,25that a fit with a
Langevin function of the magnetization,

M ~H !}cothS mNatH

kT D2S mNatH

kT D 21

, ~3!

whereNat is the average number of atoms per cluster,m is
the magnetic moment per atom, andk is the Boltzmann’s
constant, can give satisfactory results forTB,T,TC . The
magnetic moment per atom is deduced from the sum rule
explained in the next section (m5mspin1morb). One still
needs to be cautious with this method, as in the case
nonuniform size distribution it tends to overestimate the
erage cluster size as demonstrated by STM in Ref. 25. O
the clusters have coalesced to form 1D stripes, spin blo
are formed with dimensions smaller than the actual size
the structure, demanding a more complex description.2 As in
our case we do not have a regular distribution, either in s
or in patterning, we will only use this method to obtain a
order of magnitude of the average number of atomsNat per
cluster and only for the thickness range below the 1D c
lescence.

In Fig. 4, we show the parametersTC , TB , andNat de-
duced from our experiment~solid symbols! and from Refs. 2
and 3~open symbols!. The good agreement between the tw
sets of data, for similar experimental conditions~evaporation
rate, vacuum, magnetic-field sweeping rate etc.!, confirms
that we are growing Fe nanostructures with a similar m
phology to those studied by Shenet al.2,3 The expected de-

FIG. 3. Magnetization curves at different temperatures fo
coverage of 0.6 ML Fe/Cu~111!-vic. At T530 K we observe a re-
manence which indicates that we are below the blocking temp
ture, and atT5300 K the saturation has already dropped, implyi
that we are just aboveTC .
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5806 PRB 62P. OHRESSERet al.
crease ofTB is now measured down to very low coverage
resulting in a value ofTB equal to 30 K210 K

120 K for the lowest
coverage at (0.0360.01) ML. These measurements confir
the observation made by Shenet al. that for coverage below
0.3 ML TB should be below 50 K. This behavior means
reduction of the absolute height of the anisotropy barrier,
actually the anisotropy energy per atomEA}kTB /Nat
increases22 ~because the decrease ofTB is slower than the
decrease ofNat! when the cluster size is reduced, i.e., at lo
coverages. This increase is further underlined by the an
dependent XMCD, taken belowTB and obtained with a mag
netic field sufficient to fully saturate the sample, which
lows a determination of the anisotropy ofmorb.

For each film the incidence angleg, i.e., the angle be-
tween the incident light and the surface normal, was var
from 0° to 60° in 15° steps, with the rotation axis bein
perpendicular to the step direction~see the scheme of Fig. 1!.
At each angle we applied the sum rules on the measu
XMCD spectra and systematically found larger values for
orbital moment at normal incidence compared to grazing
cidence (g560°). According to Refs. 2 and 3, no magne
anisotropy was observed in the longitudinal geometry
MOKE. For very low coverage~below 0.3 ML!, we can
reasonably assume the same since for these coverage
steps do not break the symmetry and the Fe film has
fcc~111! symmetry. Assuming uniaxial anisotropy,2,3 we can
compare our experimental data with the model of Bruno26

who suggests that, for a completely filled majority band,
3d orbital magnetic moment varies~at the lowest order! as

morb
g 5morb

' 1~morb
i

2morb
' !sin2g, ~4!

wheremorb
g denotes the orbital magnetic moment measure

the angleg, andmorb
' and morb

i are, respectively, the orbita
magnetic moments measured perpendicular and paralle
the easy axis of magnetization. Figure 5 shows the g
agreement between our experiment at 0.13 ML of Fe and
theoretical prediction. The anisotropy of the film, charact
ized bymorb

' 2morb
i , has the same qualitative behavior as t

anisotropy energy per atomEA , i.e., it increases at very low

FIG. 4. Curie temperature~circles!, blocking temperature
~squares!, and average number of atoms per cluster~triangles! as a
function of the coverage. The open symbols correspond to sim
measurement done by Shenet al. in Refs. 2 and 3.
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coverage. This phenomenon, discussed later, is correlate
the increase of the orbital moment as the film’s nomin
thickness is reduced and the film becomes more atomic
~Fig. 6!. The increase of the scattering of themorb data at
very low coverages is due to the higher sensitivity of th
variable to any experimental noise as compared tomspin.
Indeed, as seen in the sum rules@Eqs.~1! and~2!#, morb only
depends onq, which is the integral of the XMCD signal ove
the L3 and L2 edges, whilemspin is dominated byp, which
results only from the integral over theL3 edge.

Figure 6 shows the variation ofmorb/Nh and mspin/Nh
with the coverage. To derivemspin/Nh we have to isolate in
mspin

eff /Nh the contribution from the magnetic dipole termmT .
This term arises from the anisotropy of the spin dens
within the Wigner-Seitz cell14 and therefore could represen

ar

FIG. 5. 3d orbital magnetic moment per hole, measured
0.13 ML of Fe deposited on the vicinal Cu~111! substrate, as a
function of the incidence angleg. (H54 T, T520 K). The solid
curve is a fit using the model of Bruno~see text for details!. The fit
gives morb

' 5(0.03260.003)mB /hole and (morb
' 2morb

i )5(0.013
60.003)mB /hole. ~The measurement has been performed be
the blocking temperature with a magnetic field sufficient to satur
the sample!.

FIG. 6. Orbital~a! and spin magnetic moment~b! per hole as a
function of coverage. The solid lines are guides for the eye. T
dashed lines correspond to the values for the magnetic mom
commonly accepted for bulk bcc Fe. The arrows on the top sca
0.8, 1.5, and 2.5 ML correspond, respectively, to the approxim
coverage where the Fe starts to coalesce into 1D wire, reache
2D percolation, and undergoes the fcc to bcc phase transforma
~All the measurements have been performed below the block
temperature with a magnetic field sufficient to saturate the samp!
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a significant contribution for a low-symmetry crystal env
ronment or a large spin-orbit splitting in the valence band27

In our case, the cluster morphology is likely to lead to no
negligible values formT . Hence, we follow the arguments o
Stöhr and König developed in Ref. 28. They demonstra
that for 3d metals the effect of spin-orbit coupling on th
magnetic dipolar term is weak and the spin moment is i
tropic to a very good approximation. Therefore, in the ca
of uniaxial anisotropy we havemT

i
12mT

'50 and sincemT
g is

expected to vary similarly to the orbital moment, i.e.,

mT
g5mT

'1~mT
i
2mT

'!sin2 g, ~5!

we can write

meff-spin
g 5~mspin27mT

'!1 21
2 mT

' sin2 g. ~6!

This relation allows us to derive for each coverage the c
tribution of the spin moment plotted in Fig. 6.

As already stated in the Introduction, the Fe film und
goes a phase transition from fcc to bcc around 2.5–3 M
Actually, bcc nucleation can appear early in the growth,
only dominates above a coverage of 2.5 ML.3,9 This struc-
tural phase transition is evident in Fig. 6 by the increase
both morb/Nh and mspin/Nh above 1.6–1.8 ML. Indeed a
bcc Fe is expected to have larger moments than our m
sured values at;1.5 ML, this increase only means that th
bcc parts contribute more and more to the magnetic sig
until the film is fully transformed~around 3 ML!, where the
magnetic moments reach the common values for the bulk
Fe, i.e.,mspin/Nh50.58mB andmorb/Nh50.02mB .18 A simi-
lar behavior is seen using MOKE measurements for the c
of Fe on a flat Cu~111! substrate. Nevertheless, the mo
intriguing feature in Fig. 6 is the clear decrease of the s
magnetic moment per hole around 1–1.4 ML, which is
lated to a magnetic phase transition of theg-Fe as we will
discuss in the next section.

IV. DISCUSSION

Modifications in the film morphology and the film struc
ture usually have strong influences on the magnetic m
ments. We have already shown that the fcc to bcc ph
transformation results in an increase of bothmorb/Nh and
mspin/Nh towards their bulk values. On the other hand, t
increase ofmorb at very low coverage is more likely to b
due to size effects. Indeed, it is well known that a mo
atomiclike structure, such as a surface or a cluster, leads
narrowing of the 3d band which enhances the orbit
moment.29 Ascribing the increase ofmorb to the edge atoms
we use a simple model for the island growth: rectangu
islands with only the lengthl increasing during the growth
the widthw is assumed to be constant in our approximati
In this model the number of edge atoms is proportiona
l 1w and the number of surface atoms tolw. We deduce a
factor;50 betweenmorb for the edge atoms andmorb for the
surface atoms, i.e.,morb

edge'0.5mB . This result is reasonabl
as for a free Fe atommorb52mB . This behavior has bee
experimentally observed in several systems.30

Since the anisotropy is correlated to the orbital ma
netic moment, it also shows an increase below;1.2 ML.
Bruno has demonstrated26 in a perturbation picture tha
-
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for 3d metals the anisotropy energy is proportional to t
anisotropy of the orbital moment. If we use our values
(morb

' 2morb
i ) to make a rough estimation of the anisotro

energy using Bruno’s formalism, we obtain20.6 meV/atom
for the lowest coverage, which is in very good agreem
with Bruno’s calculation for an Fe fcc~111! layer giving
20.61 meV/atom.26 If we go to higher coverages just belo
the 2D percolation, this value goes down to20.2 meV/atom,
which can be explained by the relative decrease of the ato
sites with lowest coordination with increasing coverage.31

We now discuss the behavior of the spin magnetic m
ment below 2 ML. Indeed, despite the uncertainty in t
determination of both the moment and the thickness, t
different regions can be clearly identified on either side
0.8 ML, which correspond to the coalescence of the isla
into 1D stripes. It is important to note that this effect is al
seen in the ratioR5morb/mspin

eff as shown in Fig. 7. This type
of analysis, which is less sensitive to errors, confir
the results of Fig. 6. However, it is more difficult to inte
pret as the variations ofmspin and morb are no longer sepa
rable. According to Fig. 6, below 0.8 MLmspin/Nh
'(0.4060.05)mB per hole and above this coverag
mspin/Nh'(0.2060.05)mB per hole until the bcc phase star
to appear at;1.8 ML. If we want more quantitative value
for the magnetic moment, we have to assume a nu
ber of holes,Nh , in the 3d band. For bulk bcc Fe, an
average of different band-structure calculations giv
Nh53.39.27,32,33If we suppose some charge transfer from t
Fe to the Cu, induced by the fcc structures or the clus
morphology, then we can reasonably say that this should
exceed 0.5 holes. Usually the theory predicts an increas
Nh towards the surface as it is more atomiclike,27 but XAS
experiments on Ni/Cu~001! found a decrease of;0.5 holes21

and likewise theoretical work33 predicts a very small de
crease~;1%! for Fe-Cu multilayers. In summary, we ca
assume that the number of holes is equal to 3.4 w
an uncertainty of 15%. With this value we can now s
that for a coveraged,0.8 ML, mspin5(1.460.2)mB and
for 0.8 ML,d,;1.5 ML, mspin5(0.760.2)mB . The latter
value is consistent with previous measurements using a
sion magnetometer on copper capped Fe/Cu~111! ~Ref. 34!
films (0.5860.13mB) and the work of Shenet al.2,3 To our

FIG. 7. morb/mspin
eff as a function of the coverage. The solid lin

is a guide for the eye. The arrows on the top scale at 0.8, 1.5,
2.5 ML correspond, respectively, to the approximate cover
where the Fe starts to coalesce into 1D wire, reaches the 2D pe
lation, and undergoes the fcc to bcc phase transformation.~All the
measurements have been performed below the blocking temp
ture with a magnetic field sufficient to saturate the sample.!
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knowledge,mspin5(1.460.2)mB has only been measured fo
g-Fe in a Cu~10 Å!/Fe~0–35 Å!/Ni~50 Å! wedged sample.35

In this work a spin phase transition is observed for an
thickness of 10 Å, and it is also ascribed to a change in
fcc crystallographic structure.

If we look at the calculations of the magnetic pha
diagram versus the lattice parameter~see, for instance
Refs. 5–7!, they all predict, among others, ferromagne
phases with different high-spin and low-spin values. Us
the results of these theoretical models, if we suppose
the Fe overlayer assumes the lattice parameter of fcc
(aCu53.61 Å) or of bulk fcc Fe (aFe53.59 Å), we find two
kinds of low-spin magnetic moments, with values
;1.5mB and;0.4mB , respectively. So one can imagine th
at the very beginning of the growth, when the deposit
sentially forms monolayer islands, Fe assumes exactly
lattice parameter of the Cu substrate, i.e., 3.61 Å, w
mspin;1.5mB . However, once the islands start to coalesce
form the 1D stripe, the strain is relaxed. When this coal
cence is complete, at (0.860.1) ML, the whole Fe film as-
sumes its equilibrium fcc atomic volume, i.e.,aFe53.59 Å,
resulting in a lower value ofmspin. This proposed structura
relaxation could be sufficient to drive the observed chang
the magnetic spin moment. Similar behavior has alre
been observed in the case of Fe films deposited on Cu~111!
by PLD, with a phase transition at;3 ML.8,9 Indeed, this
evaporation technique allows one to grow fcc Fe in a hi
spin phase@while Fe/Cu~111! obtained by TD is usually low-
spin#, which is explained by a slightly enlarged lattice p
rameter compared to films produced by TD. This structu
difference is underlined by electron diffraction. In our ca
however, further investigations of the possible structu
ev

n
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ng
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e
e
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at
u
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e

h
o
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y
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,
l

change are limited as the modifications of the lattice para
eter are expected to be small~;0.5!% and the coverages ar
so low that only grazing incidence x-ray diffraction might b
able to reveal the structural changes.

V. CONCLUSIONS

Using XMCD we are able to investigate the quantitati
magnetic properties of Fe nanostructures deposited on a
nal Cu~111! substrate. We extend the understanding of t
system to the very low coverage range and confirm the o
of-plane anisotropy even for very small clusters. In the sa
way we find the expected increase of the anisotropy ene
below ;1.5 ML and our estimated values are very close
the ones predicted by theoretical predictions. The most st
ing result is the observation of two low-spin phases bel
and above 0.8 ML, corresponding to the coverage at wh
coalescence of the clusters into 1D stripes is observed. T
two magnetic phases are tentatively ascribed to struct
changes during coalescence. The Fe clusters, which
purely pseudomorphic at low coverage, undergo a strain
laxation so that the lattice parameter approaches the st
fcc Fe value.
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35J. Stöhr and R. Nakajima, J. Phys.~Paris!, Colloq. 7, C2-47
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