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Using a layer-by-layer deposition technique, Ni thin films were sandwiched between AlOx layers in an Al
matrix. By using x-ray-absorption spectroscopy, grazing incidence small-angle x-ray scattering, and high-
resolution transmission electron microscopy, we showed that the Ni layers are discontinuous and that pure Ni
clusters are formed with sizes in the nanometer range. Depending on the preparation conditions, different
magnetic behaviours are observed. When only one discontinuous Ni layer is grown, the hysteresis loops at low
temperature display a conventional shape with a reduced magnetic moment per atom due to a magnetically
dead layer at the cluster surface. When three discontinuous Ni layers are grown, a negative differential
magnetization is observed. This phenomenon is interpreted as due to an antiferromagnetic coupling between
two populations of magnetic grains having different average diameters in the different Ni layers. The coupling
is indirect through the Al spacer.
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I. INTRODUCTION

In the past two decades, new magnetic behaviors have
been evidenced in relationship with lowering of the material
dimensionality. In thin multilayers1 and granular systems,2

for example, giant magnetoresistance and ferromagnetic-
antiferromagneticsFM-AFd coupling have been observed.
More recently, nanoparticles have displayed peculiar proper-
ties related to their diameter of only a few nanometers. For
free clusters, a magnetic moment per atomsMMA d larger
than that of the bulk has been measured,3 whereas for clus-
ters of the same diameter embedded in matrices, a smaller
MMA has been observed.4

Very recently, negative differential magnetization reported
in Fe layers deposited on W steps5 and inverted hysteresis
loops observed in a nanocrystalline/amorphous Fe81Nb7B12
alloy6 have been interpreted according to two-phase models
and AF exchange interaction.

In a previous work,7 we systematically investigated the
possibility to prepare magnetic Ni clusters with a controlled
average size in a nonmagnetic Al matrix. The preparation
technique we used is based on the work of Egelhoffet al.,8

who showed, by x-ray reflectometry, that post-oxidation sup-
presses intermixing at the Al/Ni interface. By x-ray-
absorption spectroscopysXASd, we determined an exposure
time and air pressures for which no sign of Al/Ni intermix-
ing or of Ni oxidation could be detected.7 The Ni thickness
was as low as 0.7 nm and the air pressure was two orders of
magnitude larger than that reported by Egelhoffet al.8

In the present article, several multilayers of the type Al
buffer\Ni\sAlx \Nidn−1\Al cap, with constant Ni thickness,
have been studied. The preparation conditions have been
chosen to determine the role of parameters such as air pres-
sure, Al spacer thicknessx, and number of Ni layersn, on the
magnetic properties of the system. Complementary to XAS
experiments, several characterization techniques have been
carried out, namely high-resolution transmission electron mi-

croscopy sHRTEMd, grazing incidence small-angle x-ray
scatteringsGISAXSd, and magnetometry.

Depending on the preparation conditions, different mag-
netic behaviors are observed. For one Ni layer, normal hys-
teresis loops are measured at low temperatures indicating
FM behavior and evolution towards superparamagnetism at
higher temperatures as expected for small metallic clusters.
For three Ni layers, a negative differential magnetization is
seen in the hysteresis loops. The thicker the Al spacer, the
higher the magnetic field value at which this phenomenon
occurs. The possible origin of these features is discussed in
terms of AF coupling between magnetic grains of different
sizes belonging to the different Ni layers.

II. EXPERIMENT

We summarize the preparation conditions described in
Ref. 7. The samples were deposited at LURE by electron gun
evaporation either on previously cleaned Si or SiO2 sub-
strates. The base pressure in the chamber was 10−8mbar,
whereas the maximum pressure during evaporation of the Al
and Ni metals was in the low 10−7mbar range. After deposi-
tion of each layer, the pressure was raised in the chamber
with a flux of airs20% O2,80% N2, no waterd. The air pres-
sure, pair, was kept for 300 s, either at a value of 1
310−3mbar or at 3310−3mbar. Then it was immediately
lowered back to the base value. The layer thickness and
deposition rate were measured by a calibrated quartz mi-
crobalance. All samples were sandwiched between an Al
buffer about 52 nm thick and an Al cap about 24 nm thick.
Two Al spacer thicknesses,x, were chosen, whereas the
number of Ni layers was either one or three. The Ni thick-
ness was always 1.5 nm. The quantity of deposited Al and Ni
atoms was measured by Rutherford backscattering spectrom-
etry sRBSd using 1.2 MeV He+ ions. Preparation conditions
for the samples and film thickness deduced by RBS assum-
ing bulk density are reported in Table I together with the
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sample label,sNi15Al xdn. One sample was specifically pre-
pared for in-plane HRTEM characterization with one 1.5-
nm-thick Ni layer, an Al buffer, and an Al cap, each 2 nm
thick, deposited on a single-crystalline NaCl, called Ni15.

To characterize the film morphology, HRTEM observa-
tions were done at Laboratoire de Métallurgie Physique with
a JEOL 3010 high-resolution transmission electron micro-
scope operated at 300 kV. GISAXS experiments were per-
formed on beam line DW31B-LURE at 7.086 keV. To char-
acterize the Ni atomic surroundings, x-ray-absorption
coefficients at the NiK edge were recorded on beam line
D42-LURE with a Sis111d channel-cut monochromator in
the conversion electron yieldsCEYd mode at liquid nitrogen
temperature.9 Magnetization cycles at different temperatures
and zero-field-cooled/field-cooledsZFC/FCd magnetization
curves were measured with a superconducting quantum in-
terference devicesSQUIDd at Instituto de Física–UFRGS.

III. RESULTS

A. Structural and morphological results: XAS, HRTEM,
and GISAXS

The oscillations extracted from the x-ray-absorption coef-
ficients are compared to those of pure Ni and a thick NiO
layer in Fig. 1. The oscillations measured on a sample made

of four stacks of 1.5 nm Ni/3.8 nm Al, where Ni and Al are
spontaneously mixed, are also plotted. The similarity be-
tween the oscillations for pure Ni and for the samples proves
that Ni atoms in the films are mainly surrounded by other Ni
atoms, rather than by Al or O atoms. The type, number of
neighbors around a Ni atom,N, Ni-neighbor distances,d,
and Debye-Waller factors that are indicative of atomic disor-
der, deduced by fitting the oscillations, are presented in Table
II. As indicated by the uncertainties onN in the Table I, the
number of Ni neighbors in the first shell around Ni absorbers
is significantly smaller than the number of neighbors in bulk
Ni s12d. Ni absorbers in 1.5-nm-thick continuous layers
should have 10.2 Ni neighbors for the case of perfect plane-
by-plane deposition. A number of 8.9±0.6 neighbors sug-
gests discontinuous Ni layers with formation of clusters.
Only in the case of thesNi15Al83d3 sample was a small num-
ber of Al neighbors detected around the Ni atoms. No O
neighbor contribution had to be introduced. When looking at
the features in the NiK edge in the x-ray-absorption coeffi-
cients, previously reported,7 the absence of energy shift and
of peaks corresponding to O neighbors confirmed the pure
metallic character of the Ni clusters.

HRTEM pictures have been taken on samples with one Ni
layer. The cross section taken onsNi15Al0d1 fFig. 2sadg shows
large Al grains below and on top of the Ni discontinuous film
formed of roughly spherical clusters sandwiched between
AlOx layers. One may notice that the Ni film displays some
roughness induced by the first deposited Al layer. The plane-
view micrograph of Ni15 fFig. 2sbdg has been processed by
fast Fourier transformfinset of Fig. 2sbdg. In order to distin-

TABLE I. Preparation conditions and characteristics of the samples:t1 is the Al buffer thickness,t2 the Al
cap thickness,m andx the Al spacer number and thickness,p the air pressuresthe oxidation time is always
300 sd, n the number of Ni films, ande the Ni film thickness measured by RBS. We have assumed Ni bulk
density and that the three Ni layers are equally thick. The deposition rates were 10−2 and 10−1nm s−1 for Ni
and Al layers. Last column: techniques with which the samples were characterized.

Sample label t1 snmd t2 snmd m x snmd p smbard n e snmd Techniques

Ni15 2.0 2.0 / 3310−3 1 1.70 HRTEM

sNi15Al0d1 52.0 24.1 / 3310−3 1 1.70 HRTEM, XAS, GISAXS

sNi15Al46d3 51.5 22.2 2 4.6 3310−3 3 1.45 XAS

sNi15Al83d3 52.0 23.3 2 8.3 1310−3 3 1.60 XAS

FIG. 1. EXAFS oscillations extracted from x-ray-absorption co-
efficients for pure Ni, NiO, asNi15Al38d4 spontaneously mixed sys-
tem, and for thesNi15Al0d1,sNi15Al46d3,sNi15Al83d3 samples.

TABLE II. Results of EXAFS analysis: type and number,N, of
Ni nearest neighbors,d, Ni-nearest-neighbor distance, Debye-
Waller factors, andDXAS, average cluster diameter as obtained by
the formula given in Ref. 10. All uncertainties are given in
parentheses.

Sample
label

Neighbor
type N d snmd

Debye-Waller
factor

s10−3nm−1d
DXAS

snmd

sNi15Al0d1 Ni 8.9s6d 0.2478s3d 7.3s2d 1.5s3d
sNi15Al46d3 Ni 7.9s8d 0.2483s6d 6.6s3d 1.1s3d
sNi15Al83d3 Al 1.1s3d 0.2420s1d 8.4s1d

Ni 8.7s4d 0.2479s2d 7.4s2d 1.4s4d
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guish the Ni contribution from that due to Al, a spatial filter
was applied on the ring corresponding to the Nis111d dis-
tances. The amplitude of the inverse Fourier transformfFig.
2scdg shows the Ni grains. Small Ni clusters, with a spherical
shape and diameter of about 2–3 nm, are isolated; others are
gathered into large particles. One isolated Ni grain and a
large particle are identified by dashed rings on Figs. 2sbd and
2scd.

GISAXS measurements were carried out on the
sNi15Al0d1 sample. On both sides of the bright region ob-
served in the center of the 2D patternsFig. 3d that is due to
the sample roughness, two small diffuse lobes are detected.

These lobes are signatures of grains in the Ni layer interact-
ing spatially in the horizontal plane. Their location on the qy
axis provides an average distance between them ofL
=5.6 nm. The analysis of the intensity recorded along the
lines plotted parallel to the qz and qy axes gives an average
size ofD=3 nm in the horizontal plane and ofH=1.5 nm in
the vertical direction. The equivalent Ni thickness estimated
from these resultse=spD2Hd / s6L2d=0.23 nm is seven times
smaller than the one obtained by RBS. This result suggests
that smaller Ni grains are present but not detected by
GISAXS. Assuming a spherical morphology, the average
cluster diameter can be calculated from the number of Ni
neighbors deduced by XAS.10 All samples have similar di-
ameters,DXAS, as reported in Table II, whatever the number
of Ni layers in the sample, one or three. The difference ob-
served between theDXASvalues and those given by HRTEM
and GISAXS will be discussed later.

B. Magnetization results: Zero-field-cooled/field-cooled curves

The ZFC-FC curves recorded on the samples for an ap-
plied magnetic field,H, of 20 Oe are compared in Fig. 4.
Rather similar behaviors are seen when one compares
sNi15Al83d3 with sNi15Al46d3 whereas the curves for
sNi15Al0d1 look different. The temperature where the magne-
tization drops to zero, called the paramagnetic Curie tem-
perature,Tc, is very dependent on the sample. It is always
lower than the Curie temperature of pure bulk Nis627.4 Kd
due to the small size of the clusters.11 For sNi15Al0d1,TC is
around 290 K, whereas forsNi15Al83d3 and sNi15Al46d3 it is
about 210 KsTable IIId.

For sNi15Al83d3 and sNi15Al46d3, there is a splitting be-
tween the FC-ZFC curves, typical for small clusters, occur-
ring at a low temperature called the blocking temperature,
Tb. However, aboveTb, instead of a monotonicT dependence
usually fitted with a Curie-Weiss law, a bump is present in
both the ZFC and FC thermomagnetic curves. This bump is
located at different temperatures,T’, depending on the
sample. Values ofTb and T’ are collected in Table III. For
sNi15Al0d1,Tb is higher than that for the other samples. Its
ZFC thermomagnetic curve displays a bump; itsT’ is smaller
thanTb sTable IIId. The existence ofTb andT’ might be due
to two populations of magnetic grains.

C. Magnetization results: Magnetization cycles

The in-plane magnetization cycles for thesNi15Al0d1

sample are shown in Fig. 5 forT=20, 80, and 300 K. A

FIG. 2. sad Cross-section HRTEM onsNi15Al0d1, sbd plane-view
HRTEM on Ni15 and fast Fourier transform in the inset, andscd Ni
contribution extracted from the filtered fast Fourier transform
shown in the inset ofsbd. One isolated Ni grain and a large particle
are identified by dashed rings.

FIG. 3. GISAXS onsNi15Al0d1.
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ferromagnetic cycle is observed for allT with a reduction of
the coercive field,Hc, whenT increases. Magnetic data ex-
tracted from these curves, i.e.,Hc, the remanent magnetiza-
tion Mr, and the magnetization at saturationMs, measured at
T=20 K, are given in Table III. Note that the ratioMr /Ms
=0.74 is far above 0.64 or 0.50, which are the expected
values for the noninteracting case for two- or three-
dimensional random easy axis orientations, respectively, if
one calculates the weighted average of the magnetization
projections along the field direction.

From the saturated magnetization at lowT, the MMA is
calculated using the number of Ni atoms given by RBS:
0.31mB/at, i.e., half the bulk valuesTable IIId. A fit of the
hysteresis loop at 300 K was made considering two contri-
butions, the first coming from noninteracting superparamag-
netic particles, MSPMsHd, and the second coming from
blocked large ferromagnetic grains,MFMsHd. This latter
phase was assumed as being in a saturated state withMsat

FM

=Mr /0.866, the value for a disordered system of Ni spherical
particles.12 The first contribution to the total magnetization
should be described by a weighted superposition of Langevin
functions, i.e., MSPMsHd=sMs/VdLsad, where Lsad
=cothsad−1/a. Herea=mH /kBT, with m the magnetic mo-
ment of a single-domain Ni particle with saturation magne-
tization Ms and volumeV,kB being the Boltzmann constant.
The fit provides an average diameter of the superparamag-
netic particles of 30 nm with a standard deviations
=0.30 nmsTable IIId.

Figure 6 shows in-plane hysteresis loops measured for the
sNi15Al83d3 sample at different temperaturess5, 80, and 250
Kd. A ferromagnetic hysteresis cycle is seen forT=5 K, is

FIG. 4. FC-ZFC curves for the three samples.

TABLE III. Magnetic measurements results: Curie temperature,Tc, and blocking temperatures,Tb,T’,
deduced from the thermomagnetic curves. Coercive field,Hc, remanent magnetization,Mr, magnetization at
saturation,Msat, and MMA deduced from the magnetization cycles. The temperature at which the magneti-
zation cycle was measured is 20 K forsNi15Al0d1, 10 K for sNi15Al46d3, and 5 K for sNi15Al83d3. Average
diameter,Dmag, and size distribution,s, deduced from the Langevin fits. Literature values ofTc and MMA at
5 K for bulk Ni are also given for comparison.

Sample
label TcsKd TbsKd T’sKd HcsOed Mrsemu/cm3d Msatsemu/cm3d MMA mB/at.

Dmag

snmd
s

snmd

sNi15Al0d1 290 215 125 93 181 242 0.31 30 0.30

sNi15Al46d3 220 65 163 142 193 225

sNi15Al83d3 210 76 134 232 151 256 0.32 26 0.15

Ni bulk 627.4 0.64

FIG. 5. Hysteresis loops for sNi15Al0d1 at different
temperatures.
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still faintly present forT=80 K, but disappears for higherT
values. The coercive field measured at 5 K, given in Table
III, is much larger than forsNi15Al0d1, and the ratioMr /Msat

is equal to 0.59, much closer to 0.5. All magnetization curves
demonstrate very unusual local minima and maxima in the
first and third quadrants for both increasing and decreasing
fields, except for the curve at 250 K where the singularity
appears for the low field range in the descending branches
only sFig. 6d.

A fit on the ascending branch of the magnetization cycle
recorded at 250 K, with a weighted superposition of Lange-
vin functions, provides an average magnetic diameter of 26
nm with a standard deviations=0.15 nmsTable IIId.

Figure 7 shows the first quadrant of the hysteresis loops
measured for the three samples at lowT. Once again, an
unusual behavior is observed forsNi15Al46d3, similar to the
observation for thesNi15Al83d3 sample, except that the mini-
mum is located at a field value of about 400 Oe instead of
1300 Oe. Note thatM reaches a maximum value that is simi-

lar for all the samples. The measured coercive field for
sNi15Al46d3 is between the values obtained for the other
samples. None of the hysteresis loops exhibits field shift due
to an exchange bias phenomenon attributable to a NiO shell
magnetically coupled to the Ni cluster core. This result is in
agreement with XAS results that indicated the absence of O
neighbors around Ni atoms.13

IV. DISCUSSION

A. Sample structural state and morphology

Under the preparation conditions used here, the Ni layers
were found to be discontinuous with Ni cluster formation.
Within the precision of our XAS analysis, the Ni clusters are
free from any O contamination. This conclusion is in agree-
ment with results of Schadet al.,14 who concluded that O
atoms are trapped by A1.

For samples containing one Ni layer, the average sizes of
the Ni clusters deduced from XAS, GISAXS, and HRTEM
are approximately the same, i.e., from 1.5 to 3 nm. The dif-
ferences in size are due to the varying detection sensitivity of
each technique that detects different objects.15 Large grains
dominate the GISAXS pattern, whereas XAS is very sensi-
tive to the smallest grains. HRTEM also indicates that some
small clusters are isolated and others are close one to an-
other. Furthermore, GISAXS detects that these gathered clus-
ters are separated by average distances of about 5.6 nm,
whereas the small isolated clusters are randomly distributed
in the horizontal plane. Combining XAS, GISAXS, and HR-
TEM, a crude picture of the arrangement of the clusters
within one Ni layer is proposed in Fig. 8, where the surface
not covered by Ni particles is exaggerated for the sake of
clarity. Small clusters are represented, some of them ran-
domly distributed, others are close and located at an average
distance of 5.6 nm. In the zones where Ni clusters are very
close, they can interact magneticallysby dipolar interactiond
in accordance with the measuredMr /MS ratio. Thus, the
magnetic size is larger than the geometrical size. Indeed, the
fit with the Langevin function gives a magnetic diameter
about 10 times that given by XAS, GISAXS, or HRTEM.
The fit with the Langevin function provides sizes and diam-

FIG. 6. Hysteresis loops for sNi15Al83d3 at different
temperatures.

FIG. 7. Comparison of hysteresis loops recorded at low temperature for the three samples.
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eter distributions of superparamagnetic particles resulting
from the dipolar interaction between smaller grains. It should
be noted that the average diameters for the three samples
given by XAS are similar and that the magnetic sizes for
sNi15Al0d1 and sNi15Al83d3 in the superparamagnetic regime
are also similarsTable IIId. Hence we will assume that the
crude picture of the Ni cluster arrangement proposed for one
Ni layer stwo types of magnetic grains: small isolated clus-
ters and large particles resulting from close interacting clus-
tersd is also valid for the samples containing three Ni layers.

B. Magnetic behavior

The thermomagnetic curves indicate that the samples are
made of two populations of magnetic grains with different
sizes, in agreement with the crude representation of Fig. 8. It
is tempting from theTb andT’ values to deduce the volume
values,V, through the relationKV=25kBTb, whereK is the
anisotropy constant. Yet it has been demonstrated16,17 thatTb
is strongly dependent on the interparticle distance. In addi-
tion, the anisotropy constant of small clusters could be very
different from the bulk value.15

We now compare the magnetic behavior of samples made
of similar clusters and particles. Two samples were made of
three Ni layers in one case and a single Ni layer in the other
case. Our XAS analysis showed that Ni is surrounded only
by Ni atoms in samplessNi15Al0d1 and sNi15Al46d3, whereas
Ni is surrounded by Ni and some Al atoms in sample
sNi15Al83d3. This difference is likely to be related to the value
of pair during the postoxidation treatmentsTable Id. The role
of pair on the magnetic behavior of samplesNi15Al83d3 was
considered in our previous study.7 Yet the new data reported
here led us to consider other parameters as discussed in the
following.

The MMA for the samples at low temperaturesTable IIId
is smaller than that of bulk Ni. A similar result has been
observed in other clusters, whatever the material, Ni or Co,
and for different matrices such as AlN, ZrN, and Ag,4,7,15and
was interpreted as being due to a magnetic dead layer of
thicknesst at the cluster surface. This thickness can be cal-
culated from the diameter,D, given by XAS, the measured
MMA, and the MMA for bulk, MMAbulk, through the
formula15

t = sD/2df1 − sMMA/MMA bulkd1/3g.

Here one findst=0.14 nm in agreement with the estimates
of Ref. 15 between 0.1 and 0.2 nm. It was shown that a layer
of Al2O3 is terminated by Al atoms and not by O ones.18 This

result agrees with what is observed in samplesNi15Al83d3.
Hence, the Ni atoms located at the cluster surface can expe-
rience a hybridization of theird electrons withs andp elec-
trons of Al, leading to the magnetic dead layer.

Since the samples had similar grain sizes, it is surprising
to find different Curie temperaturessTable IIId. The influence
of the interlayer exchange coupling onTc has been studied
theoretically19 and compared to experimental data for 0.73
nm Ni layers separated by AusRef. 20d demonstrating that
fluctuations in the spacer thickness induce a depression inTc
as compared to the value for no coupling provided that the
spacer thickness,x, is larger than about 1 nm. For smaller
spacer thickness, both calculations19 and experiments20 show
an increase ofTc. Although the order of magnitude of theTc
modification is larger in our case, it could be an indication of
interlayer coupling in samplessNi15Al83d3 and sNi15Al46d3.

Similar local peaks to those observed forsNi15Al83d3 and
sNi15Al46d3 have also been seen in the descending hysteresis
loop branches in iron films deposited on Sis111d and on
Ws100d, where the singularities have been explained in terms
of vicinal surfaces and competing anisotropies in a continu-
ous film21 and intralayer AF coupling between
nanodomains,5 respectively. Such considerations, however,
may not be readily applied to our samples since, at tempera-
tures higher than approximately 80 K, their magnetic behav-
ior is superparamagnetic and not ferromagnetic, as in the
works quoted above. Our interpretation of the observed pe-
culiar magnetization curves is presented below. Note that
before experiencing this decrease, the cycles reached a satu-
ration value comparable to that for thesNi15Al0d1 sample
sFig. 7d.

Let us, as an example, consider the first quadrant of the
magnetization cycle measured at 80 K for sample
sNi15Al83d3, plotted in the top panel of Fig. 9. In order to
qualitatively explain the observed singularities based on the
above considerations, we propose a model in which the mag-
netic system consists of two types of single-domain Ni grains
that, under certain conditions, could be coupled antiferro-
magnetically. Similar models have been considered in Refs.
5,6. The two types of single-domain Ni grains are of differ-
ent size, the larger, more “stable” ones of volumeVA and the
smaller, more “unstable” of volumeVB with, for simplicity,
VA=10 VB.

At sufficiently high temperatures, bothA andB grains are
superparamagnetic. Their magnetization curves, for the non-
interacting case, can be described by Langevin functions.
The dashed and dotted curves in Fig. 9sbd are examples of
such functions. A schematic illustration of the evolution of
the magnetic moment orientations as a function ofH is given
in the same panel, where the directions of the magnetic mo-
ments are represented by black and gray arrows forA andB
grains, respectively. The number of arrows is considered to
be proportional to the volume fractions of the magnetic
phases. For the sake of simplicity of the figure, the evolution
of the smaller grain’s magnetization orientations is shown
only since the mean direction of the larger ones does not
change drastically withH. In the low field range, the thermal
activation dominates the magnetic state of the system and its
magnetization is simply the weighted average of the two

FIG. 8. Crude picture of the clusters in one Ni layersad top view
and sbd cross section.
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Langevin functions. We now assume that fields higher than
800 Oe are sufficient to make a few of the smaller grains
more stable. For some grains, the AF coupling is thus “trig-
gered” and, assuming for simplicity that there are onlyA-B
effectively coupled pairs, their magnetic moments are anti-
parallel, thus leading to a decrease of the total magnetization.
This is schematically demonstrated in Fig. 9sbd by means of
the switch of the gray arrows asH is raised up to,1000 Oe,
for which all mB moments are orientated opposite to the ad-
jacent mA moments. Further increase of the magnetic field

can yet again lead to parallelA-B moment orientations
through the spin-flopping, characteristic for antiferromag-
nets.

Our interpretation is based on the fact that some moments
could be coupled antiferromagnetically. Note that the process
is initiated for differentH in sNi15Al83d3 andsNi15Al46d3. We
recall that the differences betweensNi15Al83d3 and
sNi15Al46d3 are the Al spacer thickness and the pressure dur-
ing the postoxidation process, respectively, 10−3 mbar and
3310−3 mbar. Since samplesNi15Al0d1 has also been depos-
ited under 3310−3 mbar but does not display the negative
differential magnetization, this parameter is not pertinent.
One notices thatsNi15Al83d3 and sNi15Al46d3 are made of
three Ni films whereassNi15Al0d1 is made of one Ni film
only. Hence it is reasonable to consider magnetic interlayer
interactions as responsible for this AF coupling. An indica-
tion of such a coupling is given by theTc evolution as dis-
cussed above. In addition, the thinner the spacer, the smaller
the applied magnetic field for which the coupling takes
place. In stacks made of Ni81Fe19/Al2O3 layers, Stanciuet
al.22 showed that for an Al2O3 spacer thickness of 3.1 nm,
there is no longer dipolar coupling between the metallic lay-
ers. Coupling between layers could be of a
Ruderman-Kittel-Kasuya-Yosida23 sRKKY d type, or due to a
pinhole in the spacer. A calculation by Qianget al.24 of the
RKKY interaction between two Co clusters of 141 atoms
embedded in a Cu matrix displays the usual oscillatory be-
havior versus the distance,d, between them witha the cou-
pling constant nearly vanishing ford about 4 nm. Because of
the Al spacer thickness in our samples, these hypotheses are
not likely. However, in a system of isolated Co grains of
diameter 4 nm embedded in SiO2, Sankaret al.25 showed the
existence of regions antiferromagnetically aligned that are
separated by a distance of 55 nm, i.e., much larger than the
Al thickness in our samples. Another possibility is to con-
sider correlated roughness between successive interfaces, as
was done in Ref. 26.

The assumption of two populations of interacting mag-
netic grains having different sizes is in agreement with ther-
momagnetic curves. It also explains the difference between
the size-distribution functionssnot shown hered of the
samples estimated from the Langevin fittings. The mean size
ands values are smaller for the sample with three Ni layers
sTable IIId. This can be qualitatively understood by consid-
ering that if two grains are coupled, the larger one, due to the
interaction with the more unstable smaller grain, will behave
as a more unstable one as well. Consequently, theA-grain
size estimated from the fit of the magnetization curve will be
smaller than the actual one. Similarly, aB-type grain will be
sensed as a larger one by the fit, since it will be effectively
more stable, as compared to the noninteracting case, thus
effectively decreasings. Yet at this step, whether the two
interacting populations are those we have called the clusters
as being theB grains and the particles as being theA ones is
not fully demonstrated. Since this is the interlayer interaction
that is responsible for the coupling, the role of the spacer
thickness, respectively, 4.6 nm and 8.3 nm, might be pre-
dominant because it fixes a specific distance between the two
populations of magnetic grains, whereas within a layer the

FIG. 9. RepresentativesT=80 Kd magnetization curve vs exter-
nal field for samplesNi15Al83d3. sad Experimental datasthe line is a
guide to the eyed. sbd Schematic diagram giving the magnetic mo-
ment orientations at different points on the curve expected during
their reversal as a function ofH according to the model described in
the text. The spin orientations are represented by black and gray
arrows, corresponding to theA andB grain magnetizations, respec-
tively. The number of arrows is proportional to the volume fraction
of each magnetic phase. The dashed and dotted curves give the
Langevin functions corresponding to noninteracting grains of types
A andB, respectively.
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grain organization is random. Note that when the interacting
grains are in contact as in Ref. 27, the interaction has a FM
character.

The reason for having two different magnetic size scales
for the Ni grains has not been clarified, yet. The Al grains
could play a role, since they induce a certain roughness. In-
deed, Al grains observed on a TEM cross sectionsFig. 10d
have a quite regular lateral size of about 20 nm. This size
compares well with the size of the larger magnetic domains.
In this case, we can imagine that besides a large number of
“isolated” particles, there are more dense ferrocoupled do-
mains on the flat top of the Al grains.

V. CONCLUSION

We have studied the structural and magnetic properties of
small Ni clusters prepared by a layer-by-layer deposition
technique. Thanks to a post-oxidation treatment after each
layer deposition,7,8,14 and because the Ni layers are thin
enough, clusters are formed sandwiched between AlOx in an
Al matrix.

The main goal of this paper was to present the very un-
usual local minima and maxima in the first and third quad-
rants of the magnetization curves for both increasing and
decreasing applied magnetic fields. These minima and

maxima have been observed in the three-layer systems and
not in the sample with one Ni layer. This phenomenon is
interpreted as due to an AF coupling between two popula-
tions of Ni grains, belonging to different Ni layers separated
by specific Al thickness and having different sizes and hence
different behaviors when submitted to the applied magnetic
field. The proposed model leads to a magnetization curve in
good qualitative agreement with the experimental one, de-
spite the simplifications.

To reach a better understanding of the coupling between
the Ni layers, the role played by several parameters has to be
investigated. The roughness, especially if it is correlated
from one layer to the other, could be of importance.26 Among
the other parameters, one may quote the nature and thickness
of the magnetic material as well as of the spacer.
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