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Abstract. Thin films of the giant magnetoresistive granular CoFe-AgCu system prepared by rf sputter-
ing displayed a great variety of domain-like microstructures with a net out-of-plane component of the
magnetization for ferromagnetic volume concentrations above about 0.25. Therefore, magnetic percola-
tion takes place at ferromagnetic concentrations much lower than the physical percolation threshold. The
out-of-plane structure of the as-deposited samples in magnetic virgin state consisted of a distribution of
both quasi-circular domains and short stripes depending on the ferromagnetic content. Furthermore, these
samples present high metastability and a variety of remanent in-plane and out-of-plane microstructures
can be achieved as a function of the magnetic history. Besides, the evolution of the magnetic microstruc-
ture yields strong training effects on magnetotransport properties, due to the extra contribution of the
electron scattering at the domain walls. All in all, the observed behavior is the result of a subtle correlation
between perpendicular anisotropy produced by residual stresses, exchange interparticle interactions due
to CoFe alloyed in the matrix, and dipolar interactions. Thus, as high structural evolution occurs through
annealing, the features of randomly distributed ferromagnetic particles are recovered and, the out-of-plane
domain structures and the training effects disappear.

PACS. 75.70.Kw Domain structure (including magnetic bubbles) — 75.70.Pa Giant magnetoresistance —

75.60.Lr Magnetic aftereffects

1 Introduction

Nanoscaled structures have generated continuous inter-
est in the past few years. In particular granular alloys,
consisting of a distribution of ultrafine ferromagnetic par-
ticles dispersed in a non-magnetic metallic matrix, have
been widely studied because of their giant magnetoresis-
tance [1,2] (GMR). Besides, many experimental, theoret-
ical and numerical simulation studies have been devoted
to the understanding of the in-plane to out-of plane reori-
entation phenomena of the domain structures observed in
thin films [3-9]. These phenomena are a consequence of
the balance between perpendicular anisotropy, exchange
and magneotostatic energies. These three contributions
may be present in granular alloys, thus, these materi-
als also show a wide range of domain-like magnetic mi-
crostructures [10]: large in-plane ferromagnetic domains,
out-of-plane up and down stripe domains and a variety of
intermediate states consisting of a distribution of quasi-
spherical domains surrounded by a continuous background
of opposite magnetization. Nevertheless, the manner in
which that balance takes place is still an open question.
It is then of interest to establish both the mechanism re-
sponsible for the ferromagnetic interactions among parti-
cles and the origin of the perpendicular anisotropy.

? e-mail: amilcar@ffn.ub.es

Furthermore, although granular and continuous thin
films share similar domain structures, two main differences
are worth noting: on the one hand, it is possible in granular
alloys to stabilize either in-plane or out-of-plane configu-
rations depending on the magnetic history, while in con-
tinuous thin films this reorientation only occurs by vary-
ing the film thickness. On the other hand, granular alloys
show large metastability, which determines the complex
training effects observed in both magnetic and transport
properties [11,12].

In this paper, the domain structures appearing in
CoFe-AgCu granular alloys below the volume percolation
threshold are studied. Special attention has been paid to
the dependence of these domain structures on the mag-
netic history, as well as their contribution to the training
effects in magnetotransport properties, associated with
the extra contribution to electron scattering at the do-
main walls [13]. The correlation between the physical mi-
crostructure and exchange interactions is also discussed.

2 Experimental

CoFe-AgCu films 200-300 nm thick were rf sputtered onto
glass substrates. Fe and Cu were added to the widely
studied Co-Ag system, for various reasons: Fe was added
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to Co in order to increase the magnetic moment and, con-
sequently, the magnetoresistance effect [14], while a small
amount of Cu (about 3% by volume) was added to in-
crease the Co-Ag immiscibility, which leads to a granular
system even for as-deposited samples, obviating substrate
heating or post-deposition annealing. A variety of samples
with ferromagnetic (FM) CoFe concentration, -, rang-
ing from 0.10 to 0.40 were prepared. The relative CoFe
concentration was 70:30. A detailed description of the ex-
perimental procedure is given elsewhere [15]. The compo-
sition of the films was determined using energy disper-
sive X-ray spectrometry (EDX) and inductively coupled
plasma mass spectroscopy (ICPMS), with an error less
than 2 at.%. The thickness of the films was measured us-
ing a multiple-beam interferometer. Post-deposition phase
segregation was promoted by rapidly annealing (0.1 s) at
600, 650, 700 and 750 °C. The particle size distribution
and the microstructure of the films were studied by X-ray
diffraction (XRD) — 6/260 rocking curves and pole figures —,
atomic force microscopy (AFM) and transmission elec-
tron microscopy (TEM) — bright and dark field, selected
area electron diffraction (SAED) and microdiffraction —.
Magnetic force microscopy (MFM) was used to image
the microscopic pole distribution perpendicular to the
film plane. Magnetoresistance (MR) was measured by an
ac four point probe technique in the temperature range
4.2-300 K in magnetic fields up to 50 kOe. The relative
geometry of the film plane, electrical current and magnetic
field was set in three ways: i) the electrical current and
the magnetic field were parallel to the film plane (parallel
geometry); ii) the in-plane magnetic field was perpendicu-
lar to the electrical current (transverse geometry); and
iii) H was perpendicular to the film plane (perpendic-
ular geometry). Zero-field-cooled (ZFC) and field-cooled
(FC) measurements at low fields were performed with a
SQUID magnetometer, in the in-plane geometry. The time
dependence of the thermoremanence was measured at var-
ious temperatures by field cooling the sample at 50 Oe
from room temperature down to the measuring tempera-
ture and then switching off the field. Hysteresis loops were
measured with a vibrating sample magnetometer, in the
in-plane and perpendicular geometries up to 12 kOe.

3 Results
3.1 Structure. Origin of the perpendicular anisotropy

The granular nature of the samples for all the concen-
trations studied was confirmed by TEM. Both CoFe and
Ag crystals have an fcc structure with the (111) direc-
tion textured perpendicular to the film plane. Rocking
curves showed that annealing improved texture. Pole fig-
ures, 6/20 scans tilting the sample at different angles, and
SAED confirmed the (111) texture. These structural data
showed a rhombohedral distortion of the cubic cell: the
direction normal to the film plane was squeezed, while the
parallel directions were stretched. Low-temperature XRD
indicated that this axial deformation grows as tempera-
ture decreases due to the different thermal expansion co-

efficients of the substrate and the film. The positions of
the CoFe and Ag peaks were shifted from the bulk val-
ues due to the deformation caused by: i) substrate-film
stresses associated with differences of the thermal expan-
sion coefficients during deposition; ii) metal alloying; and
iii) strains arising from metal coherent interphases. The
former is a residual strain that depends on the film thick-
ness and the synthesis conditions, it is observed even for
pure as-deposited thin film samples and it is responsible
for the axial distortion of the cubic cell. The other two
deformations are isotropic. The degree of alloying may be
calculated using the Vegard’s law leading to a 2% of CoFe
diluted in the Ag matrix, for all as-deposited samples inde-
pendently of x,. The mean size of CoFe particles is about
3 nm for all as-deposited samples, independently of =z,
which is much larger than those found for as-deposited
samples of Co-Ag and CoFe-Ag (see Refs. [14,16]), pre-
pared in similar conditions. Due to the high metastability
of the as-deposited samples, a large structural evolution
occurs upon annealing. The microstructure evolves to a
higher degree of crystallinity: phase segregation and strain
relaxation take place, and the crystal symmetry evolves
to cubic. The mean size of the particles also increases: the
lower z, the lower the increase; for example, the mean
particle size is about 14(5) nm for z, = 0.33(0.10) an-
nealed at 750 °C. AFM, TEM, and SAED showed a ran-
dom distribution of CoFe particles throughout the matrix
for as-deposited samples, while during annealing particles
coalesce and twins, transparencies and Moiré fringes are
observed, suggesting the formation of large particle ag-
gregates. These large aggregates (100 nm) are shown in
bright field TEM and AFM, while dark field TEM and
XRD yield the real crystal sizes, which are one order of
magnitude smaller.

The axial distortion along the (111) texture direction
may be at the origin of the perpendicular anisotropy ob-
served for all the as-deposited samples [17,18]. The value
of this uniaxial anisotropy may be found by comparing
parallel and perpendicular hysteresis loops [19], yielding
values within 0.4-0.5 x 10° J /m3 independently of z.,
since all samples have similar thicknesses. The annealing
procedure relaxes that stress and the magnetocrystalline
anisotropy axis evolves towards the (100) axis of the cu-
bic cell. Moreover, no columnar growing was observed by
cross section TEM in the as-deposited samples.

A detailed study of both the structure and the mag-
netic anisotropy of this system may be found else-
where [20].

3.2 Low field susceptibility

The ZFC-FC susceptibility measured at 50 Oe is shown
in Figure 1 for the as-deposited samples corresponding
to three values of x, representative of the overall be-
havior. For low FM concentrations (i.e., zy = 0.12), the
typical features associated with a narrow distribution of
small particles are observed. However, the fact that the
FC curve is flat below the blocking temperature suggests
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Fig. 1. Zero-field-cooling and field-cooling magnetization as a
function of the temperature measured at 50 Oe for z, = 0.12,
0.25, 0.33 as-deposited samples.

some freezing due to interparticle interactions. At inter-
mediate concentrations (i.e., zy = 0.25), the ZFC curve
broadens and shifts to higher temperatures; the ZFC and
FC curves become progressively temperature-independent
above the temperature of the ZFC peak; and the mag-
netic irreversibility extends up to 300 K. At high concen-
trations (i.e., v = 0.33), ZFC-FC display FM-like be-
havior: the FC curve is almost flat and the ZFC curve
increases steadily with temperature as the random distri-
bution of the magnetic moments of the particles is aligned
along the field direction. Taking into account that struc-
tural data [20] indicate that the mean particle volume, the
width of the distribution and the degree of CoFe-matrix
alloying is almost independent of the FM concentration,
the ZFC-FC curves clearly evidence that magnetic correla-
tions increase with x,. Thus, although the system is gran-
ular for all the concentrations studied (the volume perco-
lation threshold is about 0.50-0.55), magnetic correlations
among particles are high enough to induce collective FM
behavior above z, ~ 0.25, when the mean interparticle
distance is below ca. 1.5 nm. It is worth noting that non-
interacting CoFe particles of the given anisotropy energy
and mean particle size should be superparamagnetic above
ca. 10 K (Ref. [21]), which further supports the relevance
of interparticle interactions even in those samples with low
FM concentration (see Fig. 1 for 2, = 0.12).

Through annealing, CoFe segregates completely, while
those FM particles surrounded by other FM particles
grow, leading to both large magnetic aggregates and iso-
lated particles. At soft annealing there is only a slight
increase in the magnetic irreversibility, while the shape of
the curves remains the same. In contrast, at high annealing
the ZFC susceptibility is almost flat and it is dominated
by the large aggregates, while the FC curve steadily in-
creases as temperature decreases and it is dominated by
the isolated particles (see Fig. 2).
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Fig. 2. The same as Figure 1 for z, = 0.25 annealed at 600 °C
and 750 °C.
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Fig. 3. Effective distribution of energy barriers for x, = 0.12,
0.15, 0.19 as-deposited samples. In the inset, a detail of the
Tn(t/70) scaling for the same samples, with 7o = 107 s
and temperatures ranging within 5-190 K, is displayed. All
relaxation curves were measured in the time window ranging
from 1 minute to 1 hour.
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3.3 Magnetic relaxation

In order to elucidate the role of the CoFe alloyed with
the matrix in the appearance of magnetic correlations
among particles, the time dependence of the thermorema-
nent magnetization was analyzed in terms of the T'In(t/79)
scaling [22]. This scaling yields a single relaxation curve
corresponding to the lowest measuring temperature (5 K).
The results of this procedure for as-deposited samples with
zy = 0.12, 0.15, 0.19 are shown in the inset of Figure 3.
It is evident from these data that FM correlations in-
crease with increasing x,, as already suggested by low
field susceptibility, which is related only to the decrease
in the interparticle distance, since the size distribution
of the FM particles is almost xy-independent. It is then
suggested that indirect FM exchange interactions among
particles propagate through the matrix, being aided
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Fig. 4. 5 pmx 5 pm MFM images of the virgin state for the
following as-deposited samples: (a) zv = 0.28, (b) =, = 0.33
and (¢) zv = 0.40. 5 pmx 5 pm MFM images of the remanent
state after the application of 10 kOe perpendicular to the film
plane for the same as-deposited samples: (d) z, = 0.28, (e)
zy = 0.33 and (f) =, = 0.40.

by the CoFe diluted in the matrix. This conclusion is fur-
ther supported by the effective distribution of energy bar-
riers, obtained from the time logarithmic derivative of the
scaled curves [23], which are shown in Figure 3. These
distributions broaden and shift to higher energies as x
increases, which can be explained by the progressive de-
velopment of FM exchange interactions, instead of being
attributed to dipolar interparticle interactions since the
latter are overall demagnetizing for a random distribution
of fine FM particles.

3.4 Magpnetic force microscopy

In this section, the study of the magnetic microstructure
at room temperature by MFM as a function of both the
FM content and magnetic history is discussed. Below ca.
zy = 0.25, the MFM images do not show any additional
contrast with respect to the AFM images, indicating that
no long-range domain structure with an out-of-plane com-
ponent is formed. However, for z, > 0.25 a large variety
of domain-like structures with a net out-of-plane compo-
nent of the magnetization arranged in an up and down
manner are observed. That concentration is the same at
which the low field susceptibility data indicate that mag-
netic correlations develop throughout the whole system,
even at room temperature.

The MFM images corresponding to the as-deposited
samples for x, = 0.28, 0.33, 0.40 are shown in Figure 4.
No external field was applied to the samples previous to
recording the images labeled as (a), (b) and (c) in Fig-
ure 4 (virgin state). A well defined up and down domain
structure develops with increasing z,: i) for =z, = 0.28,
the out-of-plane component is very weak but an alternate
magnetic orientation is already evident (Fig. 4a); ii) for
z = 0.33 the MFM signal is larger and corresponds to
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Fig. 5. Ratio of the perpendicular anisotropy to magnetostatic
energies as a function of x, for as-deposited samples.

a distribution of both quasi-circular domains and short
stripes (typical size of 200 nm) of the same magnetic polar-
ity, surrounded by a quasi-continuous background of op-
posite magnetization (Fig. 4b). The smooth transition be-
tween black and white regions (grey areas) corresponds to
large reorientation domain walls; iii) for , = 0.40, the do-
main structure is better defined with sharp transitions be-
tween up and down regions (see Fig. 4c¢). As x, increases,
magnetic domains evolve progressively from an in-plane
to an out-of-plane structure with increasing length of the
striped domains. The latter is consistent with the energy
argument that compares the perpendicular anisotropy and
the magnetostatic energies [6]: if K, /2rM2 > 1, where
K| is the perpendicular anisotropy and Mj is the satu-
ration magnetization, a bubble structure appears, while if
this ratio is less than one, the stable structure is a striped
one. In our case, this value is always less than one and de-
creases monotonically with x, (Fig. 5), increasing the sta-
bility of the stripe domain structure (see Fig. 4b and 4c).

The domain structures observed in the virgin state
can be strongly modified by magnetic history, reaching
a great variety of long-life remanent states depending on
the magnetic processes previously followed by the sample.
Even for the sample with x, = 0.28, for which the vir-
gin state corresponds to most of the magnetization lying
in the film plane, the application of a magnetic field of
10 kOe perpendicular to the film plane leads to a stripe-
like domain structure, after removing the external applied
field (Fig. 4d). The MFM signal increases by a factor 5 in
this remanent state with respect to the virgin one. This
characteristic remanent state with a striped structure is
attained for the whole range of FM concentrations studied
above x, = 0.25, whenever the latter magnetization pro-
cess is carried out (see Figs. 4e and 4f). The MFM signal
and the width of the stripes increase with z,. The mean
width is about 100 nm, 120 nm and 140 nm, for z, = 0.28,
0.33, 0.40, respectively, suggesting the increase in the FM
correlations. The contrast between up and down domains
improves, suggesting that the magnetization is almost out-
of-plane in the core of the domains and that the domain
walls become narrower. No preferential orientation of the
elongated domains is observed since the magnetic field has



V. Franco et al.: Evidence of domain wall scattering in thin films of granular CoFe-AgCu 47

Fig. 6. 5 pmx 5 pm MFM images of remanent states after
different magnetic processes for z, = 0.33 as-deposited sample:
(a) virgin state; (b) after cycling a field of 10 kOe perpendic-
ular to the film plane; (c) after cycling 10 kOe parallel to the
film plane. The values of the resistivity corresponding to these
remanent states are also given.

been applied perpendicular to the film plane. After per-
pendicular demagnetizing cycles are performed (maximum
field of 10 kOe) elongated domains coalesce due to domain
wall motion and labyrinthine stripe domains some microns
long are formed (Fig. 6b). In contrast, parallel demagne-
tizing cycles largely reduce the out-of-plane component of
the magnetization and big shapeless FM in-plane domains
of about 1 micron are observed (Fig. 6¢). This structure is
metastable and slowly evolves to the virgin state (Fig. 6a)
(in about 1 month), while the out-of-plane configurations
seem to be stable for much longer periods (over one year).
The MFM signal (see scan lines in Ref. [11]) increases
about two orders of magnitude when going from the re-
manent state after in-plane saturation (Fig. 6¢) to the
remanent state after out-of-plane saturation (Fig. 6b) —
the maximum deflection angle of the cantilever increases
from 0.1° to 7.5° — Moreover, when the magnetisation
of the tip is inverted, the negative of those MFM images
with strong signal is obtained (black and white regions are
clearly exchanged). All these facts support our assumption
that Figure 6b images an out-of-plane domain structure
rather than a field gradient associated with the domain
walls of a magnetic structure lying mostly in-plane. On the
contrary, in those images that we attribute to in-plane do-
mains, the amplitude of the noise is not much lower than
the signal itself.

Consequently, in discontinuous granular alloys it is
possible to reach those remanent states with a domain
structure either in-plane or out-of-plane depending on
magnetic history, which is not the case for continuous thin
film samples, in which, at the present film thickness (200
300 nm), a striped structure of similar width to the present
case is always obtained [3]. A more detailed study of the
dependence of the remanent states on the magnetic his-
tory for z, = 0.33 may be found in reference [12].

The annealing process rapidly reduces the out-of-plane
component of the domain structure, leading to large in-
plane FM domains at high annealing, as a consequence of
the particle clustering shown by TEM and AFM. How-
ever, even soft annealing that only slightly modifies the
ZFC-FC curves (Figs. 1 and 2) produces a large decay
in the MFM signal, which is tentatively attributed to the
rapid segregation of the CoFe alloyed with the matrix and
to the consequent decrease in the indirect FM exchange
interactions through the matrix among CoFe particles.

3.5 Transport properties. Training behavior

The great variety of magnetic microstructures and the as-
sociated metastable effects observed in these granular me-
dia cause complex transport behavior due to the scattering
processes at the domain walls, which leads to strong train-
ing effects: transport and magnetic properties evolve with
magnetic history. These training phenomena are even de-
tected at low z, contents (z, 2 0.15), where the magnetic
interactions are weak and the system displays classical
GMR, and become the determinant factor of the magneto-
transport properties for concentrations above x, =~ 0.30,
when long range correlations develop. These effects are
observed only for as-deposited samples, in agreement with
the disappearance of the domain structure in the annealed
samples.

The dependence of the transport properties on the
magnetic history for as-deposited samples with 0.3 < z, <
0.5 was investigated. In these experiments, MR was mea-
sured in the parallel, transverse and perpendicular geome-
tries. The MR loops have a different shape depending on
the current field geometry, but a double peak structure is
always observed (Fig. 7) due to bimodal behavior, which
is related to the in-plane and out-of plane contributions
of the domain microstructure to the magnetization [10].
The inner peaks correspond to all the irreversible con-
tributions, such as domain wall motion and those aris-
ing from granularity (isolated FM particles and uncom-
pensated moments of the antiparallel arrangement), while
the outer broad maxima are attributed to the progres-
sive rotation of the out-of-plane component of the stripe
structure towards the field axis. There is also a third con-
tribution at intermediate fields arising from the CoFe al-
loyed in the matrix, giving place to an anisotropic mag-
netoresistance (AMR), which is responsible for the slight
increase in MR at fields of a few hundred Oe in the paral-
lel geometry (Fig. 7a). There is thus a complex interplay
between: i) the GMR contribution arising from the gran-
ularity, which is always negative and dominates at low
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Fig. 7. Repeated cycles of the MR loops at room tempera-
ture for . = 0.33 as-deposited sample originally at the virgin
state, measured in three different geometries: (a) parallel; (b)
transversal and (c) perpendicular. The numbers indicate the
sequence in which the data have been recorded.

fields; ii) the AMR contribution, which is positive in the
parallel geometry and negative in transversal and perpen-
dicular ones, and which is relevant at intermediate fields;
iii) the MR contribution coming from the scattering at the
domain walls [13], which is also negative in all geometries
and significatively contributes at fields above 1 kOe.

This overall behavior is consistent with the main fea-
tures of the corresponding hysteresis loops: the inner peaks
occur at the coercive field (about 100 Oe) and the outer
peaks occur at the field at which irreversibility disap-
pears [10,24]. Both the hysteresis loops and the MR curves
for annealed samples display the typical features of a dis-
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Fig. 8. Two complete cycles of the hysteresis loop of the mag-
netization at room temperature for xy = 0.33 as-deposited
sample originally at the virgin state.

tribution of FM particles, showing classical GMR, and no
bimodal behavior [1,2].

An example of the training behavior starting from the
virgin state is shown in Figure 7 for the as-deposited sam-
ple with z, = 0.33 at room temperature for the three
geometries. The difference in the shape of the curves in
the parallel and perpendicular geometry is a direct con-
sequence of the demagnetizing field and the change in
sign of the AMR contribution. In the transversal geom-
etry, the outer peaks are flattened with respect to the
parallel geometry because AMR is negative. By cycling
an in-plane field of 10 kOe in the parallel and transversal
geometries (Figs. 7a and 7b), the magnetic order of the
system increases due to the reduction in the total surface
of the domain walls (larger domains sizes); consequently,
the resistance of the system is reduced. After a certain
number of cycles (3-9) the system is trapped in a long
live metastable state and training effects disappear. After
24 hours at zero field a similar state to the original one is
recovered and the training behavior may be reproduced.
However, by cycling a magnetic field of 10 kOe perpendic-
ular to the film plane (Fig. 7¢), smaller training effects are
observed, and a more stable state than that correspond-
ing to the virgin one is rapidly achieved. Training effects
are no longer observed when magnetic cycles are repeated.
These results are consistent with the fact that the MFM
images of the remanent state after in-plane magnetic satu-
ration, evolve slowly to the original virgin state, while the
MFM images after application of a perpendicular field are
the same one year later. In addition, the shapes of the
MR curves are slightly modified, smoothed or roughened,
by the sweeping rate of the field, so that more cycles are
necessary to attain the long life metastable state when the
field is swept rapidly.

The hysteresis loops of the virgin samples display sim-
ilar training behavior. In Figure 8, the hysteresis loops
obtained by cycling an in-plane magnetic field twice are
shown, suggesting the reduction in the magnetic irre-
versibility as the domain size increases and the total sur-
face of the domain walls decreases.

A direct evidence of the extra contribution due to the
scattering at the domain walls may be gained by measur-
ing the resistivity of the samples at zero field after differ-
ent magnetic histories that lead to the variety of domain
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structures observed by MFM. We show in Figure 6 the
MFM images at H = 0 for z, = 0.33, in the virgin state
and after perpendicular and parallel demagnetizing cycles
are performed, also indicating the corresponding values of
the resistivity measured in those three remanent states. It
is evident from Figure 6 that resistivity decreases as mag-
netic domains grow and the total surface of the domain
walls is reduced. Therefore, the lowest resistivity values
are obtained for the remanent states after parallel cycling,
in which large and irregular-shaped in-plane domains are
present (Fig. 6¢), while the highest one is measured in
the virgin state (Fig. 6a) for which the mean domain size
is much smaller. Intermediate resistivity values are found
when a well-defined out-of-plane striped structure is ob-
served after perpendicular cycling (Fig. 6b), because the
elongation of the domains along the stripe direction de-
creases the domain wall contribution, even though the
width of the elongated domains is practically unchanged
with respect to that observed in the virgin state.

4 Discussion

Similar domain structures to those observed in
CoFe-AgCu for x, > 0.25 have been reported in pure
Co thin films prepared by different methods [3-6,13].
In those materials with strong perpendicular anisotropy,
these domain structures have been attributed to the
competition between wall and shape energies. An out-
of-plane configuration of the magnetization does not
minimize the magnetostatic energy, which tends to
keep the magnetic moments in the film plane. However,
Kittel [25], based on energy arguments, predicted that
for thickness greater than a critical value a reorientation
transition from in-plane to out-of-plane would occur.
This critical thickness is about 30 nm for pure hcp Co
films [3]. Moreover, depending on the thickness of the
Co films a diversity of domain structures either in-plane
or out-of-plane have been found experimentally: in-plane
domains with vortex structure [5,26]; perpendicular
stripes [3,27,28]; and complex domain structures with
closure domains [28,29]. Similar microstructures have also
been found by numerical simulation of a bidimensional
Heisenberg system with perpendicular anisotropy and
competing dipolar and exchange interactions [8,9,30].
However, the comparison between the experimental
results for continuous thin films and the numerical results
must be taken as tentative, since the numerical model
does not include the domain wall energy along the
perpendicular direction.

It is then clear that out-of-plane domain structures will
appear in discontinuous granular magnetic films due to the
interplay between perpendicular anisotropy and dipolar
and exchange interactions.

The origin of the perpendicular anisotropy observed
in the as-deposited samples is related to substrate-film
stresses produced by the rapid quenching during deposi-
tion, as has been reported for a great variety of thin film
systems [17]. For example, an axial deformation of about
0.01% of a hexagonal cell is enough to induce dominant

magnetoelastic uniaxial anisotropy [18]. In CoFe-AgCu
granular alloys, typical values of the deformation of about
0.6% are found [20]. An indirect evidence of the correlation
between substrate-film stresses and uniaxial perpendicu-
lar anisotropy is the fact that, as soon as annealing relaxes
strains, the anisotropy evolves to the (100) cubic axis.

Long range dipolar interactions are an intrinsic fea-
ture of systems constituted by a random distribution of
small particles and they are responsible for the magne-
tostatic energy in continuous media. Granular thin films
share both contributions, and their relative importance
related to mean interparticle distance, which is monitored
by z.

In these alloys, FM exchange interactions among par-
ticles occur since the size of the domain structures is
much larger than the typical size of the CoFe particles.
This FM exchange is tentatively attributed to direct ex-
change through the surface of neighboring particles and
indirect exchange through the matrix aided by the 2% of
CoFe atoms diluted in the matrix for as-deposited sam-
ples. Then, as the FM particle distribution is narrow, the
mean size is nearly the same for all as-deposited samples
and the degree of alloying is constant with z,, the mean
interparticle distance is reduced by increasing x .. When it
is below about 1.5 nm at z, = 0.25, FM interactions are
strong enough to develop long range domain-like struc-
tures. This degree of alloying is similar to the values re-
ported for other granular alloys [31].

It has been shown that as-deposited samples display
large metastability, it being possible to achieve in-plane
or out-of plane configurations as a function of magnetic
history. However, those remanent states with an out-of
plane component of the magnetization seem to be more
stable than the virgin states, probably since the latter cor-
responds to non-equilibrium state due to the rapid quench-
ing during deposition. This metastability is also at the ori-
gin of the training behavior observed in magnetotransport
properties, through the extra contribution to the electron
scattering at the domain walls. Since this metastable be-
havior is more extreme than in continuous thin films, it
is suggested that it may be related to the role of defects,
non-epithaxy and grain boundaries, which act as pinning
centers. As a consequence, both out-of-plane and in-plane
remanent states can be stabilized for a given value of z
and the film thickness, which is not the case for continuous
thin films.

The annealing procedure destroys the out-of-plane
configurations and the system behaves as classical FM
material, due to the segregation, growing and clustering
of the particles, leading to large in-plane domains.

5 Conclusions

Although CoFe-AgCu alloys are granular in nature below
the percolation threshold, they show for z, > 0.25 some
characteristic features of continuous systems, such as out-
of-plane domain-like structures. This indicates that mag-
netic percolation takes place at concentrations much lower
than physical percolation (z, = 0.50 — 0.55). However,
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the granularity of the system affects the overall behavior,
and for example no discontinuity suggesting the nucleation
of magnetic bubbles is observed in the hysteresis loops at
high perpendicular fields since domain inversion does not
take place continuously, in contrast to Co thin films [3].
Furthermore, the granularity of the system also leads to
the training effects observed in both magnetic and trans-
port properties. All these features suggest that granular
alloys displaying long-range domain-like structures share
some features of both continuous and discontinuous thin
films.

Finally, the extra contribution to the magnetoresis-
tance coming from the scattering at the domain walls has
been clearly evidenced by studying the resistivity of the
samples in a variety of remanent states, and the varia-
tions in the resistivity values have been correlated to the
domain microstructures observed by MFM. It is thus con-
cluded that the resistivity decreases as the total surface
of the domain walls is reduced. As far as we know, this is
the first time that this extra contribution to the electron
scattering is ascertained in granular systems.
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