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Abstract

®

CrossMark

Equiatomic FePt in the A1 soft magnetic phase and NiggFe,o (permalloy) thin films form a
stripe-like magnetic domain structure above a critical thickness. This critical thickness is
considerably different in the two alloys and allows us to study the influence of the magnetic
coupling in the domain configuration in bilayers. Using dc magnetron sputtering techniques,
we fabricated two different sets of FePt/NiggFeyq bilayers, keeping one thickness fixed and
varying the other, and investigated the dc magnetic properties and the magnetic domain
configuration of the structure. In all cases, magnetization reversal occurred at a single coercive
field, indicating a relatively strong magnetic exchange coupling between both layers. The
observed stripe period was also consistent with a model of spring magnet-like behavior.
However, for certain values of FePt and permalloy thickness a complex nonparallel double
stripe structure was found, which may be attributed to the influence of the dipolar stray field of

the thicker layer on the stripe structure of the thinner film.

Keywords: FePt, permalloy, stripe magnetic domains, thin magnetic bilayers, magnetic

interactions

(Some figures may appear in colour only in the online journal)

1. Introduction

The magnetic properties of thin films and multilayers in which
a magnetic domain structure in the form of stripes has formed
have been investigated intensively by different experimental
groups [1-10] in the last few decades, and several theoretical
models have been proposed to explain the observed behavior
[11-16].

Precise control of the formation of stripe domains has impli-
cations from a technological point of view, for example for
spintronic and magnonic devices [17], exchange spring mag-
nets [18], tunable inductors [19] and microwave antennas [20].

The presence or absence of stripe domains is determined by
the competition between different energy terms. Contributions
to the magnetic energy, like anisotropy, shape, exchange, the

1361-6463/17/115001+10$33.00

domain wall and the Zeeman effect (for H = 0), must be taken
into account to obtain the minimum-energy configuration.
If the anisotropy has a component perpendicular to the film
plane (characterized by an anisotropy constant, K| ), a struc-
ture of non-planar domains may be formed, even if the shape
anisotropy 27 M f (M is the saturation magnetization) is domi-
nant. When the quality factor Q = K, /27 M f < 1, a pattern of
mostly parallel stripes defines regions in which a component
of the magnetization vector points alternately in opposite
out-of-plane directions. The perpendicular anisotropy can
have different origins, but is mostly determined by magneto-
crystalline, magnetoelastic or interfacial contributions. If
Q < 1, the formation of a stripe structure only occurs above
a critical thickness d;, which essentially depends on Q and

© 2017 IOP Publishing Ltd  Printed in the UK
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the exchange stiffness parameter, A. For Q ~0.3-0.4, the
critical thickness is in the range of d.; ~ 20—-40nm for Co [2,
21], amorphous Nd—Co [8, 22], epitaxial Fe;_,Ga, (x ~0.2)
[6], partially ordered FePd [3, 23] or disordered FePt films [5,
24-32]. In films with lower Q, larger values of d., are gener-
ally found, such as in permalloy (d.; ~ 200 nm) [33, 34] or
Fe—Zr-N (d.; ~ 450 nm) [35]. In a very simple approximation
the value of the critical thickness is given by twice the classical
expression for the domain wall thickness [15], d¢; ~ 27/ A/K, .
Samples that obey Q < 1 and d > d,, are often called ‘tran-
scritical’. The lateral period of the stripe structure at rema-
nence increases with film thickness following a power law
[2, 5, 11, 12], A\ ocd¥, with x ~0.5. There is also a macro-
scopic coupling between the in-plane and the out-of-plane
magnetization components that originates a pseudo-uniaxial
in-plane anisotropy, known as rotatable anisotropy [22], which
tends to align the in-plane remanent magnetization parallel to
the direction of the last applied field (if it is strong enough to
reach saturation).

The effects of magnetic interactions on the stripe struc-
ture have been studied in different systems. For example,
symmetric (Co/Pt)Ru multilayers with strong perpendicular
anisotropy can couple ferromagnetically (FM) or antiferro-
magnetically (AF), depending on the spacer thickness [36, 37].
In both cases the competition between exchange and mag-
netostatic energies modifies the stripe period and promotes
the formation of new domain structures that are not observed
in single-film stripes. Laterally modulated films are another
interesting system in which the magnetic interactions play a
major role in the characteristics of the stripe structure [8, 22].
These nanostructures are obtained by means of electron beam
lithography, starting from a single continuous film, and they
consist of periodic parallel bands of two different thicknesses,
whose period and thickness are specifically chosen to study
the competition between energy terms. Distinct regimes can
be found in which the stripe structure in different bands can
switch coherently or independently, in this last case forming
stripes rotated by 90 degrees in each band.

The large difference in the stripe period of medium and low
Q-value films can also be used to study the effects of magn-
etic interactions on the stripe structure in bilayers formed by
two FM films. The individual layer thickness of this rela-
tively simple structure can be manipulated easily to promote
the appearance of the stripe structure in one or both layers.
A detailed study of different sets of samples allowed us to
follow the evolution of the magnetic domain configuration
and characterize the influence of the magnetic interactions on
the stripe period and the critical thickness.

2. Sample preparation and structural
characterization

FePt/permalloy (Py) bilayers were fabricated by dc magne-
tron sputtering on naturally oxidized Si (100) single-crystal
substrates. The samples were deposited from 3.8cm diam-
eter FePt and NiFe alloy targets with nominal atomic com-
positions of 50/50 and 80/20, respectively. The deposition

Table 1. The individual film thickness of each bilayer in the two
series. In A, the Py was in contact with the Si substrate, while in B
the FePt was grown first. The thicknesses of the permalloy and FePt
(from [5, 25]) in the control series are also given.

Series A Series B control
Py FePt FePt Py Py FePt
d (nm)

300 10 100 10 25 9
300 20 100 100 135 19
300 30 100 200 200 28
300 40 100 300 260 35
300 50 300 42
300 60 325 49
100 100 360 56

conditions were: base pressure < 1.5 x 10~® Torr, sputtering
power 20W, argon pressure 3 mTorr, and deposition rates
vpy = 0.128(4) nm s~! and vgep = 0.204(4) nm s~'. To pre-
vent oxidation effects, all the samples were covered with
~2 nm of RF-sputtered SiO,. We grew two different sets of
samples: in series A the Py film was in contact with the sub-
strate and FePt was deposited on top of the Py, while in series
B FePt was grown first and Py was grown afterwards. Samples
of series A are labeled Pyx/FePty, while series B samples are
labeled FePty/Pyx (where x and y indicate the film thickness in
nanometers). Furthermore, a set of Py single-layer films with
thicknesses of 25 nm < d < 360 nm was fabricated for control
purposes. These films were grown with the same parameters
used for the bilayers and were also capped with ~2 nm of
SiO,. For the FePt single films, we used the results published
in [5, 25], in which the films were sputtered from the same
FePt target using similar fabrication conditions. In table 1 we
detail the individual nominal film thickness of each bilayer.
In series A the Py thickness was kept fixed at dpy = 300 nm
and 10nm < dgep; < 60 nm (except for one sample in which
both layers were 100 nm thick), while in series B dgepy = 100
nm and 10nm < dpy < 300 nm. The thicknesses were chosen
specifically to obtain a stripe structure in the fixed-thickness
bottom layer, while covering a range around d, for the top
layer. The total bilayer thickness was checked with a pro-
filometer and, on average, was coincident with the nominal
thickness to within a 6% margin.

Structural characterization of the samples was performed
using a PANalytical Empyrean x-ray diffractometer in a con-
ventional Bragg—Brentano § — 26 scan, in which 20 is the angle
between the incident and the diffracted beam. Diffractograms
were obtained using Cu K, radiation (A¢y = 0.154 18 nm).
Both FePt [31, 32] and permalloy [38] sputtered thin films
tend to grow in the disordered fcc Al crystalline phase and
when they are sputtered on top of amorphous substrates a rela-
tively strong [1 1 1] texture is generally found in the two alloys
[31, 32, 39, 40]. In figure 1 we show selected diffractograms
of samples Py100/FePt100 and Py300/FePt60 from series A,
and samples FePt100/Py100 and FePt100/Py300 from series
B. We can see that the most intense reflections correspond to
the (111) planes, indicating a strong [1 1 1] texture normal to
the film plane. We did not observe any systematic variation
in the angular position of the (11 1) reflection of the FePt and
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Figure 1. X-ray diffractograms for selected bilayers. The most
intense reflections correspond to the (1 1 1) planes of Py and FePt.
The strong Si (400) reflection corresponds to the substrate.

Py for different deposition ordering or film thickness. From
the different diffractograms we calculated the average inter-
planar distances normal to the film plane, d}¥ ; = 0.204(6) nm
and d}$"' = 0.222(4) nm, and used these values to estimate
the corresponding lattice parameters: apy = 0.353(10) nm
and apepr = 0.385(7) nm. These estimates are in agreement
with the lattice parameter measured in the control samples
and the reported values for permalloy [41] (apy = 0.355 nm)
and FePt [31, 32] (apepr = 0.3833(5) nm). It must be kept in
mind that residual stresses are always present in thin films,
producing a strain that depends on the grain orientation [31].
Note that there is an ~ 8% mismatch between both lattices,
which, in the range of thicknesses involved in this study, is
large enough to prevent an elastic deformation of the top layer
in order to match the lattice parameter of the bottom film.

In the case of FePt films, the [111] texture is quite strong.

From the diffractograms we estimated I(Flell)tl)/lgegto)> 20,

while the intensity ratio for a collection of randomly oriented

grains should be I{{11/I(s00 ~ 2. Permalloy films seem to

develop a less marked [111] texture, with an intensity ratio
of Iayll)/lgyoo)w 10, compared to Iflyl 1)/1})2)/00)'\/ 1.8 for the
random case.

3. Magnetic measurements

Room temperature hysteresis loops were measured using
a LakeShore model 7300 vibrating sample magnetometer
(VSM) capable of a maximum field of 20 kOe. Magnetooptic
Kerr effect measurements (MOKE) were performed in home-
made equipment using a red laser (A = 632 nm) with | mW
power, vertical incident polarization and a longitudinal con-
figuration. The magnetic field was applied parallel to the
film plane, with a maximum value of 4 kOe. When studying
metallic thin films, the MOKE technique probes the surface
region determined by the skin depth, which is of the order of
10-20nm in most metals [42]. This property is very useful
because it can be used to separate the magnetic behavior of
the bilayer, only analyzing the response of the top film. The

surface magnetic domain structure of the films was studied
by magnetic force microscopy with a Veeco Dimension 3100
AFM/MFM with Nanoscope IV electronics. We used medium
moment, medium coercivity magnetic MESP tips from either
Bruker or NT-MDT. As the tip was magnetized along its axis,
the force gradient normal to the film plane was detected in
all cases. To obtain the magnetic images we used the tap-
ping lift mode with a second scan separation of ~30nm and
phase detection. Images were acquired in the remanent state
(after externally saturating the samples in a 5 kOe field), or in
an applied in-plane field generated by a homemade electro-
magnet that operates in the 300 Oe range to minimize the
rotation of the tip magnetization.

3.1. DC magnetization: vibrating sample magnetometer
and the magnetooptic Kerr effect

The reported [5] critical thickness for the observation of
stripe domains in FePt films grown in the same conditions
as our samples is dffptw 32 nm. For Py, the critical thick-
ness is strongly dependent on the preparation conditions,
with the reported values [34, 43-45] being in the range of
85-200nm, but in all cases d-e'' < d%Y. The magnetic mea-
surements in the Py control series showed a stripe domain
structure for dpy > 200 nm. Fitting the stripe period /\fy as a
function of film thickness with a square-root law and extrapo-
lating this behavior to the thickness, where [15] dpy = )\fy/2,
we estimated dY = 185(15) nm. Apart from having different
critical thicknesses, the Py and FePt thin films with stripe
domains showed quite different coercivities (H CPy ~ 20 Oe and
Hf"’l)t ~ 150 Oe) and in-plane saturation fields for the align-
ment of the stripe structure (H:Y ~ 120 Oe and H:™" ~ 1200
Oe). These two properties, together with the overall shape of
the hysteresis loops, can be used to analyze the magnetic cou-
pling between both layers. As an example, in figure 2(a) we
show the individual hysteresis loops for Py300 and FePt100
samples measured in the VSM (both curves have been nor-
malized by the film area, instead of the volume, to account
for the different film thickness). If these two loops are added
algebraically, we obtain the curve of figure 2(b), which is
typical of a completely uncoupled system. Note the two-step
behavior at HY and HX*"" associated with the inversion of the
magnetization in each individual layer. The actual M versus H
curve of the corresponding bilayer sample measured with the
VSM is shown in figure 2(c). We can see that the loop shape of
the bilayer is considerably different from that of figure 2(b),
indicating a simultaneous reversal of both films, related to
the presence of magnetic coupling. The effects of magnetic
coupling on the loop shape as a function of the top FePt film
thickness in series A (Py = 300nm) are shown in figure 3. We
present in parallel the same samples measured by VSM and
MOKE (which only senses the top 10-20nm) to stress the dif-
ferences that appear when the top layer thickness varies. For
drepr < dffpt ~ 30 nm, the FePt layer magnetization follows
the behavior of the bilayer closely, which is dominated by the
bottom Py film (see figures 3(a)—(c)), while from dpep, = 40
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Figure 2. (a) Hysteresis loop for Py300 and FePt100 control
films. The magnetization was multiplied by the film thickness to
account for the different contribution of each layer. (b) Normalized
numerical addition of the curves in (a). (c) Normalized hysteresis
loop of the bilayer FePt100/Py300 measured with the VSM. The

. : . FePt
inset shows the same curve in an extended range, with H > H;©".

nm the MOKE and VSM data start to show that there are two
different saturation fields for the bottom and the top layers
(figures 3(d)—(f)), which reach considerably different values
for drepr = 50 and 60 nm. On the other hand, the coercive field
of the top film is very similar to that of the bilayer, indicating a
simultaneous magnetization reversal. This result is somewhat
unexpected and suggests that there is a change in the magnetic
coupling mechanism of the bilayer when the top film thick-
ness is above the critical value, dff P

In figure 4(a) we show the coercivities of the bilayers
of series A as a function of the FePt thickness. It can be
seen that approximately the same coercive field is found
using the VSM and the MOKE techniques. Note, however,
that the corresponding coercive field for a single FePt film
in the region d > dffpl is three—fives times larger than the
one observed in the bilayer. This again is an indication of
the different magnetic reversal mechanism of FePt when it
is in contact with Py. In the case of the bilayers of series
B a single-step magnetization versus field curve was also
observed. The coercive field tends to be reduced when the Py
thickness increases, as can be seen in figure 4(b). In addition,
the coercive field of the top layer is coincident with that of
the bilayer, except for in thinner Py films, where somewhat
smaller values were found in the MOKE experiments. The

coercivity of the reference Py film is much smaller than that
of the bilayer for d < dfry and converges to the bilayer values
for thicker Py layers.

The exchange spring magnet (ESM) model [46] can be
used as a simple approach to consider the effects of interlayer
coupling in our bilayers. This model describes the effects
of interlayer exchange interactions between soft and hard
magnetic films, which are characterized by exchange stiff-
ness A, anisotropy K, thickness d and domain wall thickness
6 = wJA/K. The model predicts that when the soft layer is
thinner than a critical value, d\ ~ &, = w\JA/K), (&, is the
domain wall thickness of the hard layer), it couples rigidly
to the hard layer and the system rotates as a whole when a
magnetic field is applied. In this situation we can estimate the
average coercive field of the bilayer from the individual layer
thicknesses and coercivities,

drepcH S (drept) + dpyHY (dpy)

(He) ~
¢ dFePt + dPy

€))

The predicted coercivities from equation (1) are plotted as a
dashed line in figures 4(a) and (b). The overall experimental
behavior is in general well described in both series of bilayers,
but discrepancies are observed in series B for dpy > dvy.
Using the parameters for the FePt A1 phase [5], we estimated
d" ~25 nm, and so we did not expect a uniform reversal in
most of the bilayers. It must be also remembered that this
model applies when the hard layer is totally pinned and the
reversal of the soft layer occurs by coherent rotation, which
is not the case in the samples that present a stripe structure.

3.2. Magnetic force microscopy

We observed a stripe domain structure in all the studied
samples, with the exception of control single Py films with
dpy < 135 nm. Magnetic images acquired in the remanent state
are shown in figure 5. In the bilayers of series A for dpep; < 40
nm the stripe structure is very similar to that of the Py300 ref-
erence sample, consisting of almost parallel stripes with very
few bifurcations and a stripe half-period A;/2 ~ 300 nm that
increases slowly with the FePt thickness, as can be seen in
figure 6(a). For dgep; > 40 nm we found a double stripe struc-
ture that resembled ‘fern leaves’ composed of almost parallel
domains (wavelength A\/2 ~ 300 nm), which could be associ-
ated with the Py layer, and more disordered stripes of shorter
wavelength that were oriented at different angles, around £45°
with respect to the vertical direction. The two different periods
for dpepy > 40 nm were decomposed using the filtering option
from the FFT tool of the WSxM package [47] and were also
plotted in figure 6(a) with open symbols. The larger period
stripe structure decreases its value, reaching approximately the
period for a 300nm single Py film. The FePt-like stripes show
periods that are somewhat larger than those of the reference
films of the same thickness. The nonparallel double-domain
structure is a clear indication of an interaction between Py and
FePt layers that overcomes the rotational anisotropy of the
FePt film and prevents a parallel alignment of the two stripe
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Figure 3. Hysteresis loops for the series A samples (Py300/FePtx), measured using VSM and the magnetooptic Kerr effect.
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Figure 4. Coercive field as a function of (a) FePt film thickness for dpy = 300 nm (series A) and (b) Py layer thickness for dg.p; = 100 nm
(series B), as obtained from the VSM and the MOKE measurements. As a reference, we also show the coercivities of single FePt [5] and
Py films. The dashed curves were obtained from equation (4). The vertical dotted lines separate the regions of planar and stripe domains for

single films.

structures. For this series of samples we would have expected
changes in the stripe structure starting from the bilayer
Py300/FePt40, because dffpt ~ 32 nm. In figure 5 no clear evi-
dence of a short period domain structure can be observed in the
remanent state for this sample. However, we will show later
that when a magnetic field is applied, a stripe domain structure
related to FePt can be detected for fields above a critical value.
The nonparallelism of the two stripe structures for dgep; > 40
nm can be explained if, in addition to the interlayer exchange
interaction, we consider the dipolar stray field originated by
the Py stripe structure. We should keep in mind that the struc-
ture of parallel domains generates stray fields perpendicular
to the stripe direction. If we call x the in-plane coordinate

perpendicular to the stripes and z the out-of-plane coordinate,
it is possible to arrive at the following set of equations for the
stray field in the case of strong stripe domains [37]:

H. = 2M, In [ cosh(2mz/\g) — sin(Qmx/ ) ] ’

cosh(2mz/ ) + sin(2mx/Ay)
H, = 47wM, arctan [cos(2mx/\g)/sinh(27z/\)] .

2

The model assumes up and down domains with vanishingly
small domain walls. It predicts a periodic variation of both
components of the stray field in the x-axis. The stray fields
obtained from equation (2) should be taken as an upper bound
for the case of weak stripe domains, where closure domains
tend to reduce the stray field. From the hysteresis loops of Py
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the corresponding critical thickness (dotted vertical lines). The dashed lines correspond to a square root dependence model of the stripe

period with the total bilayer thickness.

films of 300nm it is possible to estimate an upper bound for
the perpendicular component of the magnetization, M, ~ 250
emu cm . Using equation (2) we estimated a maximum stray
field of Hy(z = 0) ~ 5000 Oe at the position of the domain wall
and H,(z = 0) = 0 at the center of the stripe. For z = 60 nm the
maximum field is reduced to H,(z = 60 nm) ~ 300 Oe. Even
if we average the H, component in a semiperiod we obtain
(Hy(z = 0)) ~ 1150 Oe and (H,(z = 60 nm)) ~ 190 Oe. These
stray field values are of the order of the rotational anisotropy
of FePt [5] films, so that one could expect a partial rotation

of the FePt stripes in the direction of H, due to the dipolar
interaction. In the case of the films of series B (lower panel of
figure 5) stripe domains are observed for all the samples. For
relatively thin Py layers the stripe period increases gradually
with the Py thickness and for dpy > dfry a sharp increase is
observed (see figure 6(b)), which is associated with the forma-
tion of a stripe structure in the Py layer. Note that even in the
case of a 100nm Py film (dp, < dfry ) covering a 100nm FePt
layer a stripe structure is observed, which indicates that in
the remanent state the Py film tends to copy the FePt domain
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structure. As can be seen in figure 6(b), the stripe period of
this sample is almost identical to the reciprocal bilayer Py100/
FePt100, evidencing the fact that the deposition order of the
films does not influence the magnetism of the bilayer.

Figure 6 shows that the stripe half-period of both series of
films presents a discontinuity at the critical thickness for the for-
mation of stripe domains in the top layer. If we assume that in
the low thickness region the bilayer responds as a unique film,
the stripe period as a function of the bilayer thickness can be
described using the Kooy [11] or Murayama [12] models, which
predict a square root variation of the period with film thickness,

%: aod. 3)

Kooy’s model describes the observed experimental behavior

12
better [5], with a constant a,g ~ [Wzﬁ (1 + 1+ é )] that

s

can be obtained from parameters that are already known. Using
our own data (M5 = 1050 emu cm 3, K7 = 1.5 x 10°
erg cm >, MY = 800 emu cm 3, K®Y = 0.14 x 10° erg cm?)
and reported values for the A constant of FePt [4] and Py [48],
we estimated o’ ~ 7(1) nm"? and g™ ~ 6(1) nm'?. By fit-
ting the thickness dependence in figure 6 with a square root
law (equation (3)), we obtained o ~ 6(1) nm'? for series A
and ag ~ 3.9(7) nm"? for series B. Although we had a rela-
tively small number of samples for the fitting, it is clear that in
both series of bilayers the stripe period increases when the total
thickness is increased, suggesting that for d < d., the two films
are coupled and behave as a single film. In a strongly coupled
bilayer with varying film thicknesses, equation (3) must be
applied with care because the oy value depends on the relative
quantity of each component. For series A one would expect an
g parameter closer to the value of aOPy (because the bilayer is

mostly made of Py), which is gradually reduced by the propor-
tional contribution of o}, For series B an oy closer to afyF
is expected. We have indeed found that the experimentally
obtained values are (within error) consistent with the predicted
behavior. When applying theoretical models for single films it
is important to consider that the thickness entering into equa-
tion (3) is not necessary equal to the bilayer thickness d if the
magnetic coupling does not propagate to the whole volume.
At this point one might question the origin of the magnetic
structure we are observing with the MFM. Is it coming from
top film, from the added contribution of both films, or from the
coupled bilayer as a whole? The question does not have a single
easy answer, because it depends on the individual layer thick-
ness and the interlayer coupling. As the MFM senses the stray
fields above the film surface it is necessary to analyze how they
are modified in the case of a magnetic bilayer. As a general rule,
these stray fields from the magnetic domains extend a distance
that is approximately equal to the domain size in the air above
the surface [49, 50]. In the case of the bilayers of series A, the
300nm Py film is covered with a ferromagnetic FePt film with
a relative permeability much larger than 1. Using finite element
analysis software, we estimate that a uniformly magnetized
layer of 40nm of FePt with the relative permeability obtained

from the measured magnetization curve would reduce the ver-
tical component of the permalloy stray field due to the stripe
structure by a factor of more than 20. In the first five images
of figure 5 there is no significant reduction of the MFM signal,
which may be taken as an indication that the top FePt film is
exchange coupled to the Py layer and tends to copy the under-
lying domain structure of the Py film. This is consistent with the
VSM and MOKE hysteresis loops of figures 3(a)—(d), which
indicate a similar magnetic behavior for the bilayer and the top
FePt film, and also with the discussion concerning the increase
in the stripe period with the total bilayer thickness. Similar find-
ings were reported for YIG/Fe bilayers, where it was shown that
a sufficiently thin Fe layer (d < 20nm) deposited on top of a
YIG film that displays stripe domains tends to copy the under-
lying magnetic structure. Thicker Fe films switch to an in-plane
configuration, because the magnetostatic energy overcomes the
interlayer exchange [51]. In our case, when dgep; > 40 nm, the
FePt thickness is larger than d'c'", and this layer tends to form
a second stripe structure. However, as already discussed, there
is competition between the interlayer exchange and the dipolar
stray field originated by the underlying Py stripe structure,
which favors the orientation of the short period FePt-like stripe
structure at an angle of ~ 45°.

The interlayer magnetic coupling in the bilayers with
a double stripe structure is also tested by acquiring MFM
images with applied magnetic field. The idea of this study
is to determine the field dependence of the two stripe struc-
tures. To obtain the images, we apply the maximum avail-
able field in the negative direction, set the field to zero, and
then apply positive fields that are changed manually in dis-
crete steps every 100 scan lines. In figure 7 we show the
MFM data for the three series A films with d > 40 nm. In the
Py300/FePt40 sample no significant changes occur at rela-
tively low fields. For H > 160 Oe the Py-like stripe structure
disappears and a faint low-period disordered stripe structure
can be observed. Note that this structure cannot be detected
in the remanent state and it only becomes visible when
the bottom Py film is completely aligned in the film plane.
A similar behavior is found in the Py300/FePt50 and
Py300/FePt60 bilayers, but in these samples a some-
what larger field is required to saturate the Py-like stripes,
ny <200 Oe. The short period stripes, which at low applied
fields are at ~45° to the Py-like stripes, gradually align to
the direction of H for H >ny. Note also that in the low
field region (20 Oe <H < 50 Oe, coincident with the coer-
cive field of the bilayer) there is a rotation of the short period
stripes by approximately 90°. Analyzing this behavior, it is
possible to understand the VSM and MOKE results shown
in figure 8 (and sketched in the inset) better. In the rema-
nent state the Py-like stripe structure remains parallel to the
direction of the last applied field due to the rotational aniso-
tropy. The short period FePt-like stripes are not parallel to
the underlying stripe structure because of the presence of
a perpendicular component of the dipolar magnetic field.
When the coercive field of the bilayer (H,) is reached, the
in-plane magnetization of the Py-like structure rotates by
180°, but the perpendicular component remains unaltered.
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Py300/FePt40

Py300/FePt50

Py300/FePt60

H, ~ 200 0

Figure 7. MFM images of the series A samples (dp; > 40 nm) for different applied magnetic fields. We indicate the approximate field where
the Py-like stripe structure is no longer observed with H;. The coercive fields are H. = 34, 39 and 44 Oe for FePt of 40, 50 and 60 nm,

respectively.
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Figure 8. First quadrant of the hysteresis loops of Py100/FePt50 and Py100/FePt60 measured using the VSM and MOKE techniques.
We indicate the in-plane saturation field for the Py-like and FePt-like stripes. The inset is a toy model of the field dependence of the in-
plane magnetization direction of the Py (large arrow) and FePt (smaller arrows) layers. The black/gray indicates the presence/absence

of an out-of-plane component.

This reversal is accompanied by a rotation of the in-plane
magnetization of the FePt layer. Note that the VSM and
MOKE curves have almost the same coercivity for both
bilayers. Increasing the applied field produces the in-plane
alignment of the bottom layer (indicated with a gray arrow in
the sketch) and the gradual rotation of the short period stripes
to the direction of the magnetic field at HY, coincident with
the values found from the MFM images with applied field
(see figure 7). If the magnetic field is further increased, the
magnetization of both layers finally aligns parallel to H with
a zero out-of-plane component (gray arrows in figure 8).

We also test the effects of rotational anisotropy on the
interaction between the two stripe structures by applying
the magnetic field perpendicular to the initial direction of
the stripes. We make these measurements using vectorial
VSM (which can measure the magnetization component
parallel and perpendicular to the applied field) and MFM. In
figure 9(a) we show the magnetization curves for the Py300/
FePt50 sample obtained after saturating the bilayer in a
field of 5 kOe in the y-axis, setting the field to zero, rotating
the sample by 90°, and measuring both components of the
magnetization. It is observed that M, decreases relatively
slowly until H~ 40 Oe, and then a fast reduction occurs.
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Figure 9. (a) First quadrant of the hysteresis loops of Py100/FePt50 measured with vectorial VSM. The sample was saturated in the y-axis,
rotated 90°, and measured with the field applied in the x-axis. The MFM images were acquired following the same protocol. (b) and (c)
5 x 5 pm scans, with the fast scan axis in the horizontal and vertical directions, respectively. The magnetic field was changed after every

100 scan lines.

M, increases almost linearly until the rotational field of the
permalloy layer H foyt ~ 60 Oe is reached (as can be seen in
figure 9(b)), where it changes the slope and continues to
increase approximately linearly until nyw 160 Oe. Note
that complete magnetic saturation of the bilayer occurs for
fields of the order of 1000 Oe. These results indicate that part
of the principal stripe structure remains parallel to the ini-
tial direction, while a component of M, which is not aligned
with H, rotates to the field direction. Similar results were
recently reported for FegyGayg thin films [7], and were attrib-
uted to the reorientation of the closure domains in the direc-
tion of the applied field. The linear variation of M, may be
interpreted as a rotation of the magnetization vector away
from an easy axis defined by the stripe direction. As seen in
figure 9(b), the double stripe structure seems to rotate rigidly
towards the magnetic field direction for H > 60 Oe, more-
or-less coincident with the sharp decrease in M, observed
in figure 9(a). The permalloy magnetization aligns in-plane
with the external field, causing the disappearance of the
Py-like stripes for H fy > 160 Oe, and only the short period
stripes are left (see figure 9(c)), coincident with the field,
where a change in slope is seen in figure 9(a). We make the

same VSM measurements for the rest of the series A films
and observe a smooth increase of H', and H®Y (figure 9(d))
with the FePt thickness, again indicating that the interlayer
interaction modifies the domain configuration and the magn-
etic anisotropy constants.

4. Conclusions

Analyzing two different sets of magnetic bilayers composed
of films that can present stripe magnetic domains of different
characteristics, we show that dipolar and exchange-like
magnetic interactions must be considered in order to explain
the observed magnetic behavior. When the top magnetic
layer is thin enough, the bilayer essentially responds as a
single film with average magnetic parameters. However,
when both layers are thicker than their critical thickness, a
complex double stripe structure is observed, caused mostly
by dipolar interactions. The ability to control the geometry
and periodicity of this peculiar stripe structure would open
up the possibility of using it to obtain new functionalities in
magnetic films for applications in spintronic and magnonic
devices.
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