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Competing magnetic anisotropies in exchange coupled bilayers with growth-induced orthogonal
uniaxial axes
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Magnetic anisotropy has been studied in YCo,/YCo, amorphous bilayers with variable thickness and
orthogonal in-plane uniaxial anisotropies of the individual layers induced in the sputtering growth. The study
of the magnetization reversal and the effective magnetic anisotropy of the bilayers has been performed as a
function of the relative strength of the competing individual-layer anisotropies by magneto-optical measure-
ments and transverse bias initial susceptibility measurements. Analysis of the results on the basis of an
analytical phenomenological model and micromagnetic simulations allows the interpretation of the observed
behaviors; it reveals the presence of a region at the interface with a strongly reduced anisotropy as well as a
nonmonotonic variation of the global effective anisotropy of the bilayer as a function of the top layer thickness.
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I. INTRODUCTION

Magnetic anisotropy is one of the fundamental physical
parameters that determine the magnetization reversal pro-
cesses in exchange coupled multilayers. These magnetic ma-
terials have been studied for a long time, both theoretically'
and experimentally,” as they present a wide variety of behav-
iors (giant magnetoresistance,® exchange bias,* enhanced in-
terfacial magnetic coupling,’ inverted hysteresis loops,® etc.)
that are interesting from a fundamental point of view as well
as for their applications in magneto-optical recording
devices.” Interestingly, the variety of behaviors observed in
exchange coupled multilayers is remarkably broadened when
there are two competing anisotropies present in the samples.
This has been recently illustrated by studies of the magneti-
zation reversal as the ratio of the different anisotropy ener-
gies is varied in coupled multilayers with exchange bias,® the
role of magnetoelastic and magnetostatic interactions in
exchange-spring multilayers,” or multilayers where in-plane
anisotropic layers are exchange coupled to out-of-plane an-
isotropic multilayers.'%!!

On the other hand, both the origin and the dispersion of
the anisotropy in polycrystalline and amorphous ferromag-
netic layers have been investigated for a long time, as its
good understanding is a fundamental issue in order to control
the magnetic behavior of the samples. Several procedures are
now well established that allow to grow thin layers with
well-defined induced magnetic anisotropy, for example, by
the application of an external magnetic field during the
growth!>!3 or by oblique-incidence atom deposition,'4-!7
where the origin of the anisotropy is related with shadowing
effects and the adatom mobility.

In this work, amorphous YCo,/YCo, bilayers with or-
thogonal in-plane uniaxial anisotropies have been fabricated
in order to study the magnetization reversal and the effective
magnetic anisotropy as a function of the relative strength of
both competing individual-layer anisotropies. Two related
physical questions have been analyzed. First, how is the defi-
nition of the growth-induced magnetic anisotropy of a layer
influenced by its growth on top of a predeposited layer with
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a different (perpendicular) magnetic anisotropy? Second, is it
possible to perform an experimental characterization and to
provide a theoretical interpretation for the effective resultant
magnetic properties of a system composed by two chemi-
cally identical layers but with their individual uniaxial aniso-
tropy axes perpendicular to each other? It also includes the
analysis of the possibility to tune the magnetic anisotropy of
the samples from high values to very reduced ones. To ad-
dress these questions, the study has been performed as a
function of the relative thicknesses of the layers, and the
magnetic anisotropy has been induced by the oblique inci-
dence of the atoms during the deposition. Experimental re-
sults as well as analytical and micromagnetic developed
models show a nonmonotonic variation of the effective an-
isotropy energy and a smooth rotation of the global easy axis
when the thickness of the top layer is increased, and they
also indicate the presence at the interface of a region with a
strongly reduced anisotropy. Furthermore, these models pro-
vide the connection between the resulting effective magnetic
properties of the composed bilayer system and those of the
individual components.

II. EXPERIMENT

The amorphous YCo, films have been grown on glass
substrates by magnetron cosputtering from pure yttrium and
cobalt targets at a sputtering pressure of 10~ mbar (with a
base pressure of the order of 10~ mbar).® Thin layers of Nb
with a thickness of 5 nm are used as buffer and capping
layers to avoid oxidation. During the deposition, the inci-
dence of the atomic flux of cobalt is normal to the substrate,
while that of the Y atoms is oblique with an angle of 36°
respect to the substrate normal. Due to this oblique inci-
dence, the amorphous YCo, films present a well defined in-
plane uniaxial magnetic anisotropy which direction is per-
pendicular to the incidence plane of the atoms,'® as it is
sketched in Fig. 1. Typical hysteresis loops with the field
applied along the easy and hard axes are shown in Fig. 2; in
the first case, the samples present a square loop with coercive
fields of the order of 20 Oe, while the loop for the field along
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FIG. 1. (Color online) Sketch of the incidence of atoms in the
deposition of YCo, layers.

the hard axis presents low remanence values and it is satu-
rated at field values around 130 Oe.

The fabrication of the bilayers is performed in several
steps. In the first one, the 5 nm thick Nb buffer layer is
deposited on the substrate and then, on top of it, the first
amorphous YCo, layer is grown with a thickness #;,=10 nm
that is kept constant along the whole series of samples. After
this deposition, the sample is rotated in situ 90° within the
substrate plane (with a precision of +5°) and then, the second
YCo, magnetic layer is grown; in this way, the oblique inci-
dence plane of the atoms is perpendicular to that of the depo-
sition of the first YCo, layer and, therefore, it is expected an
orthogonal configuration of the induced uniaxial anisotropies
of both layers. The thickness of the top YCo, layer (,) has
been varied between 10 and 110 nm. Finally, a Nb capping
layer of 5 nm is grown on top of the samples. The amor-
phous character of the samples has been verified by x-ray
diffraction, while the homogeneity of the chemical composi-
tion has been studied using x-ray microanalysis.'® This
analysis has shown a Co concentration of 66% along the
samples, with a small deviation of +2% and —2% at the
opposite edges of the large original 14X 14 mm? substrate.
In order to get a further limitation in the chemical homoge-
neity (below 1%), the magnetic measurements have been
performed in rectangular samples with 5X 10 mm? surface
that have been cut from the central part of the original de-
posited larger samples.
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FIG. 2. Hysteresis loops with the field applied along the easy
and hard axes of a YCo, film with a thickness of 100 nm.
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FIG. 3. (Color online) Transverse biased initial susceptibility
X;ﬂl versus Hy;,s for the 10 nm YCo,/10 nm YCo, bilayer.

The magnetic properties have been analyzed by magneto-
optical transverse Kerr effect (MOTKE) illuminating the
samples with white light from the top layer side; it is known
that, for Y-Co alloy films, the MOTKE signal is little depen-
dent on the light wavelength in the visible range.!® As the
light penetration depth at these wavelengths is typically of
the order of 40 nm,?° it can be considered that the Kerr sig-
nal corresponds to the whole volume of the bilayer for 7,
=30 nm, while for larger thicknesses, it corresponds mainly
with the magnetic response of the top YCo, layer.

Also, the magnetic anisotropy of each bilayer has been
obtained by transverse biased initial susceptibility TBIS X;Bl,
applying the bias field (H,;,) in the parallel and perpendicu-
lar directions to the easy axis (B8=0° and B=90°,
respectively).?! The effective easy axis has been determined
through the analysis of the behavior of the in-plane magne-
tization component that is perpendicular to the applied mag-
netic field.??

III. MAGNETIC ANISOTROPY OF YCo,/YCo, BILAYERS

Figure 3 shows the experimental results of )(,",31 as a func-
tion of H,; for the bilayer with #,=10 nm. The curves
present a very linear behavior for H;,, values larger than the
one corresponding to the minimum in each curve. Thus, the
anisotropy field Hyg can be determined from the extrapola-
tions of these linear dependences to the Hy;,, axis (as it is
indicated with the dashed lines in the figure).?! For an ideal
uniaxial sample, these extrapolations should correspond with
field values +Hy for B=0° and B=90°, respectively. The
results of Fig. 3 reveal a well-defined uniaxial anisotropy as
the intersections of both extrapolations at the Hy;,  axis are
actually rather symmetric respect to zero field (the y axis).
Slight asymmetries are usually observed in real samples, and
they can be associated with effective field contributions that
are related with the magnetization dispersion.?* Then, Hy for
each sample can be determined as the average of the two
absolute values of )@1 and Xt"glo extrapolations to the Hy,
axis.

Once the value of Hyg has been evaluated, the magnitude
of the anisotropy constant K, can be determined by just con-
sidering the experimental saturation magnetization of YCo,,
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FIG. 4. (Color online) (a) Effective anisotropy |K,.f| versus top
layer thickness f#, in the YCo,/YCo, bilayers. Inset shows the
thickness dependence of the anisotropy constant K, in the YCo,
single layers. (b) Sketch with the definition of the angle « associ-
ated with the effective anisotropy. (c) Thickness dependence of the
angle a. Sketches with the direction of the effective anisotropy are
included.

M(YCo,)=420 emu/cm?. In the case of YCo, single layers,
the thickness dependence of K, is shown in the inset of Fig.
4(a); the results present a very constant value of the aniso-
tropy K,~3X10* erg/cm?® with a slight decrease at high
thickness values. It is worth noting that the magnitude of K|,
and its thickness dependence vary with the configuration of
the Y and Co sputtering targets.'®

On the other hand, the behavior of the effective magnetic
anisotropy of the YCo,/YCo, bilayers is shown in Fig. 4.
The magnitude of the effective anisotropy |K,.g| presents a
nonmonotonic behavior as a function of the second layer
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thickness, with a minimum at 7,~30 nm [see Fig. 4(a)].
These values have been obtained measuring from the air-
sample side (similar results are obtained measuring from the
substrate-sample side). Besides, the angle « between the di-
rection of K,.;; and the direction associated with the growth-
induced uniaxial anisotropy of the bottom YCo, layer [see
sketch in Fig. 4(b)] shows a monotonic dependence [Fig.
4(c)] from a=0° (i.e., the direction associated with the
uniaxial anisotropy of the bottom YCo, layer) to @=90° (i.e.,
the direction associated with the uniaxial anisotropy of the
top YCo, layer); this last value is reached in bilayers with 7,
values larger than 40 nm. Also, the TBIS measurements at
the minimum of |K,.;| present asymmetric intersections with
respect to zero field [Fig. 5(a)]; it corresponds with a clear
increase in the remanence values in the hysteresis loops per-
formed with the magnetic field applied perpendicularly to the
K, direction [Figs. 5(b) and 5(c)]. These TBIS and rema-
nence results reveal that the sample presents a larger angular
dispersion of the anisotropy axes, and it indicates that the
effective uniaxial anisotropy of the bilayer is not so well-
defined for these 7, values.

IV. DISCUSSION AND MODELING

A. Phenomenological models with strongly coupled
magnetizations

First, in order to analyze the experimental results, the dis-
cussion can start by considering the simplest phenomeno-
logical model. As it is well known,***?% if two strictly per-
pendicular uniaxial anisotropies (K,; and K,,) act on the
same magnetization of a bidimensional magnetic system, the
Stoner-Wohlfart model predicts a resultant uniaxial aniso-
tropy with a magnitude |K,;—K,,| (being K,; and K,, the
respective magnitudes of both perpendicular anisotropies)
and a direction for the effective easy axis that is parallel to
the one of the original uniaxial anisotropy with the highest
magnitude. Then, to apply this model to the present results, it
should be supposed that the exchange interaction at the in-
terface is strong enough to align parallely the magnetization
of both YCo, layers across the whole bilayer. Thus, accord-
ing to this model and considering the smooth variation of the
experimental uniaxial anisotropy values of the YCo, layers
as a function of thickness [see inset of Fig. 4(a)], the deduced
thickness dependence of the anisotropy of the YCo,/YCo,
bilayers would correspond with the one plotted in Fig. 6. It is
evident that, although there are some general trends that are
similar to the experimental data in Fig. 4, this kind of simple
hypothesis is far of the quantitative agreement with the ob-
served results. For example, in the framework of this model,
the 10 nm YCo,/10 nm YCo, bilayer should be isotropic
and, also, the angle « of the effective anisotropy should not
present a monotonic variation with 7, but a sharp one.

For the case of strictly coupled magnetizations of both
layers, it is easy to verify® that the monotonic variation of «
with #, can only be justified if both individual anisotropies
are not strictly perpendicular, which can be caused in real
bilayers by experimental imprecision in the angular position
of the substrate holder during growth. Taking into account
this possible fact, the magnitude of the effective anisotropy
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FIG. 5. (Color online) (a) TBIS measurements in YCo,/YCo,
bilayer with 7,=30 nm. (b) Hysteresis loops measured in bilayers
with £,=10 nm and #,=30 nm for the field applied perpendicularly
to the K. direction. (¢) Reduced remanence of the hysteresis
loops measured as in (b) versus top YCo, layer thickness.

(K,efe) and its angle « with respect to the direction K,,; can
be written as®

(VKueff)2 = (Vll<ul)2 + (VZKMZ)Z + 2Vl VZKulKMZ COS(2¢) P
(1

c08(2a) = [(VK e0)* + (ViK,1)* = (VoK 2)*J2VVK oK 1
2
where ¢ is the angle between both uniaxial easy axes and

V=V,+V,, being V; and V, the respective volumes of each
layer.
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FIG. 6. (Color online) Thickness dependence of the effective
anisotropy of the YCo,/YCo, bilayers as deduced from the sim-
plest phenomenological model of two strictly orthogonal uniaxial
anisotropies acting on the whole magnetization.

Equations (1) and (2) can be summarized as
VKueff COS(2a) = VlKul + VZKuZ COS(2 5@) » (3)

where ¢ is introduced to consider a possible small deviation
of the perfect orthogonality between both uniaxial anisotro-
pies (that is, $=90°+J¢p). In order to compare with the ex-
perimental results, it is useful to particularize Eq. (3) for the
exchange coupled bilayers, becoming

Ko €08(20) (1) + 12) = Kty = Kot 1 = 2(5¢)]. (4)

Thus, if the experimental results are plotted as
K,eir c08(2a)(t;+1,) Vs 1,, a linear behavior would be ob-
tained with a slope proportional to K,,[1-2(8¢)?] and an
intersection at #,=0 of value K, #;. However, as it is shown
in Fig. 7(a), the experimental behavior does not correspond
completely with the one of Eq. (4) as the dependence for
small ¢, values is very different. Also, it is worth noting that,
if the case K, =K, is supposed, the direction of the effec-
tive easy axis in the 10 nm YCo,/10 nm YCo, bilayer
should be close to @=45°; however, the experimental result
shown in Fig. 4(c) indicates that such anisotropy direction is
still the same one of the bottom layer with a K. value
reduced to about the half of the one corresponding to the
10 nm YCo, single layer. This fact, together with the behav-
ior observed at low f, values [Fig. 7(a)], suggests a reduction
of the anisotropy in the top layers caused probably by the
presence within the layer of a region with a reduced aniso-
tropy.

To understand this reduction, it must be taken into ac-
count that the magnetic anisotropy of the top YCo, layer is
finally the result of the competition between two different
effects that act on the incoming atoms of the sample surface:
first, the already mentioned anisotropic diffusion of the in-
coming atoms induced by the oblique incidence during the
sputtering deposition that tends to align the uniaxial mag-
netic anisotropy along the direction that is perpendicular to
the incidence plane of the atoms (see Fig. 1) and second, the
exchange interaction with the atoms of the YCo, bottom
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K ef c0s(2a)(t, +1,), anisotropy term in Eq. (4), as a function of top
YCo, layer thickness. (b) Thickness #, dependence of the aniso-
tropy term K¢ cos(2a)(t;+1,) as deduced from Egs. (5a) and (5b);
inset shows a sketch of the anisotropy configuration used to model
YCo,/YCo, bilayer experimental behaviour.

layer; as the sample is rotated 90° from its original growth
position for the deposition of the top layer, the easy axis of
the first YCo, layer and, as a consequence, its magnetization
will be along the incidence plane of the atoms during the
deposition of the second YCo, layer; therefore, the exchange
interaction of the incoming atoms with the surface atoms of
the first layer will tend to induce a similar spatial distribution
in the second layer, that is, with the magnetization easy di-
rection contained on the incidence plane of the incoming
atoms. Thus, these competing perpendicular uniaxial effects
of similar character can finally result in the presence of a
region with a strongly reduced anisotropy.

Then, the simplest model to explain the results shown in
Fig. 7(a) is to consider the existence of a region which an-
isotropy is essentially zero in the first steps of the growth of
the top YCo, layer; after a certain thickness of the top layer
(finter)» the anisotropy would recover the value observed in
the YCo, single layers. A sketch of the anisotropy in such
modeling of the bilayer is shown in the inset of Fig. 7(b).
With this hypothesis, the dependence of K, as a function of
the top layer thickness #, can be written as

Kiyerr cosa)(ty + 1) = Kyt if 15 < tipgeps (5a)
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Kueff cos(2a)(tl + fz)
= Kultl - KMZ(tZ - timer)[l - 2(5(P)2]
if 15) = linter- (Sb)

Figure 7(b) shows the thickness dependence contained in
Egs. (5a) and (5b), which presents a very good agreement
with the experimental one obtained in Fig. 7(a). In particular,
in a first approximation considering K,;=K,,, the fit of the
experimental data to Egs. (5a) and (5b) results in fj,
=15 nm, K,;=K,,=10* erg/cm?’, and Sp= +5°.

B. Micromagnetic model with finite exchange coupling

Although the phenomenological model of the previous
section has allowed us to explain in a first approximation the
thickness dependence of the effective anisotropy K., it is
not complete enough to describe the smooth variation of
angle « with £, [see Fig. 4(c)]. Then, it is necessary to con-
sider a micromagnetic model of the real sample, that is,
where the exchange coupling between both layers is finite
and, therefore, the magnetization is not strictly parallel
across the whole thickness.

Thus, the real sample has been modeled by performing a
unidimensional micromagnetic analysis,’®?’ where the mag-
netization profile across the thickness is represented by a
chain of exchange coupled magnetic moments. Each of them
corresponds to one of the 100 sublayers in which the whole
sample is discretized along the thickness. The effective mag-
netic field acting on the magnetization of each sublayer has
three contributions: the exchange interaction with its next
neighbors, its Zeeman interaction with the external field, and
its uniaxial anisotropy (for the micromagnetic modeling, the
results obtained in Sec. IV A about the anisotropy are used in
the discretization). In order to calculate the equilibrium
states, the Landau-Lifshitz-Gilbert equation without preci-
sion term has been solved; the Runge-Kutta method of sixth
order and with variable integration step has been used as the
integration method. The initial state starts from a saturate
configuration with the magnetic field applied in a certain
direction (for example, the easy axis of the bottom layer)
and, then, the profile of the magnetization across the thick-
ness is calculated as the field is decreased without modifying
its direction. The equilibrium condition is obtained when the
maximum value of the torque |u,, X H| is 5X 107> times the
value of the magnetization (being u,, the unitary vector along
the magnetization). Figure 8 shows the profile of the magne-
tization across the thickness obtained when the field has been
reduced to zero for different thicknesses of the YCo,/YCo,
bilayer; in particular, the angle of the local magnetization
[6(r)] with respect to the easy axis direction of the bottom
YCo, layer (6y,) is represented for the case with parameters
A=7Xx10"erg/em,?® K, =K,,=3X10* erg/cm’®, My
=420 emu/cm?, t;,.,= 15 nm (the shady region in the figure),
and ¢=80°. For small values of the total bilayer thickness,
i.e., for #{=10 nm, the whole magnetization of the bilayer is
parallel to the easy axis of the bottom layer. On the other
hand, as the thickness of the top YCo, layer is increased, the
global magnetization rotates continuously toward the easy
axis of the second layer. The inset of Fig. 8 shows a rescaled
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FIG. 8. (Color online) Micromagnetic simulated angular profiles
of the magnetization across the thickness at H=0 for different val-
ues of the thickness #, of the YCo,/YCo, bilayer; from bottom to
top: 7,=10nm (dark blue curve), =30 nm (red curve), t,
=40 nm (black curve), ,=50 nm (green curve), /,=80 nm (cyan
curve), and #,=120 nm (pink curve). Inset shows a zoom of the
magnetization angular profile for the 10 nm YCo,/30 nm YCo,
bilayer case.

zoom of the profile of the magnetization for the 10 nm
YCo,/30 nm YCo, bilayer case; it indicates that the angular
variation of the magnetization across the thickness is actually
small (of the order of 3°), in reasonable agreement with the
strongly coupled magnetization hypothesis considered in the
analytical model of Sec. IV B. It has been checked that the
obtained profiles are independent of the initial applied field
direction.

Finally, it is worth comparing the experimental results of
the easy axis direction of the bilayers obtained by MOTKE
with the micromagnetic calculation ones, which are obtained
for each bilayer as the average value of the magnetization
angular profile represented in Fig. 8; in order to perform this
average for the comparison, only the region of the top 40 nm
of the bilayer (those closest to the sample-air interface) has
been considered as it is this fraction of the bilayer what ac-
tually contributes to the experimental signal in the MOTKE
measurements. Both kinds of results for the easy direction
are compared in Fig. 9, revealing the good agreement be-
tween them and, therefore, indicating that the model is suit-
able for predicting the smooth variation as a function of
thickness.

V. CONCLUSIONS

In summary, transverse Kerr effect and transverse bias
initial susceptibility measurements combined with phenom-
enological and micromagnetic modeling have allowed us to
determine the behavior of the magnetic anisotropy in
YCo,/YCo, exchange coupled bilayers; the uniaxial
anisotropies of the individual layers are induced by the ob-
lique incidence of the atoms during the deposition and are set
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FIG. 9. (Color online) Comparison between the experimental
(squares) and micromagnetic modeled (circles) results of the easy
axis direction of the YCo,/YCo, bilayers.

to be perpendicularly aligned to each other. The main fea-
tures of the magnetic anisotropy properties deduced from the
analysis are the following.

(a) The results reveal the influence of the previous mag-
netic order of the bottom YCo, layer on the incoming atoms
of the second YCo, layer deposited on top and, therefore, on
its magnetic anisotropy. It is manifested in the presence of a
region with a strongly reduced anisotropy at the interface of
about 15 nm in thickness.

(b) The magnitude of the effective magnetic anisotropy of
the whole bilayer presents a nonmonotonic behavior as a
function of the top YCo, layer thickness, with a minimum
for a value of about 30 nm (that is, a top layer three times
thicker than the bottom one).

(c) The direction of the effective anisotropy rotates
smoothly as a function of the top YCo, layer thickness; in
particular, it has been found that the thickness of the top
layer must be increased up to around 40 nm (that is, four
times the thickness of the bottom layer) to reach the com-
plete rotation from the bottom YCo, anisotropy direction to
the top layer one.

(d) The micromagnetic results indicate that the whole
magnetization across the thickness is actually well parallel to
the effective anisotropy direction of the bilayer, presenting
angular variations as small as 3°, in good agreement with the
presence of a coupling between the magnetizations at the
interface that is strong enough in the studied range of YCo,
layers thickness.

These experimental and modeling results evidence the in-
terest of an approach to the tailoring of magnetic properties
based on systems composed by amorphous magnetic thin
films with well-controlled magnetic anisotropies.
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