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In this work, we report the magnetic properties of sputtered Permalloy (Py: NigyFe,o)/molybdenum
(Mo) multilayer thin films. We show that it is possible to maintain a low coercivity and a high
permeability in thick sputtered Py films when reducing the out-of-plane component of the
anisotropy by inserting thin film spacers of a non-magnetic material like Mo. For these kind of
multilayers, we have found coercivities which are close to those for single layer films with no
out-of-plane anisotropy. The coercivity is also dependent on the number of layers exhibiting a
minimum value when each single Py layer has a thickness close to the transition thickness between
Neel and Bloch domain walls. © 2011 American Institute of Physics. [doi:10.1063/1.3647768]

INTRODUCTION

The properties of magnetic materials for sensor applica-
tions must follow some general requirements like the linearity
of the hysteresis loop, a high permeability, and a low coercive
field.! Permalloy (Py: Fe,oNigp) is a well known magnetic
material characterized by its low saturating (Hx ~ 5 Oe) and
coercive fields (Hc ~ 1 Oe) and can be grown with low inter-
nal stresses and nearly zero magnetostriction.” These proper-
ties make Py a very interesting material for different
applications, like anisotropic magnetoresistance sensors,’
magnetic recording heads,* or flux concentrators for MEMS.
Properties like permeability or linearity of the hysteresis loops
can be controlled by growing Py as a sputtered multilayer with
alternating perpendicular anisotropies.® However, for thick-
nesses over 180 nm, sputtered Py films develop perpendicular
anisotropy (induced by the columnar morphology of the sput-
tered films) and these magnetic properties degrade notably.?
Both coercive and saturating fields are nearly 10 times bigger
than those measured for thinner films. There are other growth
techniques such as rapid quenching in which it is possible to
obtain thick magnetic layers without out of plain anisotropy
due to the absence of columnar morphology. However, those
techniques do not allow to control essential properties like the
magnetic anisotropy axis. In addition, the quality and structural
properties of sputtered multilayers are desired in applications
that need to integrate magnetic films on micro- or nanodevices.
Therefore, the possibility of having thick sputtered Py films,
while maintaining a low coercive field and a high permeability,
would be of great interest in many applications. In this work,
we study the magnetic properties of multilayer Py films with
molybdenum spacers grown by magnetron sputtering.

EXPERIMENTAL DETAILS

Py/Mo multilayers were deposited by DC magnetron
sputtering on thermally oxidized Si substrates with an Ar
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pressure of 1.5x 10 >mbar and a deposition power of
100 W. These conditions have been chosen in order to mini-
mize the stress induced during the growing process.” Base
pressure was lower than 10°° mbar, and the distance from
target to substrate was about 15 cm. The growing rates were
0.14 and 0.03 nm/s for Py and Mo, respectively. A vibrating
sample magnetometer (VSM) and a magnetic force micro-
scope (MFM) were used for the magnetic characterization of
the samples, which was carried out at room temperature.

RESULTS

A single Py layer of 125nm was grown to analyze the
magnetic characteristics of a sputtered Py thin film. This
thickness is below the critical value from which a perpendicu-
lar magnetic anisotropy is developed. Figure 1 shows the
VSM hysteresis loops measured at different angles («=0°,
45°,90°) between the applied magnetic field and the easy axis
of the in-plane magnetic anisotropy. The figure shows that the
single Py layer has an anisotropy field of about 25 Oe and a
coercive field of 0.6 Oe in the hard axis and 1.5 Oe in the easy
axis. The resulting anisotropy, K = 1200 J/m>, corresponds to
an exchange correlation length of 180nm. This Py sample
was deposited using a sputter beam with an angle of incidence
of about 25 degrees. Then, this film exhibits a magnetic ani-
sotropy that is induced in the direction of incidence beam,
being parallel to the intersection between the incidence and
the substrate planes (Figure 1, inset) as described in previous
works. %10

Samples with Py thicknesses of 125, 250, and 375nm
were grown in order to study the effect of the layer thickness
on magnetic properties. Hysteresis loops for these samples are
shown in Figure 2. The films develop an increase in the coer-
civity and saturating field when increasing the thickness. The
shape of the magnetization curves reveals a change in the mag-
netic anisotropy from an in-plane anisotropy, for the thinner
samples, to an out-of-plane anisotropy for the thicker samples.

Due to the “columnar” nature of the films growth, the
thicker the sample is, the higher the perpendicular anisotropy
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FIG. 1. (Color online) Hysteresis loop of a Py single layer with a thickness
of 125 nm, measured at o =0° (filled circles), « =45° (filled triangles), and
o =90° (empty squares) between the applied magnetic field and the direc-
tion of the easy axis.

induced.”'" At a certain thickness, this anisotropy makes the
magnetization have a component perpendicular to the sur-
face, and the sign of this magnetization component alternates
from one domain to the next in order to reduce the magneto-
static energy. As a result, thick layers need much higher
fields to saturate the in-plane hysteresis loops (~100 Oe)
(Figure 2(c)) than thin films (Figures 1 and 2(a)). Coercive
fields also increase with thickness measuring values around
25 Oe for thicknesses above 180nm.> MFM measurements
show a stripe domain pattern that proves the existence of an
anisotropy component perpendicular to the sample plane
(Figure 3).

In order to break this perpendicular anisotropy, thin Mo
interlayers were introduced in the structure. The thickness of
the Mo spacer was chosen large enough to avoid any
exchange coupling between the Py magnetic layers. To check
that, we grew a Py(125nm)/Mo(10 nm)/Py(125nm) trilayer.
The anisotropy axis in the Py layers is in the in-plane direction
being perpendicular to each other (Figure 4, inset). This ani-
sotropy configuration is achieved by controlling the direction
of the incidence beam. First Py layer is deposited with
the sample holder in one fixed position and then it is rotated
90° before growing the second Py layer as described in
previous works.>? Due to the symmetry the hysteresis loop
(Figure 4) is similar in the two perpendicular anisotropy axis
of this sample and it can be considered as the addition of two
loops, one for the easy axis and another for the hard axis. This
agrees with two Py layers magnetically isolated with inde-
pendent magnetic processes.

Figure 5 shows the magnetic behavior of a Py/Mo multi-
layer consisting in 4 Py layers of 62.5 nm for a total Py thick-
ness of 250nm. If we compare the loop for this Py/Mo
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FIG. 3. (Color online) MFM image of the magnetic stripe domains in the Py
single layer sample with a thickness of 375 nm.

multilayer with that for a single Py layer with the same total
thickness (Figure 2(b)), we observe that the multilayer has
lower saturating and coercive fields. Moreover, Hx and H¢
are even lower than those measured for the single Py layer
with a lower thickness (Figure 1). These values and the
shape of the hysteresis loop indicate that we have actually
broken the perpendicular anisotropy.

The influence of the number of layers on the coercive
field of Py/Mo multilayers with a total constant Py thickness
of 250 nm is shown in Figure 6. These coercive fields were
obtained from hysteresis loops recorded with the magnetic
field applied in both the hard and easy axis direction. In these
multilayers, the anisotropy axis is in the plane and it has the
same direction in every layer. As the total Py thickness is
constant, the increase in the number of layers is associated to
a decrease in the thickness of each Py layer. These Py layers
are separated by Mo spacers with a constant thickness of
10nm each. Results show a decrease in coercivity when the
number of layers increases from 4 to 8, which is associated
to a change in the domain wall structure from Bloch to Neel
walls. In the 8 layers sample, the thickness of each Py layer
is t,, =30 nm. The transition between Neéel and Bloch walls
in Py occurs at a thickness around 50nm, Neel walls for
layers below this thickness and Bloch walls for layers above
this thickness. Then, it is expected that the sample with 4
layers has Bloch-type domain walls while the sample with 8
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FIG. 2. (Color online) Hysteresis loops at the easy
(filled circles) and hard axis (empty squares) of the
in-plane magnetic anisotropy, for Py single layers
of (a) 125, (b) 250, and (c) 375 nm, respectively.
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FIG. 4. (Color online) Hysteresis loops of a trilayer Py (125nm)/Mo
(10nm)/Py (125 nm) with perpendicular anisotropies, measured at two per-
pendicular directions corresponding to the in-plane anisotropy axis of the Py
layers. Inset: Schematic representation of the anisotropy configuration of the
trilayer.

Py layers has Neel-type domain walls. Neel type walls are
wider than Bloch walls so the pinning with defects is
expected to be lower and thus the measured coercivity.

Multilayers with more than 8 Py layers show an increase
of the coercivity as the number of layers increases. This
result is in contrast with the effect of thickness in Py single
layers where other authors have found a decrease in the coer-
civity with the decrease of the layer thickness in the range
between 30 and 7nm.'? In the case of our multilayers, it is
necessary to consider two new effects when comparing with
Py single layers: the magnetostatic coupling between domain
walls in different layers and the increase in the number of
boundary surfaces. Neel walls may induce quasi-domain-
walls in the contiguous coupled layer due to the magneto-
static coupling, and so, domain wall dynamics is affected by
them.'*'* Quasi-domain walls are not moved by the applied
field so they hamper the free displacement of the coupled
domain walls. In addition, a large number of boundaries
between Py and Mo contributes also to increase the surface
effects on coercive field. These two effects explain the
increase of coercivity when the Py thickness layer is
reduced. In any case, all measured coercive fields were
below 2 Oe, which are much lower than those measured for
the single 250 Py film (Hc ~ 20 Oe).
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FIG. 5. (Color online) Hysteresis loops of a Py/Mo multilayer with 4 Py
layers recorded with the applied magnetic field in both the easy (filled

circles) and the hard axis (empty squares) of the in-plane magnetic anisot-
ropy. The total Py thickness is 250 nm.

J. Appl. Phys. 110, 083910 (2011)

2.0
—e— Easy axis
151 —o— Hard axis
)
0. 1.0
IO
0.5
0

5 10 15 20 25 30 35
Number of layers

FIG. 6. (Color online) Coercive field of Py/Mo multilayers with a total Py

thickness of 250nm as a function of the number of Py layers. Hysteresis

loops were recorded with the applied magnetic field in both the easy (filled

circles) and the hard axis (empty squares) of the in-plane magnetic
anisotropy.

CONCLUSIONS

In this work, we show that it is possible to reduce the
perpendicular anisotropy component in thick sputtered Py
films by introducing Mo spacers. We have found a minimum
coercivity for these Py/Mo multilayers when the Py thick-
ness is close to the transition between Neel- and Bloch-type
walls. The increase of the coercive field in multilayers with
Py layers below this transition thickness has been related to
the DWs magnetostatic interaction as well as surface effects.
The possibility of maintaining in-plane anisotropy on sput-
tered Py/Mo multilayers with a total Py thickness higher
than 180 nm allows us to keep low coercive and saturating
fields. The coercivities are 1 order of magnitude lower than
that measured in single Py films with the same thickness.
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