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Abstract Three-layer nanostructured films Fe, Nijgo_,/Cu/Fe,Nijgo_r (x = 50, dpeni
= 40 uM; dcoy, = 5 HM) consisting of Fej sNig s alloy layers separated by Cu layer
were obtained by layers-by-layers vacuum condensation at the pressure of 10~* Pa.
Magnetic hysteresis loops of three-layer films were obtained using a vibration mag-
netometer. Magnetic hysteresis loops obtained in transverse geometry have an almost
rectangular shape with sharp magnetization reversal. The magnetization reversal of
the films completely changes in the magnetic field range with induction of —25 to
25 mT for freshly condensed films and —30 to 30 mT for thermostabilized films.
The rectangular hysteresis contour is typical for single-layer films of ferromagnetic
metals and alloys based on them and indicates the presence of an axis of easy magne-
tization in the sample plane. Magnetization in the direction perpendicular to the film
plane shows the effect of a strong demagnetizing field. After thermal stabilization of
the films, the dependence does not change significantly, except for an increase in the
residual magnetization and coercive force (more pronounced hysteresis).
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32.1 Introduction

Currently, an intensive study of the physical properties of new film materials is being
carried out in connection with their wide practical use as functional elements of
instrument structures [ 1-8] and protective coatings [9—18]. The study of magnetically
inhomogeneous film materials (multilayer structures, granular films, composites,
etc.) made it possible at the end of the twentieth century to discover a number
of important magnetoresistive effects—giant magnetoresistance (GMS), tunneling
magnetoresistance (TMS), colossal magnetoresistance, etc. [19-23].

Multilayer film systems based on permalloy (Py) and copper, in which spin-
dependent electron scattering is realized, are widely used as effective magnetic field
sensors, digital magnetoresistive memory devices, automotive electronics, biomed-
ical technologies, etc. But despite this, there is a need for further search and experi-
mental study of film structures that would satisfy additional requirements (minimum
dimensions, high sensitivity, high reproduction samples, etc.). Also important is the
task of predicting the behavior of the electrical and magnetoresistive properties of
multilayer systems with a change in the thickness of the metal layers, structure,
temperature, and external magnetic field. The solution to such problems is possible
only under the condition of using an integrated approach to the study of the physical
properties of film systems.

The purpose of this work is a comprehensive study of the magnetic structure and
magnetic parameters of magnetic three-layer films based on permalloy and copper.

32.2 Experiment Details

Investigated samples with a thickness of 5-100 nm were obtained by evaporation and
condensation in the vacuum chamber of VUP-5 M (at the pressure of 10~* Pa). The
films were condensed onto a glass substrate with pre-applied copper contacts with
a substrate of chromium at room temperature. The rate of precipitation of the alloy
was @ = 0.5-1 nm/s. Three-layer films consisting of Fe( sNig 5 alloy layers separated
by Cu layer were obtained by layers-by-layers condensation. The construction of
the lining holder allowed to receive two film samples in one cycle with a different
thickness of the copper layer and with similar thicknesses of the alloy layers. For
measuring their electrical resistance, the geometric dimensions of the films were set
by windows in the nichrome foil mechanical masks, which made with high accuracy.

The percentage composition of the film was determined by x-ray microanalysis
with an energy dispersive spectrometer (EDS).
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32.3 Results and Discussion

To establish the relationship between the magnetoresistance of three-layer films with
a change in their magnetic structure, a study was made of the domain structure of
the films Fey sNig s/Cu/Feg sNig s/S with simultaneous measurement of the magne-
toresistance of the films. To observe the domain structure of the films, the magneto-
optical Kerr effect was used, which consists of rotating the plane of polarized light
reflected from the surface of a magnetized ferromagnet by a certain angle ¢ of the
plane of polarization. Due to the differences in the angles of rotation of the plane
of polarization of light by neighboring domains (depending on the orientation of
their magnetic fields), after passing the reflected light through the analyzer, a light
contrast is observed between areas with different magnetization. This light contrast
is insignificant, since the light reflected from the film surface is not plane-polarized,
but polarized elliptically. In Fig. 32.1 shows the loop of magnetoresistive hysteresis
and its connection with the domain structure of the upper layer of a freshly con-
densed three-layer Fe,Nijgo_,/Cu/Fe,Nijgo,/S (x = 50, dg = 40 nm; dy = 5 nm)
with giant magnetoresistance. The magnitude of the isotropic magnetoresistance for
freshly condensed films is 0.5-1%, depending on the thickness of the layers. Small
values of isotropic magnetoresistance are caused by small sizes of crystallites, high
defectiveness of layers, and shunting of the effect with a relatively thick nonmagnetic
interlayer [24, 25].
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Fig. 32.1 Domain structure and magnetic resistance loop of a freshly condensed three-layer film
Feo,5Nig,5/Cu/Feq sNig5/S (dpy = 40 nm; dcy = 5 nm)
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In this case, the film was first magnetized to saturation in a magnetic field directed
along the axis of easy magnetization. When the magnetic field decreases to zero, the
ferromagnetic layers of the film remain single-domain and their magnetization does
not change. The magnetoresistance is also practically unchanged. At the first moment
of growth of the field directed opposite to the field in which the film was magne-
tized, the ferromagnetic layers remained single-domain and the magnetoresistance
did not change significantly. Then, when the magnetic field becomes sufficiently
strong (about 0.8 mT), the magnetization vectors rotate at the edges and through-
out the upper layer. As a result, small domains are formed in the form of strips.
The domains that were formed are favorably oriented relative to the direction of
the external magnetic field. With increasing magnetic field induction, they increase
their size. Then, even with a small increase in the magnetic field, a sharp increase
in the advantageously oriented domains continues at the expense of the neighboring
ones. With a further increase in the magnetic field, a “breakdown” occurs—a rapid
magnetization reversal of the central regions. The electrical resistance at the same
time reaches a maximum value. It is obvious that the magnetic moments in the lower
and upper layers of permalloy are oriented antiparallel (antiparallel configuration).
One of the reasons for the delay in the magnetization reversal of the lower layer
may be internal stress due to the adhesion of the layer to the substrate, which leads
to an increase in the coercive force. With a further increase in the magnetic field
induction (over 1 mT), a sharp decrease in the electrical resistance of a three-layer
film is observed due to the magnetization reversal of the lower layer and orientation
of the magnetizations in the Fe,Nijoo_, layers in parallel (parallel configuration). We
believe that in these three-layer structures, the upper and lower magnetic layers are
re-magnetized at slightly different values of the magnetic field induction. Although
it is possible when the process of magnetization reversal in symmetric three-layer
structures occurs synchronously—the upper and lower magnetic layers switch simul-
taneously at the same induction value of an external magnetic field. It should be noted
that these values are close because a sharp peak is recorded on the magnetoresistive
loop.

To determine the magnetic state of the systems, magnetic studies were performed
using an LDJ-9500 vibration magnetometer (magnetic hysteresis loops were deter-
mined). Figure 32.2 shows for illustration the typical dependences of the normalized
magnetization on the induction of an applied external magnetic field in transverse and
perpendicular measurement geometries for FeggNiy)/Cu/FegyNiyg films in a freshly
condensed state and after heat treatment at a temperature of 700 K. For unannealed
and annealed at 700 K three-layer films with dp = 25-40 nm, dy = 5-15 nm, and
cni < 70 at.% magnetic hysteresis loops, obtained in transverse geometry, have an
almost rectangular shape with sharp magnetization reversal (Fig. 32.2a, c). The mag-
netization reversal of films completely changes in the range of a magnetic field with
an induction of —25 to 25 mT for freshly condensed films and —30 to 30 mT for
thermostabilized films. The rectangular hysteresis contour is typical for single-layer
films of ferromagnetic metals and alloys based on them and indicates the presence of
an axis of easy magnetization in the sample plane. The magnetization in the direction
perpendicular to the film plane shows the influence of a strong demagnetizing field
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Fig. 32.2 Dependence of the normalized magnetization on the applied external magnetic
field in transverse (a, ¢) and perpendicular (b, d) measurement geometries for films
Feg,5Nig,5/Cu/Feq sNig5/S (dpy = 40 nm, dcy = 10 nm) in a freshly condensed state (a, b) and
after heat treatment at a temperature of 700 K (¢, d)

(Fig. 32.2d). After thermal stabilization of the films, the dependence does not change
significantly, except for an increase in the residual magnetization and coercive force
(more pronounced hysteresis).

32.4 Conclusion

The maximum value of isotropic magnetoresistance at the room temperature is 1% for
as-deposited Fe( sNig s/Cu/Fe 5Nigs/S thin films with dg = 25 nm and dy = 5 nm.
We consider that in these three-layer structures, the upper and lower magnetic layers
are re-magnetized at slightly different values of the magnetic field induction. Small
values of isotropic magnetoresistance are caused by small sizes of crystallites, high
defectiveness of layers, and shunting of the effect with a relatively thick nonmagnetic
interlayer. The rectangular hysteresis contour is typical for investigated thin films of
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ferromagnetic metals and alloys based on them and indicates the presence of an axis
of easy magnetization in the sample plane.
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