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Magnetic properties and giant magnetoresistance effect
In [Fe/Pt], granular multilayers
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We report in this paper the first observation of giant magnetoresistance as high as 23% in electrodeposited [Fe/Pt], granular
multilayers with different thicknesses of bi-layers. [Fe/Pt], multilayers were prepared by electrodeposition, through the single
bath technique. Cu (100) textured polycrystalline foils were used as substrate. The composition of the studied samples is
Cu:Pt(x nm)/[Fe(tre nmM)/Pt(x nm)]n, in which the thickness of the iron layer varied between 2.5+12.5 nm while the thickness
of the non-magnetic Pt layer is varied by changing the bottom Pt layer thickness x between 0.5+3.0 nm. The SEM
characterization of the multilayer revealed a granular structure of the deposit with the granule diameter in the range from 2
to 11 nm. These results are comparable with those obtained by the X-ray diffraction measurements of crystallites size
obtained by the Scherer equation. The hysteresis loops showed that the magnetic properties are influenced both by the
thickness of the bi-layer and by the number of periods (n). The coercivity (Hc) varied in the range 8+21 kA‘m™ and the
remanence ratio was M/Ms = 0.23+0.81. The samples display out of plane anisotropy and anti-ferromagnetic type coupling
between layers, as it was emphasized by means of the torsion magnetometer. [Fe/Pt], electrodeposited multilayers display
giant magnetoresistance effect which can be explained mainly by the exchange interaction among neighbouring layers and
by the spatially inhomogeneous magnetic structure of the granular multilayer (favouring spin scattering at the interfaces

between grains and layers).
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1. Introduction

During the last two decades, many studies were
dedicated to understanding the magnetic behaviour of the
nanostructured materials (e.g., multilayers, nanowires, or
granular films), which exhibit interesting magnetic and
magnetoresistance properties [1]. These materials with bi-
layer thickness in the nanometer range have some
remarkable properties, which are unattainable in bulk
materials; the major interest is represented by their
magneto-transport properties the giant
magnetoresistance (GMR) effect [2]. The magnitude of
GMR is influenced by many factors. It was reported that
the GMR effect in multilayer changes periodically with the
thickness of nonmagnetic layer [3-5], or with the thickness
of the ferromagnetic layer [1, 4, 6-8]. S. Dulal [9] and I.
Bakonyi [10] reported that the bi-layers number has some
effect on the magnitude of GMR.

Different techniques were used to prepare multilayer
on the nanometer scale and it was shown that, the physical
properties depend on the production methods, however,
promising results were obtained using less expensive
techniques like electrochemical methods [1, 11, 12].
Multilayers produced by electrochemical route proved to
be of comparable quality with those of the physical

methods. The electrodeposition of multilayers was
performed using a single [13, 14] or two bath technique
[15]. The use of a single bath has some advantages: it
requires a simple apparatus and offers low risk of oxide
formation at the fresh interface due to non-exposure to the
atmosphere.

Various investigations on the development of the
Fe/Pt multilayer were carried out due to its technical
application (e.g., high-density recording media or
micromagnets in micro-electromechanical systems). Most
of these films were prepared by sputtering, vapour
deposition, or laser ablation [16-19]. There are authors
who reported that Fe/Pt multilayer having good magnetic
properties can also be obtained by electrodeposition [20-
23]. The Fe/Pt multilayers represent a particularly
complicated case because depend on the multilayer
periodicity [24, 25].

The aim of the present research is firstly to obtain
Fe/Pt multilayers by electrodeposition, and secondly to
study their magnetic and magnetoresistance properties. We
prepared granular multilayer by electrodeposition and we
labelled them Pt(x nm)/[Fe(tre NnM)/Pt(x nm)],. In this
process of preparation, the thickness of the iron layer (tg)
varied between 2.5 and 12.5 nm and the thickness of the
non-magnetic Pt layer is varied by changing the thickness
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(x) of the bottom Pt layer in the range 0.5+3.0 nm. We
studied the effects of both the Pt layer thickness and the
ferromagnetic layer on the properties of multilayer; the
effect of bi-layer number on the magnetic and transport
properties was also reported. The magnetic and
magnetoresistance properties of the samples were
measured and discussed in correlation with their
morphology.

2. Experimental

As we have already mentioned, the samples studied in
this paper were prepared by electrodeposition, using a
single bath method. Electrodeposition was performed in
potentiostatic regime. All the depositions were made in a
three-electrode cell containing iron as a counter electrode,
a copper disk as a working electrode (substrate) and a
platinum wire as a quasi-reference electrode. The disk-
shaped cathode (20 mm in diameter) was made of (100)-
textured polycrystalline copper foils. The Fe/Pt multilayers
were electrolytically deposited from a solution with the
following composition: Fe(NH,),(SO4)»6H,0 (250 g1,
K,PtClg (10 g-1™), H3BO; (50 g1 and NaCl (20 g-1™). We
used double distilled water in obtaining every solution,
and we prepared a new solution every day. The bath
temperature was maintained at 24 + 1°C, without stirring
the electrolyte, and the pH of the bath was maintained at
3.5. Before the electrodeposition, the copper substrates
were mechanically polished, rinsed in acetone, washed in
de-ionised water and finally activated in 10% H,SO,.

Cyclic voltammetry experiments were carried out to
optimize the deposition parameters for the individual Fe
and Pt layers. The thicknesses of individual Fe and Pt
layers, tee and x (tp), were estimated from the I-t curves
using Faraday’s laws.

The structure of the films were investigated by 6-26
X-ray diffraction (XRD, Shimadzu LabX XRD-6000)
using CuKa radiation (1 = 1.54 A). The morphology and
the quantitative chemical composition of the samples were
investigated by  scanning  electron  microscopy
(SEM/EDAX). The magnetic measurements were carried
out at room temperature with an ac induction method with
computerized data acquisition (frequency of 50 Hz and in
a maximum field of 60 kA.m™) and by torsion
magnetometer.

The resistance (R) measurements of the samples were
performed at room temperature by using four-terminal
contacts applied on the film surface, using an HM 8112-2
programmable multimeter. The dc magnetic field (applied
in the film plane parallel to the current, in the so called
CIP longitudinal configuration) varied in the domain
+400kA-m™. In this paper, the magnetoresistance was
calculated using the equation:

R(H)-R(H )

R(H )

in which R(H) denotes the resistance measured in the field
H and R(Hn.) defines the resistance in the maximum
applied magnetic field.

%100, 1)
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3. Results and discussion

Firstly, some experiments were carried out to
optimize the deposition parameters of the individual Fe
and Pt layers. In order to study the nucleation and the
growth mechanisms for the two basic layers that compose
a multilayer, we plated films of Fe and Pt with a thickness
of about 300 nm. The nominal thicknesses of individual
layers, tr, and tp;, were estimated from I-t curves using
Faraday’s law:

nF ]

In equation (2), m represents the weight of plated metal, |
— current intensity, t — deposition time, M — weight of one
mole of the metal, n — valence of the dissolved metal in
solution, and F - Faraday’s constant. The deposition rate
of the Pt and Fe layers was 0.5 and 2.5 nm / sec.

Secondly, a series of multilayer (starting with Pt
layer) of varying periods were grown, in order to study the
effects of both the bi-layer thickness and the periods
number on the morphology and, consequently, on the
magnetic and magnetoresistance properties. The exact
composition of the Fe/Pt multilayer sample is Cu:Pt(x
nm)/[Fe(tee NM)/Pt(x nm)],. The multilayer structure is
shown schematically in Fig. 1.

Fig. 1. Multilayer structure of Fe/Pt film.

We investigated the samples from this series, in which
the thickness of the Fe varied between 2.5 and 12.5 nm
and the thickness of the non-magnetic Pt layer is varied by
changing the bottom Pt layer thickness x, ranged from 0.5
nm to 3.0 nm. Details of some representative samples from
these series (the samples were labelled S1-S8) are
presented in Table 1.
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Table 1. The series of Pt(x nm)/[Fe(tge nm)/Pt(x nm)], multilayer grown on Cu(100) substrate.

Sample X tre A=tpe+ X (NM) Number of
Pt(x nm)/[Fe(tegenm)/Pt(x nm)], (nm) (nm) bi-layer (n)
S1 1 2.5 3.5 50
S2 1 5 6 50
S3 1 7.5 8.5 50
S4 2.5 12.5 15 50
S5 2.5 2.5 5 50
S6 2.5 5 7.5 50
S7 2.5 7.5 10 50
S8 2.5 2.5 5 100

Fig. 2 shows the XRD patterns for the sample
containing only Fe and for the samples S1 Pt(1
nm)/[Fe(2.5 nm)/Pt(1 nm)]s, and S2 Pt(1 nm)/[Fe(5
nm)/Pt(1 nm)]so. The XRD patterns of the Fe films show
that the individual layers display a bce phase for Fe (111)
films. The Scherrer’s formula:

D:M' (3)
pcosé

was used to estimate the average crystallite size (D). In the
equation (3), 4 is the X-ray wavelength (1 = 1.54060 A)
and g denotes the broadening of the diffraction line
measured at half of its maximum intensity.
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Fig. 2. XRD patterns of the Fe films and for the samples

S1 Pt(1 nm)/[Fe(25 nm)/Pt(1 nm)]s;, and S2
Pt(1 nm)/[Fe(5 nm)/Pt(1 nm)]s, electrodeposited onto Cu
(110) substrate.

The values obtained for the crystallite size (D),
calculated using equation 2 for Fe (111) films are of about
9 nm. The XRD patterns of the Fe/Pt multilayer indicate
the formation of a disordered fcc FePt phase; the crystallite
size for the samples S1 and S2 are of about 8 nm and of
about 11 nm, respectively; one can also observe from Fig.
2 is the formation of iron oxide and, for this reason, the
films prepared contain a large amount of oxygen
(confirmed by SEM analysis).

Scanning electron microscopy (SEM) was employed
to investigate the morphology of the films. From the SEM
measurements, we found out that the surface morphology
of the electrodeposited films (the shape and size of the
crystallites) changes as a result of the thickness of layers.
For a brief presentation of the experimental results, we
chose as example SEM images for the two representative
samples of this study. Fig. 3 shows the scanning electron
micrographs (50 umx50 um) of the samples S1 (Fig. 3a, b)
and S2 (Fig. 3c, d).

Fig. 3. SEM images for the samples S1(a, b) and
S2(c, d).

In Fig. 3, the SEM images show that a granular
morphology is formed in the case of both samples (S1 and
S2), but Figs. 3a and 3b indicate that for the sample S1 the
grain size is smaller than for the sample S2. The surface
morphology of the electrodeposited multilayer is similar
for our samples. The relationship between the size of the
grains in granular multilayer and the nominal layer
thickness is generally determined by the three-dimensional
growth process. The average diameter of the grains can be
much larger than the nominal layer thickness, depending
on the material parameters (e.g., various electrodeposition
parameters, as well as surface energy, lattice parameter,
etc.) The increase of the iron layer thickness leads to the
increase of the magnetic grain size and of the density of
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the nanocrystalline grains as it is shown by comparison
between the SEM images of the samples S1 and S2,
respectively. The scanning electron micrograph images
show that the samples are composed from a mixture of
grains with various diameters grown from different
nucleation sites onto copper support. The structure consists
of many uniformly distributed grains surrounded by
uncovered sites between aggregates (mainly Cu and iron
oxide).

From the SEM analysis, we can notice that the Fe/Pt
granular multilayer is developed by means of a VVolmer—
Weber mechanism. The existence of grains with varied
diameters proves that the mechanism of the films grows by
progressive nucleation.

We have also found from the SEM experiments, that
when the thickness of the Fe layer is increased, higher
oxygen content is included in the deposit. As an example,
in the case of the sample S2 more oxygen (28.73 at. %) is
included in comparison with the oxygen content in the
case of the sample S1 (where the oxygen content is 20.14
at. %). We suggest the following explanation for this high
oxygen content in our samples: Pt favours the hydrogen
evolution and, in turn, the formation of iron oxide and iron

MM

H{kAim)

hydroxide and by this reason the films we prepared
contain a large amount of oxygen. During the multilayer
electrodeposition, the less noble metal tends to dissolve
during the deposition of the more noble metal. For the
deposition of a Pt-rich layer with low oxygen content, the
potential should be chosen as positive as possible, as the
oxygen (and iron) incorporation increases for more
negative potentials. The upper limit is given by the start of
Fe dissolution from a previously deposited Fe-rich layer.
Further work is required in order to clarify this variation of
the oxygen content in the multilayer, which is, however,
not the focus of the present paper.

The magnetic properties of the [Fe/Pt], multilayer
have been investigated by an ac method with
computerized data acquisition and torque measurements.
We found out that the magnetic behaviour is influenced
both by the thickness and by the number of bi-layers (n). A
comparison between the hysteresis loops of the studied
samples is presented in Fig. 4. The measured coercivity
(Hc) of the samples varied between 8.39 kA-m™ for the
sample S8 and 12. 37 kA-m™ for the sample S1, while the
remanence ratio (M/My) is of 0.23 and 0.81, respectively.

H (KA/m)

Fig. 4. Comparison between the hysteresis loops recorded for the Pt(x nm)/[Fe(tz. nm)/Pt(x nm)], multilayer.

From the magnetic measurements, we found that the
magnetization is in the plane of the layers and anti-
ferromagnetic (AF) coupling between the adjacent Fe
layers is found when the Pt thickness tg is smaller than 3.0
nm and the number of bi-layers is 100 (Fig. 3a). As the
thickness of both Fe and Pt layer decreases below 12.5 nm
and 3.0 nm, respectively, the hysteresis loop is
progressively titled. When the applied field is decreased to
zero, the AF coupling brings the magnetization back to
about zero. As it can be seen from Fig. 3a, the AF
coupling increases when the number of bi-layers increases
from 50 to 100, and also when the tg, decreases from 12.5
nm to 2.5 nm. The existence of such AF coupling has
already been found in Fe/Cr sandwiches by Griinberg [26,
27] and Carbone [28] and their co-workers.

The shapes of the magnetic susceptibility curves are
different for the studied samples as a function of the
thickness and number of bi-layer (Fig. 5). In Fig. 5, one
can observe that each curve has its specific shape.

— S92
604 -
— S8

40 -

204 -

z(a.u)

20 i
40 -

-60 4 -

T T T — T T L T

60 40 20 0 20 40 60
H (kAlm)

Fig. 5. Magnetic susceptibility curves for the samples S2
Pt(1 nm)/[Fe(5 nm/Pt(1 nm)]s, and S8
Pt(2.5 nm)/[Fe(2.5 nm/Pt(2.5 nm)] 00,
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The magnetic properties of the samples were also
investigated by means of torque magnetometry, at room
temperature. Fig. 6(a-c) shows the torque curves taken for
rotations of increasing and decreasing angles of @ for the
samples S1 Pt(1 nm)/[Fe(2.5 nm)/Pt(1 nm)]s,, S2 Pt(1
nm)/[Fe(5 nm/Pt(1 nm)]s, and S8 Pt(2.5 nm)/[Fe(2.5
nm/Pt(2.5 nm)]ie, respectively. The film plane was
perpendicularly oriented to the field-rotation plane, e. g.
the torque was measured around an arbitrary axis parallel
to the film plane, starting from the plane of the film
(6 = 0). The applied magnetic field was of 15 kA-m™, 20
kA-m™ and 28 kA-m™.

As the applied field increases, the torque curves
become asymmetric, i.e. the rotational loss appears and it
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is measurable from the area enclosed by the clockwise (0-
360°, labelled F) and anticlockwise (360°-0, labelled B)
curves. For fields exceeding the anisotropy field, the
torque curves are proportional to sin 26. This behaviour
can be ascribed to the anti-ferromagnetic type interlayer
coupling for the samples. The experimental torque curves
exhibit mainly a two-fold symmetry with a positive slope
of 6=0° and a negative slope around =90°. This indicates
that the easy magnetisation direction is perpendicular
(6=90°) to the film plane. The proportionality between the
torque L and the sin 8 which occurs at relatively low fields
for the samples can be accounted for the presence of anti-
ferromagnetic type coupling between Fe layers.
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Fig. 6. Torque curves for the sample S1 (a), S2 (b) and S8 (c), plotted from 0 to 360 degrees (F) and from 360 to O degrees (B).
The torque curves were measured for the fields: 15 kA-m™?, 20 kA-m™and 28 kA-m™.

The torque measurements of ferromagnets in high
magnetic fields show no rotational hysteresis because the
hysteresis always results from irreversible magnetization
changes, which are not possible in a sufficiently high
saturated magnetic field. We can explain the increase of
the energy loss with an applied magnetic field in our
experiments by analogy with the results obtained in
references [29, 30]. In their experiments, Meiklejohn and

Bean [29, 30] proved that the torque measurements of the
ferromagnets in high magnetic fields show no rotational
hysteresis because the hysteresis results always from
irreversible magnetization changes, which are not possible
in a sufficiently high saturated magnetic field. In a
sufficiently high magnetic field, the experiments showed
an appreciable hysteresis of the torque indicating that the
magnetic state of (part of) the sample changed irreversibly
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when rotating the film in a magnetic field. The energy
dissipated per revolution is equal to the difference between
the areas of F and B curves. We consider that the sin
shape of the torque curve in low fields and the increase of
the hysteresis losses in higher magnetic field are the
evidence for the anti-ferromagnetic type coupling in Fe/Pt
multilayer. The difference in torque values, representing
the rotational hysteresis, is also shown in Fig. 7.

800 4

700 4

0 45 90 135 180 225 270 315 360
@ (degrees)

Fig. 7. Rotational hysteresis of Fe/Pt multilayers.
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It is very possible that the increase of the coercivity
and rotational hysteresis are different manifestations of the
same effect, i.e. the losses produced during the rotation of
the ferromagnetic (FM) layer by the AFM spin drag. We
can conclude from these experiments that a decreasing of
non-magnetic and ferromagnetic layer thickness results in
increasing the strength of the interaction between magnetic
layers. In addition, the interface number should have some
effect on the magnitude of the interaction between
magnetic layers.

The measurements of resistance versus the applied
d.c. magnetic field were performed at room temperature by
using the device described in the experimental part of the
paper. We have found that GMR effect in CIP
configuration varied between 17% and 23% as a function
of the thickness and number of bi-layer. The variation of
giant magnetoresistance with an applied magnetic field for
the samples S2 Pt(1 nm)/[Fe(5 nm/Pt(1 nm)]s, and S8
Pt(2.5 nm)/[Fe(2.5 nm/Pt(2.5 nm)],q are presented in Fig.
8. For this samples, the contribution of the giant
magnetoresistance is of 17% in the case of sample S2 Pt(1
nm)/[Fe(5 nm/Pt(1 nm)]sq and 23% in the case the samples
S8 Pt(2.5 nm)/[Fe(2.5 nm/Pt(2.5 nm)] 00, respectively.
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Fig. 8. Magnetoresistance (AR/R) for the samples S2 Pt(1 nm)/[Fe(5nm/Pt(1 nm)]s, (a) and
S8Pt(2.5 nm)/[Fe(2.5 nm/Pt(2.5 nm)] o (b) as a function of applied magnetic field H (kA/m).

The enhancement of the magnetoresistance can be
attributed to the spatially inhomogeneous magnetic
structure having different magnetic component and to the
exchange interaction between neighbouring layers (as it
results from the magnetic measurements). These effects
depend on the polarization processes acting on the spin of
conduction electrons, as well as on the magnetic
configuration of the system. In addition, the thickness of
the Pt interlayer has an important role in the diffusion and
transportation processes.

4. Conclusions

We prepared by electrochemical method granular
Fe/Pt multilayer with extremely thin bi-layer thickness
(nominal period varied in the range 3.5-15.0 nm) on Cu
(100) substrate. The Fe/Pt multilayer was deposited from a

single sulphate bath in potentiostatic regime. We found out
that the crystalline structure and magnetic properties of the
film are strongly influenced by the bi-layer thickness and
by the period number.

The experimental results show that the anti-
ferromagnetic coupling between the adjacent Fe layers
appears when the Pt thickness tp, is smaller than 3.0 nm
and the number of bi-layers increases from 50 to 100; the
coercivity varied between 8+21 kA-m?, while the
remanence ratio varied in the range 0.23+0.81. From the
torque measurements, we can conclude that when the
applied magnetic field increases, the curves become
asymmetric and the rotational loss appears. For fields
exceeding the anisotropy field, the torque curves become
symmetric and irreversible. This behaviour can be ascribed
to the anti-ferromagnetic type interlayer coupling between
adjacent Fe layers.
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Experimental results show that the giant
magnetoresistance of [Fe/Pt],, multilayers increases with
the increase of bi-layer number. The giant
magnetoresistance contribution is of

23% for the multilayer consisting of 100 bi-layers
(Pt(2.5 nm)[Fe(2.5 nm)/Pt(2.5 nm)]100) and of about 17%
for the samples consisting of 50 bi-layers (Pt(1 nm)[Fe(5
nm)/Pt(1 nm)]so).
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