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Abstract. This paper reports the results of a study relating to the synthesis of a
novel ternary CoFe,0,/CuO/CoFe,0O4 thin film as a giant magnetoresistance
(GMR) sensor. The CoFe,0,/CuO/CoFe,0, thin film was prepared onto silicon
substrate via DC magnetron sputtering with the targets facing each other. X-ray
diffraction was used to determine the structure of the thin film and a 4-point
method was used to measure the MR ratio. The GMR ratio is highly dependent
on the ferrimagnetic (CoFe,O4) and nonmagnetic (CuO) layer thickness. The
maximum GMR ratio at room temperature obtained in the
CoFe,04/Cu0/CoFe,0y thin film was 70% when the CoFe,0,4 and the CuO layer
had a thickness of 62.5 nm and 14.4 nm respectively.

Keywords: CoFe,0, CuO; ferrimagnetic; giant magnetoresistance sensor, magnetic
sensor,; Spintronmics.

1 Introduction

Recently, research on spintronic devices has developed very rapidly [1-4].
Spintronics is a new field that explores the effect of spin on the electronic
transport in magnetic nanostructures. The discovery of GMR in 1988 [5,6]
marked the birth of spintronics. The invention of GMR has opened up
opportunities for application in various fields. Until now, a number of devices
that work based on the phenomenon of GMR have been developed, such as
magnetic field sensors [7,8], magnetic recording devices [9], and non-volatile
memory [10]. The demand for the development of magnetic field sensors based
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on GMR material is increasing due to today’s computers requiring large-
capacity storage media at a small size [11]. Ferrite is a candidate as a magnetic
oxide material that can potentially be used as a constituent of GMR layers
[12,13]. Ferrite is included in the kind of magnetic oxide that has ferrimagnetic
properties and has a Curie temperature above room temperature. It is well
known that for temperatures below the Curie temperature, ferrimagnetic
materials exhibit the same behavior as ferromagnetic materials, which have a
total magnetic moment that is not zero, so at room temperature they show
spontaneous magnetization, consisting of saturated magnetic domains and
hysteresis phenomena [14].

In this study, we used a cobalt ferrite (CoFe,O,) with a Curie temperature of
520 °C. Lee, et al. [15] have stated that CoFe,O,4 has a high Curie temperature,
high saturation magnetization and good chemical stability. In addition, it is easy
to prepare and relatively inexpensive. Until now, CoFe,O4 material has been
used as a constituent layer in spintronic devices, namely in a spin valve [16] and
a spin filter [17], but to the best of the present author’s knowledge no study has
explored the use of CoFe,O4 material as a ferimagnetic (FE) material constituent
of the GMR sandwich structure, FE/spacer/FE. CoFe,O4 is a ferrimagnetic
material and has a Currie temperature of 520 °C and resistivity >10° Q.m [14].
At room temperature, CoFe,O4 material will create a large number of spin-
polarized currents and make the efficiency of injection/detection of spin high
[12]. These results suggest that CoFe,O, has great potential as an electrode,
because it has a high Currie temperature, high resistivity and high spin
polarization. According to Erdogan, ef al. [18], at room temperature CuO is a p-
type semiconductor with a band gap of nearly 2.1 eV and resistivity at 10° Qm
[19]. Recently, the potential of CuO as a constituent material for a giant
magnetoresistant and high-temperature superconductor has been investigated
[20]. In this paper, we describe the development of a novel ternary
CoFe,04/Cu0O/CoFe,0,4 as a GMR material for magnetic sensor application. The
objective of this research was to investigate the magneto resistance effect of
CoFe,04/Cu0O/CoFe,0, as a condition for application in magnetic sensors.

2 Experiments

CoFe,04/CuO/CoFe,04 thin film on (111) silicon substrate was prepared by DC
magnetron sputtering with the targets facing each other. In the experiment, the
deposition temperature, Argon flow rate, deposition pressure, and plasma
voltage were 100 °C, 100 sccm, 0.52 torr, and 600 volt, respectively. The
crystalline structure of the CoFe,0,/CuO/CoFe,04 films was examined using an
X-ray diffractometer (XRD) with Cu Ky radiation. Measurement of the
magnetoresistance ratio was carried out at room temperature using a four-point
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method with a current perpendicular to the film plane. The GMR ratio was
calculated using the definition

GMR ratio (%) = {%} x 100% (1)

where Ry is the resistance in the applied magnetic field and R, is the resistance
without magnetic field.

3 Results and Discussion

The XRD pattern of the CoFe,O, thin films grown on Si substrate under the
same conditions for different thicknesses is shown in Figure 1. The diffraction
peak at around 70,9° corresponds to the (620) plane of CoFe,O,. It can be seen
that the intensity of the (620) peak varied with the film thickness.
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Figure 1 Diffraction patterns of CoFe,O, film grown on Si (111) substrate for
varied CoFe,0y layer thicknesses. X-ray wavelength is A = 1,54056 A.

At a thickness of 27 nm, the CoFe,O, peak dissapeared. The diffraction peak at
around 65° corresponds to the diffraction on the (200) plane of CoFe. At a
thickness of 27 nm there was no formation of CoFe,O4 film yet, which is
believed to be due to the oxygen attached to the substrate during sputtering
being eroded back. The phase of CoFe,O4 began to appear at a thickness of 40
nm, so for the manufacture of GMR thin film, the thickness of the CoFe,O, film
should start from 40 nm.
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Figure 2 Diffraction patterns of CuO film grown on Si (111) substrate for
varied CuO layer thicknesses. X-ray wave length is 1 = 1,54056 A.

Figure 2 shows the XRD patterns of CuO thin films grown on Si substrate under
the same conditions for different thicknesses. It shows that the CuO thin film
had diffraction plane (202) at 58.3° and (400) at 83.6°. These diffraction peaks
correspond to JCPDS card no. 45-0937. The intensity of the (202) peak strongly
varied with film thickness
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Figure 3 Diffraction patterns of CoFe,04/Cu0O/CoFe,0, for some variations in
thickness of the CoFe,O, layer with the thickness of the CuO layer fixed at 14.4
nm. In the experiment we used an X-ray wavelength of A = 1,54056 A [21].

After it was known that the CoFe,O4 and CuO thin films had been grown on the
Si (111) substrate, each layer was used as a constituent of the CoFe,O./
CuO/CoFe,04 trilayer. The ternary CoFe,0,/CuO/CoFe, O, was further
investigated under variation of the CoFe,0, layer thickness while the CuO layer
thickness was fixed at 14.4 nm. Figure 3 shows the XRD patterns of the ternary
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CoFe,04/Cu0O/CoFe,0, for different CoFe,O4 layer thicknesses as previously
obtained [21].

The diffraction peaks that appear in Figure 3 are Si (111), CuO (110) (JCPDS
card no. 45-0937) and CoFe,O,4 (440) (JCPDS card no. 22-1086), at a 20 angle
of 28.4° 32.4° and 62.5°, respectively. The crystal orientation of the
CoFe,04/Si film (Figure 1) differed from the CoFe,Oy, in the trilayer (Figure 3),
which occurs because of differences in the structure and morphology of the
material substrate. Axelsson, et al. [22] have shown that the structure and
magnetic properties of thin-layer CoFe,O, are influenced by the type of
substrate material.

The GMR effect is very sensitive to the thickness of each constituent layer. It is
associated with the spin dependent on electron scattering, which affects the
GMR ratio. This effect may appear significantly when the mean free path of the
conduction electrons in the material is greater than the thickness of the materials
used. Therefore, the GMR ratio is greatly influenced by the thickness of the
composer layer of the GMR material. Below, the influence of CuO and
CoFe,0y4 layer thickness on the GMR ratio will be investigated further.

3.1 Effect of CuO layer Thickness on GMR Ratio

Figure 4 shows the GMR ratio of CoFe,0,/CuO/CoFe,O, under variation of
CuO thickness. It was found that the magnetoresistance ratio was negative,
which means a decline in resistance when the magnetic field used increased.
Furthermore, it was also found that the GMR ratio was reduced when the layer
thickness of the CuO increased, as shown in Figure 4.
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Figure 4 Graph of GMR ratio of CoFe,04,/CuQO/CoFe,0, for several CuO layer
thicknesses and CoFe,Oy layer thickness fixed at 62.5 nm [21].
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Theoretically, the conductivity of the GMR layer becomes very dominant when
the CuO thickness increases, so that the spin-dependent scattering becomes
ineffective and consequently the GMR ratio is reduced. However, the reduced
value of the GMR ratio is not linear, but follows damped oscillations, as shown
in Figure 5.
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Figure 5 Dependence of the absolute value of the GMR ratio on the thickness
of the CuO layer for CoFe,04/CuO/CoFe,0, with CoFe,0O4 layer thickness fixed
at 62.5 nm. Fitting equation: GMR ratio = a+b{exp[-tc.o/401/[1+( tc.o /125)]},
where a =20 and » = 100% (all GMR values are negative).

The oscillations shown in Figure 5 were approached by curve fitting. It can be
seen that the absolute value of the GMR ratio oscillates against the CuO spacer
layer thickness and the oscillation peak also decays exponentially. Thus, when
fitting the data, the oscillation part was approximated by cosine functions, while
the decay of the oscillation peak was approximated by an exponential function.
The magnetoresistance ratio curve satisfies the following fitting equation:

% =4 exp(—kx)[l + Bcos(ax) + cos(bx’ )] 2)

where k refers to UC”OJ, fcuo 18 the CuO layer thickness, and /cyo is the spin
CuO

diffusion length of the CuO. While 4, B, a, and b are constants that depend on

the interface scattering between the ferrimagnetic and nonmagnetic layers and

the surface resistivity of spin up and spin down in the device [23].

For providing an explanation of the above findings, we suggest using a model
of exchange coupling indirectly associated with the oscillation coupling
between the layers. This model is already known in the system of layered
magnetic nanostructures [24].
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The oscillations appear as a result of the exchange coupling between the
ferromagnetic states with the antiferromagnetic state in the CoFe,O,4 layer and is
caused by oscillations in the sign interlayer exchange coupling between the
CoFe,0y4 layers. As the layer CuO thickness increases, the obtained GMR ratio
decreases because the exchange coupling between the CoFe,O, layers is
reduced.

3.2 Effect of CoFe,04 Layer Thickness on GMR Ratio

The CoFe,O4 layer thickness affects the GMR ratio of the ternary
CoFe,04/CuO/CoFe,0,, as shown in Figure 6. The CoFe,O, layer thickness
affects the saturation field, Hs. Increasing the thickness of CoFe,O4 will
increase this field. The saturation field is characterized by the sharpness of the
peak of the GMR ratio curve. This occurs when the thickness of the CoFe,O4
layer increases and hence more and more fractions of neighboring magnetic
atoms appear in the CoFe,O, layer, so that the saturation field increases.
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Figure 6 GMR ratio curves of CoFe,0,/CuO/CoFe,0, for several variations of
CoFe,0, thickness with CuO thickness fixed at 14.4 nm [21].

Figure 6 also shows that the CoFe,O, layer thickness affects the GMR ratio.
When the thickness of the CoFe,O, layer increases, the GMR ratio increases as
well for thicknesses smaller than 62.5 nm. However, the GMR ratio decreases
with increasing thickness of the CoFe,O,4 layer when the thickness of the layer
of CoFe,0y is greater than 62.5 nm. A graph of the absolute GMR ratio against
CoFe,0y4 layer thickness is depicted in Figure 7.

This phenomenon can be explained by proposing the emergence of an active
region in the CoFe,O, layer that shunts the current, thereby reducing the GMR
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ratio. The CoFe,04 layer is divided into an active and an inactive part, where
the active part will make a major contribution to the GMR ratio while the
inactive part will shunt the current so that the GMR ratio is reduced. We refer to
the work of Dieny, et al. [25] in which they describe a phenomenological theory
of the GMR in a spin valve structure.

80 T 1 T | A SARE RAAS RELS
T ® Experiment

70 - ¢ — Fitting
= 2
£ 60 ?
2
® 50
<
& 40 =
g *
3 30 ]
] ® o
3 b ]
< [ ]

10 =]

l J | | 1 | 1

%010 20 30 40 50 60 70 80 90 100 110120 130 140 150
CoFe,0, layer thickness (nm)

Figure 7 The dependence of the absolute GMR ratio on the thickness of the

CoFe,0y4 layer for CoFe,0,/CuO/CoFe,O, with the CuO layer thickness of fixed

at 14.4 nm (all GMR values are negative).

As we know, electrons crossing the GMR layer have two spin directions: spin
up (1) and spin down (]). In a state of parallel magnetization (Figure 8(a)), the
electrons with spin up do not undergo significant scattering in the second
ferrimagnetic layer, making it easy to pass through the layer GMR, analogous to
a resistor with a small resistance. Meanwhile, electrons with spin down will
have a lot of scattering in crossing the GMR layer, as indicated by a large
resistance.
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Figure 8 Scheme of GMR sandwich structure, (a) Parallel magnetization, and
(b) antiparallel magnetization. FE is the ferrimagnetic layer and NM is the
nonmagnetic layer. R1 is the resistance of the inactive region and RO is the
resistance of the active region. Modification from Dieny, ef al. [25].
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In a state of antiparallel magnetization (Figure 8(b)), electrons with spin up
have a lot of scattering in the first ferrimagnetic layer and a small amount of
scattering in the second ferrimagnetic layer. Meanwhile, electrons with spin
down are slightly scattered in the first ferrimagnetic layer and have a lot of
scattering in the second ferrimagnetic layer.

As shown in Figure 7, the maximum GMR ratio value occurred when the
thickness of the CoFe,O4 layer was 62.5 nm. With CoFe,O, thickness below the
maximum value, the GMR ratio increases with increasing thickness of the
CoFe,0,4, which is caused by the appearance of the inactive part in the CoFe,O4
layer. Thus, the resistance of the GMR layer is solely influenced by the spin-
dependent scattering, but after reaching the maximum, the GMR ratio is
reduced due to the emergence of the active part in the GMR structure, which
shunts the current. In this state, the resistance of the GMR structure is derived
from the resistance of the inactive part connected in parallel to the resistance of
the spin-dependent scattering.

The decrease in the absolute value of the GMR ratio at a greater CoFe,O,4 layer
thickness is due to the increased current shunting in the inactive part of the
CoFe,04 layer. In the inactive part, the density of the current shunts the
conductance depending on the magnetization alignment in the inner layer of the
CoFe04. Consequently, the GMR ratio decreases with increasing CoFe,O,4
layer thickness.

4 Conclusions

In this study, synthesis of a novel ternary CoFe,O4/CuO/CoFe,0y thin film was
successfully conducted using DC magnetron sputtering with the targets facing
each other. These materials demonstrated the GMR phenomenon at room
temperature with a maximum GMR ratio of 70% when the CoFe,O, layer was
62.5 nm thick and the CuO layer was 14.4 nm thick.
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