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Abstract. 200 nm-thick NiggFeyo films were deposited on anodic aluminium oxide (AAO) and
Si0,/Si(100) substrates at 300 K by a magnetron sputtering system with the oblique target. The film
grown on the AAO substrate has a network structure while that deposited on the SiO,/Si(100)
substrate is continuous. The network film is formed by columnar granule connection. The columnar
granule consists of many fine granular grains. The continuous film grows with thin columnar grains.
The columnar grain size of the continuous film is almost equal to the granular grain size of the
network film. A temperature dependence of the resistance within 3-300 K reveals that the network
film exhibits a minimal resistance at about 35 K. A logarithmic temperature dependence of
conductance is verified at temperatures below 35 K. The temperature coefficient of resistance of the
network film is smaller than that of the continuous film in 150-300 K.

Introduction

Network NiFe films have been actively investigated by many research groups for scientific
interesting and potential applications in magnetic recording devices [1-3]. Weston et al [1] studied a
magnetic property of the network NigiFe;q films as a function of the film thickness. They found that
the 20 nm-thick network film had the highest coercivity. Tanaka et al [2] reported that a magnetic
property of the NigiFe;9 honeycomb network film was strongly governed by magnetic interactions at
the network vertexes. Sun et al [3] found that the CoO/NiFe bilayer network films exhibited large
exchange bias and coercivity compared to the continuous bilayer films with the same layer thickness.
Previous studies focused mainly on the magnetic properties of the network NiFe films. On the other
hand, the metal particles connect with each other forming the electrically conducting network in the
insulating atmosphere. As it is well known, the conducting mechanism in the conductive network can
be explained by the percolation theory and is different from that of the continuous conductive films.
Furthermore, the network film has a large specific surface area compared to the continuous film. The
large specific surface area can influence its electrical property. Therefore, electrical properties of
metal network films are significant for fundamental and practical viewpoints. Aprili et al [4,5] found
that network Ni films grown on SiO;, had an anomaly conductance decrease with temperature at
temperatures below 4 K. They proposed that the anomaly conductance decrease was attributed to the
Coulomb electron-electron interactions [5]. Recently, Fe and Ni network films have been grown on
AAO substrates by sputtering. A temperature dependence of the resistance within 1.5-200 K revealed
that the network films exhibited a minimal resistance at 30-40 K [6,7]. In the present work, NiggFezo
films are deposited on AAO and SiO,/Si(100) substrates by sputtering. The film structure is studied
by using field emission scanning electron microscopy (FE-SEM). A temperature dependence of the
resistance is measured in 3-300 K to investigate the electrical transport property in the films. This
work further enriches and reproduces the results reported by references 6 and 7.
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Experimental Procedure

The direct current magnetron sputtering system, which has the target inclined to the substrate at an
angle of 45°, has been described elsewhere in detail [8]. The commercial AAO substrate (Whatman)
has an average pore diameter of 100 nm. The average pore wall width on the substrate surface is 25
nm. The SiO,/Si(100) substrate is a 400 nm-thick SiO, layer prepared by thermal oxidation of the
Si(100) surface. The SiO,/Si(100) substrates were ultrasonically rinsed in acetone, in deionized water
and in ethanol, respectively. 200 nm-thick NigoFe films were sputter-deposited on AAO and
Si0,/Si(100) substrates at 300 K using NiggFe,o target (99.99% purity) of 50 mm in diameter. Prior to
deposition, the chamber was evacuated to a pressure of 3x10™ Pa using a turbo molecular pump. A
distance between the target and the substrate was 10 cm. During the sputter-deposition, an Ar gas
(99.9995% purity) pressure was adjusted to 2.0 Pa and a sputtering power was fixed at 100 W. The
average deposition rate was 10 nm/min. The substrate holder was rotated by using a stepping motor
during deposition in order to obtain the uniformly thick film. FE-SEM of SUPRA 55 (Zeiss) was used
to observe the structure of the films. A resistance of the films was measured in the temperature range
of 3 K to 300 K using the Cryogen-Magnet system of CFM-5T-H3-CFVTI-1.6K-24.5 (Cryogenic).

Results and Discussion
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Fig. 1 FE-SEM micrographs of the NigoFey film grown on the AAO substrate.
(a) Plane view, (b) Cross-sectional view.
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Figure 1 shows FE-SEM micrographs of the NigoFezo film grown on the AAO substrate. As shown
in Fig. 1, the film have a network structure. The network structure is formed by columnar granules
connecting with each other. The granule consists of many fine granular grains. The granule size is
around 100 nm and the grain size is about 15 nm. The columnar granules grow on the pore wall of the
substrate surface. The granule size is larger than the pore wall width on the substrate surface. The
transverse width of the columnar granule gradually widens along the film growing direction. The
FE-SEM results are consistent with those reported by references 6 and 7. Figure 2 shows FE-SEM
micrographs of the NigoFez film grown on the SiO,/Si(100) substrate. As shown in Fig. 2, the film is
continuous and grows with thin columnar grains. The columnar grain size of the continuous film is
almost equal to the granular grain size of the network film.
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Fig. 2 FE-SEM micrographs of the NigoFe,o film grown on the SiO,/Si(100) substrate.
(a) Plane view, (b) Cross-sectional view.

As it is well known, shadowing effect can lead to thin films growing with a columnar grain
structure. In the present work, the 100 nm diameter pores of the AAO substrate increase a space
between the growing NigoFezo granules, weakening the shadowing effect during granule growing.
The weak shadowing effect could cause that the granule growth rate was almost same in all the
directions. The shadow effect on the granule growth was weak at the initial stage of deposition. As the
deposition time increased, the granules grew and the space between the granules became small,
enhancing the shadowing effect on the granule growth. As a result, the granules exhibit a column-like
shape. Then the NigoFe, network film has the columnar granule structure.

Figure 3 shows a temperature dependence of the resistance (R-T) of the NiggFe,o films grown on
AAO and SiO,/Si(100) substrates. In Fig. 3, the resistance R at each temperature is normalized to the
resistance Rz at 3 K. As shown in Fig. 3, the network film grown on the AAO substrate exhibits a
minimal value at 35 K while the continuous film grown on the SiO,/Si(100) substrate does not show
this minimum. For both the films, a good linear dependence having a linear correlation coefficient of
0.997 is shown in 150-300 K, i.e.,, a normal R-T relationship of the metallic materials. The
temperature coefficient of resistance (TCR) is calculated in terms of the slope of the fitted straight
line. The TCR value is 6.1 X 10" K™ for the network film and is 9.4 X 10™* K for the continuous film.
The TCR value of the network film is smaller than that of the continuous film.

As it is well known, if the effect of electron scattering at the film surfaces is negligible, the TCR n
of the continuous metallic film is given by

— pO X 770 (1)
Pot+ Pt P

where po is the resistivity of bulk material at a reference temperature To. 1o is the TCR of bulk
material, also referred to To. pi and pgy are the temperature-independent resistivities caused by
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impurities and grain boundaries in the film, respectively. On the other hand, for the conductive
network film, its conducting mechanism can be explained by the percolation theory. The resistivity ps
of the conductive network film is expressed as [9]

pr=(pg +p, +p)xW =1)" (2)

where t is a positive critical exponent. V is the percolation threshold forming the electrical
conducting paths in insulating atmosphere. V is the film volume percentage exceeding Vo. The 1 of
the conductive network film can be expressed as

__ Ay @
Po t P T P

In the present work, it is considered that the p; is the same for all the NigoFe,o films because the
background pressure, the Ar gas pressure and the deposition rate are the same during the deposition.
The continuous film has the thin columnar grain structure while the network film consists of the fine
granular grains. The latter has a large amount of grain boundaries compared with the former.
Therefore, pq of the network film is larger than that of the continuous film. Furthermore, (V-Vo)' < 1.
According to Egs. 1 and 3, the TCR of the network film is smaller than that of the continuous film.
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Fig. 3 Temperature dependence of the resistance of the NiggFeyo films grown on AAO and
Si0,/Si(100) substrates.

An anomalous temperature dependence of the resistance in two-dimensional metallic films at low
temperatures might be explained by the weak localization of conductive electrons and/or the
Coulomb electron-electron interaction [5,10-14]. The conductance correction AGy, due to the weak
localization is expressed as [10,11,14]

2

x 1n(T) 4)

AG, = a xp x
T X
where p is the exponent related to the temperature dependence of the inelastic scattering time of the
conductive electrons. a is a constant related to the spin-orbit scattering of the conductive electrons. T
is a temperature. h is the Planck constant and e is the elementary charge. On the other hand, the
conductance correction AGg due to the Coulomb electron-electron interaction is given by the
expression [10-12,15]

2
e

8G,, = (1= F) x —— > In(D) (5)

T X
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where F is the three-dimensional electron screening integral factor, 0<F<1 [13,16]. Actually, AGw.
and AGe. are referred to as the conductance correction AG=G(T)-Go, Gy is a conductance at a
reference temperature, G(T) is a conductance at a certain temperature T. Therefore, according to Egs.
4 and 5, the conductance of the metallic film at low temperature varies with logarithm of the
temperature.

Figure 4 shows a temperature dependence of the conductance G in the low temperature range for
the NigoFe, network film, plotted as G versus In(T). As shown in Fig. 4, a good linear dependence
having a linear correlation coefficient of 0.997 is exhibited in 3-30 K. The slope of the fitted straight
line is 6.1 10°°. Then, the prefactor of [e%/(x X h)] X In(T) equals to 4.96. Using Eq. 5, F is equal to
-3.96. This F value is unreasonable because of O<F<1 [13,16]. Therefore, the Coulomb
electron-electron interaction does not dominate the electrical transport property of the NigFeso
network film at low temperature. On the other hand, using Eq. 4, a X p equals to 4.96, which might be
reasonable value [10,11]. Therefore, it is considered that the weak localization of the conductive
electrons dominates the electrical transport mechanism in the NigoFez network film at low
temperature. The 200 nm-thick NiggFezo network film is rather of three dimensions than of two
dimensions. Then a possible explanation could be that the grain boundary structure of the network
film forms a quasi-two dimensional arrangement on the surface of the AAO substrate, controlling its
electrical transport mechanism.
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Fig. 4 Temperature dependence of the conductance G in the low temperature range for the NigoFexo
network film, plotted as G versus In(T).

For the electrical transport property of the network film, the result of the present work is well
consistent with the results of the Ni and Fe network films previously reported [6,7]. The electrical
transport property at low temperature exhibits the minimal resistance in these network films. The
logarithmic R-T relationship is verified at temperatures below 40 K. The two-dimensional weak
localization of the conductive electrons dominates the electrical transport mechanism in the network
films at low temperature although the network films have a thick film thickness.

Summary

The NiggFe,o film grown on the AAO substrate has the network structure while that deposited on the
Si0O,/Si(100) substrate is continuous. The network film is formed by columnar granule connection.
The columnar granule consists of many fine granular grains. The continuous film grows with thin
column grains. The columnar grain size of the continuous film is almost equal to the granular grain
size of the network film. The temperature dependence of the resistance within 3-300 K reveals that
the network film exhibits the minimal resistance at about 35 K. The logarithmic temperature
dependence of the conductance is verified at temperatures below 35 K. The TCR of the network film
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is smaller than that of the continuous film in 150-300 K.
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