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Abstract

A series of (CoggsFeq 35)1—x (NigsZng sFe,04), bi-magnetic composite granular films with
different ferrite atom fraction x are fabricated by magnetron sputtering. Scanning electron
micrographs and x-ray diffraction results show that the films consist of bcc Cog gs5Feg 35
particles, uniformly with particle size around a few nanometres. These results reveal that the
Nig sZng sFe,Oy4 in the composite films is electrically insulating for Nig 5Zng sFe;O4, thus
exhibiting promising magnetic properties for suitable proportions of Cog ¢5Feg 35. They also
reveal that the films show in-plane isotropy, in-plane uniaxial anisotropy and super
paramagnetic magnetic properties while x changes from O to 0.16. In particular, for the
samples with x = 0.085 and x = 0.116, the saturation magnetizations are 1.41 T and 1.19T,
the resistivities reach 677 €2 cm and 1371 2 cm, the real part of the complex permeability is
more than 100 and 150 below 2.0 GHz and the ferromagnetic resonance frequencies reach

3.61 GHz and 2.84 GHz, respectively.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Soft magnetic films with excellent high frequency character-
istics are much required as core materials for use in magnetic
components for the ceaseless increase in the working frequency
for data transmission and multiple access in computers,
mobiles and bluetooth devices [1-6]. The basic requirements
for these films are high resistivity p, high permeability 1, high
saturation magnetization M, and appropriate anisotropy field
H,. Metal-insulator granular films consisting of magnetic
metal nanogranules uniformly distributed in an insulator
matrix are among the best candidates for satisfying these
demands, because these films have the advantages of good
magnetic metal performance with high M and high © and
good insulator performance with high p. Up to now, soft
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magnetic properties of K—M-X films have been reported
[1,7-12], where K is a magnetic metal (Fe, Co, Ni and their
alloys), M is a nonmagnetic element (Hf, Mg, Al, Si, Zr, etc)
and X is a second period element N, O, F. The mechanism
of soft magnetic properties of magnetic granular films has
been confirmed to be the exchange coupling between granules
through the intergranular regions [13,14]. As the inserted
insulators are nonmagnetic materials, this would result in low
M for the granular films.

In order to obtain in-plane uniaxial anisotropy magnetic
thin films with both high M; and high p, a material with
both high resistivity and magnetic properties for the inserted
insulator can be selected. With the magnetic adulterant,
granular films with high M and high p may be obtained.
Some works on discontinuous metal-native oxide multilayers
were studied and high resistivity and high M were obtained
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[15,16]. As there are no works focused on the properties
of granular films with magnetic adulterant systems, NiZn
ferrites with electric insulating and soft magnetic properties
were used as the adulterant for granular films in this work.
The structures, electrical and magnetic properties of these
bi-magnetic composite granular films were also studied.

2. Experimental details

The samples were prepared by radio frequency (1f) sputtering
onto 10 mm x 20 mm x 0.42 mm (1 1 1)-oriented Si substrates
attached to a water-cooling system at room temperature with a
background pressure lower than 5 x 1073 Pa. A Co target,
70 mm in diameter and 3mm in thickness, on which Fe
chips and NigsZngsFe,O4 chips were placed in a regular
manner and with the target—substrate distance fixed as 9.0 cm,
was used to deposit (CogesFepss)i—x(NigsZngsFe;O4),
composite granular films. (Actually, the ratios of Co to Fe
are not exactly the same for our samples, but we change the
number and size of Fe chips which were placed on the Co
target to make sure that the composition of Co and Fe of
thin film is almost the same, so we mark all the samples
as (CoggsFep3s)1—x (Nig5Zng sFe;04),.) The samples were
deposited at an angle of 24° with the substrate normal to attain
uniaxial anisotropy [17, 18]. The composition of the deposited
magnetic layers was adjusted by controlling the numbers and
sizes of the Fe chips and NigsZngsFe,O4 chips. During
sputtering, an Ar flow rate of 20 sccm (sccm denotes cubic
centimetre per minute at STP) was needed to maintain an Ar
pressure of 0.15 Pa, and the rf power density was 1.7 W cm™2.

The compositions of the films and the target were
measured by energy dispersive x-ray spectroscopy (EDS).
The values of x were determined by the ratios of Ni,
Zn, Fe and Co of the films which were carried out by
EDS results. The crystalline structure was characterized
by grazing incidence x-ray diffraction (GIXRD, X’Pert PRO
PANalytical with Cu Ko radiation). A field emission scanning
electron microscope (SEM, Hitachi S-4800) was employed to
observe the morphological characteristics of the films. The
magnetic hysteresis loops of the films were measured at room
temperature using a vibrating sample magnetometer (VSM,
Lakeshore 7304 model). The direction of the applied magnetic
field was parallel to the film plane. woM; and H. were
obtained from the loops. Permeability spectra were carried
out with a PNA E8363B vector network analyzer using the
microstrip method from 100 MHz to 8 GHz with the sample
(Smm x Smm x 0.42 mm) positioned in the middle of the
strip line with an inner height of 0.8 mm between the upper
line and the ground plate, the width of the upper line being
3.94 mm and the length being 9 mm [19].

3. Results and discussion

Figures 1 and 2 show the GIXRD and high-resolution
scanning electron microscopy (SEM) patterns of the
(Cogp.esFep35)1—x (Nig 5Zng sFe;04), composite granular films
with different fractions x of Nig 5Zng sFe,O4. From figure 1,
it can be seen that pure Cog gsFe 35 films show a bec crystal
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Figure 1. GIXRD spectra of (CoggsFeg3s)1-x (NigsZngsFe,04),
composite granular films with different fractions x. The grain sizes
calculated by the Scherrer equation are listed in the table.

lattice structure with the (1 10), (200) and (2 1 1) peaks. With
all series, the (1 1 0) peak can be found, but no peaks are related
to oxides. This indicates that the ferrites are deposited as
amorphous phases, and the bce structure Cog gsFeq s is the
main phase in the films. It is known that the grain sizes are in
inverse proportion to the peak width of XRD by the Scherrer
equation [20]. The results are listed in figure 1 as a table. For
the (Cog.esFeoss)1—x (NigsZngsFe;O4), composite granular
films, the larger the value of x, the smaller the Cog gsFeq 35
grain becomes. However, SEM photos show that the particle
sizes of x = 0.030 are slightly bigger than that of the pure
Cop.esFep 35 film. A possible reason is that particles consist
of crystalline Cog gsFep3s grain and amorphous oxide. It is
known that during sputtering of the film, the oxygen atoms
of NiZn ferrite may escape and combine with Cog gsFey 35 as
oxides. The particles in the SEM photos are the composed
particles with both Cog¢sFeg 35 grain and amorphous oxides.
The grain sizes calculated by the Scherrer equation are only
the Cog ¢sFeg 35 grain sizes.

The SEM photos also reveal that for the samples with
x =0, 0.030 and 0.057, particles show an irregular shape, but
for the samples with x = 0.085, 0.116 and 0.162, the photos
show continuous films. This result can be explained by the
fact that the deposited oxides (including the NiZn ferrite and
the oxidized Cog ¢s5Fe 35) are amorphous, and the nanograins
of Cog ¢s5Fep 35 symmetrically fill in the sphere of oxides. The
photos show us only the surface of the composed structure, so
continuous films are seen in the SEM photos.

The magnetic and electrical properties are based on the
peculiar structures discussed in the last part with good magnetic
properties of the metal grains and the insulating oxide spheres.
Figure 3 shows the saturation magnetization M, and the
resistivities p of the samples as a function of x. It can be
seen that M shows a linear decrease as x increases. It can
be easily understood that M is equal to the total moment
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Figure 2. SEM images for (Cog ¢sFe35)1—x (NigsZngsFe,04), composite granular films with different fraction x.
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Figure 3. Saturation magnetization poM; and
resistivity p as a function of component of ferrites for
(Coo.e5Fen35)1—x (NigsZng sFe,0y4), composite granular films.

divided by the volume and then the total moment decreases
while the atom fraction x increases. As x is the atom
fraction and the molecular weight of ferrite is four times larger
than Coy ¢sFey 35, the volume fraction is larger than the atom
fraction. The increase of resistivity (p) with increasing x is
caused by the presence of more and more insulator content in
the films. The relationship of resistivity and x can be fitted by

the coercivity of the latter higher than that of the former. The
reason is that grain sizes of Cog gsFeg 35 are almost the same,
but the distance between the metal grains is increased. For
x = 0.057, the loops show weak in-plane uniaxial anisotropy
with H, = 325kAm™', H, = 2.42kAm~' and Hy, =
0.81 kA m™!, respectively. For this sample of x = 0.057, the
weak anisotropy is caused by the shape of the grains and the
exchange coupling between the neighbouring grains. When
the fraction is equal to 0.085 and 0.116, the XRD shows that the
grain sizes are very small, and the SEM shows that these films
are continuous. The strong exchange coupling between the
granules and the small magnetocrystalline anisotropy induce
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Figure 4. The magnetic hysteresis loops of the (Cog ¢sFeo 35)1-x (NigsZngsFe,04), composite granular films with different fractions

x = 0.0 (@), x = 0.030 (b), x = 0.057 (¢), x = 0.085 (d), x = 0.116

(e), x =0.162 (f). ‘ED’ means experimental data, ‘Fit’ means fitting

curves, ‘EA’ means easy axis loops and ‘HA’ means hard axis loops. Samples with no in-plane uniaxial anisotropy are marked with black

lines for fitting curves and star points for experimental data.
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Figure 5. The coercivity of easy axis and hard axis H.., He, and
in-plane anisotropy field H; as a function of component of
Ni0A5Zn0‘5F6204.

good soft magnetic properties. For the samples with x = 0.085
and 0.116, H, = 897kAm™! and 6.14kAm™!, H,. =
1.53kAm~! and 1.38kAm~! and Hy, = 0.54kAm~! and
1.11kAm™!, respectively. For the sample with x = 0.162,

the magnetic hysteresis loop shows a very high coercivity of
20.0kAm~'. This coercivity has the same quantity as the
magnetocrystalline anisotropy field. This means that there
are no exchange couple interactions between the granules.
A model with superparamagnetic grains is used to fit the
experimental data as shown in figure 4( f). Here the Langevin
equation is used to describe the superparamagnetic behaviour
[22]. The theoretical results are in good agreement with the
experimental data. This proves that the granular films with
large content of Nig 5Zng sFe,O4 were superparamagnetic-like
films.

The magnetic spectra of the samples with in-plane uniaxial
anisotropy are shown in figure 6. The spectra were fitted
using the theoretical spectra which were determined by the
Landau-Lifshitz—Gilbert equation [23]. When x increases,
significant changes can be found for the magnetic spectra.
This behaviour can be described with the Kittel equation
[fr =v/27m (M- Hy)'/?] for magnetic resonance [24]. With
this equation, it is easy to know that the resonance frequency
increases when M and H; increase. As u = 1 + Mg/ Hy, the
value of the real part of the permeability increases when Mg
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Figure 6. Dependence of complex permeability on frequency

for the samples with x = 0.057, 0.085 and 0.116. The black solid
lines and red dashed lines show the fitting curves of real parts and
imaginary parts of permeability as a function of frequency.

increases, but decreases when H; increases. For these three
samples, the values of M are 1.59, 1.41 and 1.19T, and the
values of Hy are 3.25,8.97and 6.14 kA m~!. Since the changes
in H; are much larger than those in M and the changes in the
magnetic spectrum were mainly caused by Hj, the magnetic
spectrum of the sample with x = 0.085 shows the largest
resonance frequency and the lowest permeability.

The shapes of the magnetic spectra also show obvious
changes. The second magnetic spectrum shows a sharper shape
than the other two spectra. The fact that the shapes of the
magnetic spectra are strongly damped by a damping factor is
proved elsewhere [25]. By fitting the magnetic spectra with
the theoretical spectra, the values of the damping factor were
found to be 0.036, 0.025 and 0.044 for x = 0.057, 0.085 and
0.116. These results are in good agreement with the shape
changes of the magnetic spectrum.

It can be seen that the real part of permeability is more than
100 and 150 below 2.0 GHz, and the imaginary part gradually

increases to a maximum at f = 3.61 GHz and 2.84 GHz for
samples with x = 0.085 and 0.116, respectively. The high
permeability and resonance frequency imply that the granular
films are promising for applications in the high frequency
range.

It is worth comparing our results with those of well-
known systems. Firstly, for our samples, high saturation
magnetizations (1.41 and 1.19T) and resistivities (677 and
1371 2 cm) were obtained for the samples with an in-plane
uniaxial anisotropy. For Co—Al-O [8], uoM; = 1.07 and
1.05T while p = 583 and 1165 uQ2cm, and for FeZrO
[10], uoMs = 1.3T while p = 660 u2cm. Secondly, the
(C00,65Feo_35) 1—x (Ni0_5Zn0_5F6204)x composite granular films
were prepared by radio frequency magnetron sputtering in
a pure Ar gas environment. This method is much easier
for controlling the condition of sputtering than the reactive
sputtering used for current works.

4. Conclusions

(Cop.65Fep35)1—x (Nig5ZngsFe;04), granular films were
successfully fabricated by magnetron sputtering and good soft
magnetic properties have been obtained with high resistivity
and high saturation magnetization. For the typical samples
of x = 0.085 and x = 0.116, the resistivities reach 677
and 1371 u2 cm and saturation magnetizations are 1.41 and
1.19T. At frequencies lower than 1.0 GHz, the real parts of
the complex relative permeability of these two samples are
more than 100 and 150, and the resonance frequencies reach
3.61 and 2.84 GHz, which imply that the films are promising
for high frequency applications. The magnetic properties may
also be improved if the proportion of Fe:Co is added to a
level 65 : 35 (the highest saturation magnetization that occurs
in nature).
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