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Summary. Magnetic films were prepared by the plasma jet technique from Fe, mumetal, and Fe /Hf
or Fe/Ta nozzles. Two different plasma jet systems with different vacuum pumps were used to
compare the quality of the produced films. The films prepared from a Fe nozzle in the two different
equipments shows that oxygen in the residual atmosphere of the low vacuum reactor leads mainly to
the formation of iron oxides. The Fe and mumetal films prepared in the high vacuum system contain
only a very small amount of oxygen, as proved by chemical analysis and ferromagnetic resonance.
The mumetal film, moreover, shows good soft magnetic properties and low magnetic damping. For
the reactive plasma jet deposition of nanogranular Fe-Hf-O and Fe-Ta-O films, the low vacuum
system was used. The films with higher oxygen content exhibit tunneling-type conductivity. In some
films, superparamagnetic behaviour and spin-dependent tunneling magnetoresistance were observed.

Keywords. Plasma jet; Magnetic films; Nanogranular materials; Tunneling magnetoresistance.

Introduction

Magnetic films are nowadays very important, both from technical application and
basic research points of view. A large variety of methods is being used to produce
magnetic films. For the new applications, however, new magnetic materials and
also new deposition techniques are required. The plasma jet technique described
below has only recently been used for the preparation of magnetic films [1-4].
The plasma jet technique was developed in the Institute of Physics,
Czechoslovak Academy of Sciences [5]. The principle of the method is sche-
matically shown in Fig. 1. The material to be deposited originates from the nozzle,
which is sputtered by the ions produced in the hollow cathode discharge generated
inside the nozzle. In the basic configuration the plasma jet reactor consists of two
electrodes: the grounded walls of the reactor (anode) and the water-cooled cy-
lindrical nozzle (cathode) which is connected to the DC or radio frequency power
source. The substrate is placed on the electrode, which can be grounded or biased
with respect to the ground potential. The working gas (or mixture of gases) enters
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Fig. 1. Schematic view of plasma jet reactor

the reactor through the nozzle and is continuously pumped by the vacuum system.
The pressure in the reactor chamber is maintained at several tens of Pa. The flow of
working gas and the pumping speed can be adjusted so that the velocity of gas at the
outlet of the nozzle is supersonic. If the power fed to the nozzle exceeds a certain
limit (for example, 20 W), an intensive hollow cathode discharge is generated inside
the nozzle. Due to the bombardment by the ions produced in the discharge, the
material of nozzle mouth is sputtered and enters the plasma. The working gas forces
the discharge supersonically out of the nozzle, and a well-defined plasma jet
superimposed on the primary plasma channel is formed. The atoms, ions, and
clusters are transported to the substrate placed in the stream of plasma, and a film
consisting of the nozzle material is deposited. In case of reactive plasma jet
deposition a gas reacting with the nozzle material is added to the working gas, and
chemical compounds can be then produced. More details on the plasma jet reactor
can be found in Refs. [6, 7]. The advantage of the plasma jet technique with respect
to the commonly used magnetron sputtering is the high deposition rate (of the order
1 um/h) which can be achieved even for soft magnetic materials.

The plasma jet method has been successfully used for the preparation of
various materials. Typical examples are the depositions of germanium nitride [8],
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cooper nitride [9], and titanium nitride [10] thin films of defined stoichiometry,
composite SiGe [11], a-Si:H [12], hard amorphous carbon nitride coatings [13,
14], etc.

Results and Discussion

Fe films

The films prepared from a single Fe nozzle in the two different plasma jet equip-
ments differ substantially. Chemical analysis showed that the films prepared in the
low-vacuum reactor contained large amounts of oxygen. The film composition as a
function of position, measured along the line passing the center of plasma channel,
is shown in Fig. 2. Three films prepared under identical conditions but with
different working gas are compared. As can be seen, the oxygen content does not
depend on the purity of the working gas. That means that the oxygen in the film
originates from the residual atmosphere in the reactor. Its amount could not be
reduced below 30at.% even if the reactor was pumped for one week before the
deposition. To reduce the oxygen content in the films, some H, was added to the
Ar. This leads to a substantial reduction of oxygen in a small circular spot around
the plasma channel axis. Further from the substrate center, even higher oxidation
of the film is observed. The quality of the film within the spot is rather poor with
very small adhesion. X-Ray diffractions of these films indicate the presence of
Fe oxides. Only weak traces of metallic Fe can be found in the films prepared in
an Ar/H, atmosphere. No FMR signal can be observed from films prepared with
Ar only; the film prepared in Ar/H, has not been measured because of its poor
quality.

The films deposited in the high-vacuum reactor from the Fe nozzle on Si
substrates show metallic luster and good adhesion to the substrate. Chemical
analysis reveals only little contamination by oxygen (less than 6 at.%). The FMR
measured with the magnetic field parallel to the film plane is shown in Fig. 3. In the
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Fig. 2. Oxygen content in Fe-films prepared in the low-vacuum reactor with different working gas
atmosphere
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Fig. 4. Saturation polarization J; of Fe + FeO samples as a function of the oxygen content

perpendicular configuration the resonance fields exceed the maximum field
available with our electromagnet. The saturation polarization J calculated from
Kittel’s resonance condition for an isotropic film with g=2.09 [15] is shown in
Fig. 4 as a function of the oxygen content. The dotted line represents the saturation
polarization of a mixture of a-Fe and the nonmagnetic oxide FeO. As can be seen,
the value J;=2.11 T for the film Fe 4 is very close to the value of 2.17 T for the
bulk Fe. Figure 5 shows the hysteresis loop of the film. The rather high coercive
force (about 3 kA/m) indicates that the film is polycrystalline.

Mumetal films

The mumetal films were prepared in the high-vacuum apparatus from the PY 79M
nozzle. The films were deposited either on glass or Si substrates.
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Fig. 5. Hysteresis loop of Fe film deposited in the high-vacuum plasma jet reactor

Electron probe microanalysis showed that the film stoichiometry did not differ
by more than 2 at.% from the nozzle composition and that the increase of oxygen
content with respect to the nozzle material was less than 0.4at.% (in the bulk
material, 1.8 at.% O were detected). X-ray diffraction pattern of the film on Pyrex
glass shows diffraction peaks typical for an fcc-cubic structure with a lattice
constant of a =3.554 A.

The results of ferromagnetic resonance measurements at 35.7 GHz with the
magnetic field applied parallel and perpendicular to the film are shown in Fig. 6.
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Fig. 6. Ferromagnetic resonance of a mumetal film measured with magnetic field parallel (H)) and
perpendicular (H ) to the film plane; FMR of the original bulk tape is shown by the dotted curve
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Fig. 7. Hysteresis loops of the mumetal film and the bulk mumetal tape

For comparison, the parallel resonance of the original PY 79M tape is also shown.
From Kittel’s resonance condition for an isotropic film, the spectroscopic splitting
factor g=2.108 and the saturation polarization J;=0.77 T are obtained. This J
value is identical with J of the original bulk alloy obtained from the hysteresis
loop measurement-another proof that only very little oxygen is present in the
p-metal film. The FMR linewidth measurements at two different microwave
frequencies (35.7 and 69 GHz) yield the intrinsic Landau-Lifshitz relaxation
constant as 1.04 x 10 rad/s, in good agreement with values for 80/20 permalloy
(~8x 107 rad/s) films [16]. The low value of relaxation constant indicates a good
quality of the plasma deposited film.

In Fig. 7, the hysteresis loop of the film is compared with the loop of a bulk
tape (0.05 mm thick, 3 mm wide) made of the same material. The coercive force
14 A/m of the film is about one order of magnitude higher than H.= 1.6 A/m of
the optimally annealed tape, but it is much smaller than H. =365 A /m of the rolled
tape. This result illustrates that good soft magnetic films can be produced by
plasma jet deposition in the high-vacuum equipment.

Fe—Hf-0O and Fe-Ta—O0 films

Nanogranular magnetic films consisting of tiny metallic grains in a nonmetallic
matrix exhibit interesting magnetic and electron transport properties [17]. Many
combinations of metal and nonmetal materials have been investigated (see e.g.
Ref. [18]). Recently, such films were prepared mostly by the reactive sputtering
from metallic targets in a mixed Ar and O, (or N,) atmosphere. For example, if a
ferromagnetic metal (Fe, Co, or Ni) is sputtered together with an inmiscible element
which has a large affinity to oxygen (or nitrogen), the ferromagnetic metal can
precipitate into small crystalline grains surrounded by the oxide or nitride matrix of
the other element. We tried to prepare Fe-based nanocomposite films in the low-
vacuum plasma jet reactor.
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Fig. 8. TEM micrographs and electron diffraction of a nanogranular Fes; ;Tag sOs¢ ¢ film; a) bright
field image, b) dark field image, c) selective area diffraction

Because the partial pressure of oxygen in the low-vacuum reactor is rather
high, O, need not be added to Ar to obtain the oxides of Hf or Ta. Moreover,
sometimes hydrogen had to be added to Ar to prevent the oxidation even of the
ferromagnetic metal. The Fe—-Hf-O and Fe-Ta—O films prepared from the compos-
ite nozzles were investigated systematically [1-4]. Some of them really exhibit a
nanogranular structure as shown by electron transmission microscopy (Fig. 8a,b).
Bcce-Fe grains with a grain size of few nm can be found in an amorphous matrix.
The electron diffraction revealed also some traces of crystalline Fe;O3 (Fig. 8c). It
means that the surface of the bcc—Fe nanocrystals is probably oxidized. X-Ray
diffraction of such films shows only a broad weak diffraction peak near the [110]
reflection of bcc—Fe on an amorphous background. This fact is in correlation
with TEM investigations because of the lower sensitivity of X-ray diffraction
analysis.

Magnetic and electric properties of the films depend on the content of oxygen
and on the Hf /Fe (or Ta/Fe) ratio. Ferromagnetic resonance measurements on Fe—
Ta-O films revealed superparamagnetic behaviour, characterized by broad
resonance peaks near the paramagnetic resonance field, for the compositions with
a Ta/Fe ratio close to 0.25 [3].

The electrical resistivity p and its temperature dependence are very sensitive to
the oxygen concentration. A large increase of p (by about 6 orders of magnitude) is
observed for a content of above 50at.% O. The temperature dependence of
resistivity changes from the typical metallic behaviour at low O content to
Inp o< T'/? for high O concentration (Fig. 9). Such a dependence is characteristic
for the electron tunneling in metal /insulator granular systems [19]. The tunneling
type of conductivity can be also proved by the dependence of differential
conductance, G = dI/dV, on the bias voltage V. An example for a nanogranular Fe—
Ta—O film is shown in Fig. 10. The fit of experimental data to the theoretical
dependence G vz, typical for the inelastic tunneling of electrons through the
non-metallic barrier [20], is shown by the dotted line.

In the films with tunneling type of conductivity and superparamagnetic
behaviour, a high magnetoresistance (MR) was observed. An example can be seen
in Fig. 11, where the MR of a film prepared from a Fe/Hf nozzle with a stainless
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Fig. 9. Temperature dependence of resistivity of a nanogranular Fe,; gNi; CrsHf;Os; 5 film
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Fig. 10. Dependence of differential conductance G=dI/dV on the bias voltage measured for a
nanogranular Fe-Ta—O film at liquid nitrogen temperature

steel shell tube is shown. The magnetoresistance is isotropic in the film plane and
follows well the theoretical dependence Ap/ p~—M?* [21]. The m-H curves,
measured with the SQUID magnetometer at three different temperatures, are
shown in the lower part of Fig. 11. In spite of similar magnetizing curves observed
at 77.3K and 300K, the magnitudes of MR measured at these temperatures are
very different. The enhancement of MR at lower temperature can be explained by
higher-order spin-dependent tunneling [22]. We have tested this explanation by
fitting the experimental curve R(V) measured at 77.3 K by the formula suggested in
Ref. [22]. The result is shown in Fig. 12; a good agreement with the theoretical
curve is evident. The MR enhancement is achieved due to the fact that the
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3.0

Fess 7Tag 50565

25]

R/MQ

1-0- 1 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08

ViV

Fig. 12. Fit of the experimental dependence of the Fe—Ta—O film resistance R on the bias voltage V

measured at 77.3 K; the fitting formula R(V) =a(1 + bV?)~€ was proposed by Mitani et al. in Ref.

[22] assuming higher-order spin-dependent tunneling in granular systems when several electrons
placed at neighboring granules tunnel simultaneously between them
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probability of the higher-order tunneling is given by the product of probabilities of
single tunneling events.

Conclusions

For the first time the supersonic plasma jet method has been used for deposition of
magnetic films. It was proved that the quality of film sensitively depends on the
vacuum system used for the pumping of the plasma reactor. The films deposited in
the low vacuum reactor are highly contaminated by oxygen from the residual
atmosphere. This system has been used for reactive deposition of nanogranular
magnetic films consisting of Fe crystallites embedded in an oxide matrix. Some of
these films exhibited spin-dependent tunneling magnetoresistance. The quality of
the films prepared in the low vacuum reactor is, however, rather poor, and the
chemical composition of films can be hardly controlled. To get high quality
magnetic films with low (or well controlled) content of oxygen, the high-vacuum
technology must be used for the plasma jet reactor.

Experimental

Two different plasma reactors were used for film preparation. The first (low vacuum) system uses a
Roots vacuum pump and standard rubber seals. The limit pressure attainable in this reactor is about
5 1072 Pa. An RF power supply (13.56 MHz) is used to generate the hollow cathode discharge in
the nozzle. The single Fe nozzle (tube 3 cm long with inner and outer diameters of 3 and 6 mm,
respectively) was used to test the system capability. Because the films prepared in this reactor are
highly contaminated by the oxygen from the residual atmosphere, H, was added to the working gas
(Ar) in order to reduce the oxygen content in some films. The low vacuum system was also used for
the preparation of nanogranular magnetic films by reactive deposition. Deposition from two
independent nozzles (Fe in combination with Hf or Ta) at 90° and 45° with respect to the substrate
plane was attempted. The idea was to control the film composition by variation of the Fe and Hf (Ta)
nozzle’s distance from the substrate, by different flow rates of the working gas, or by a difference in
the RF power supplied to the two nozzles. These films, however, were chemically very inhomogeneous,
probably because the mixing of the two plasma channels was not ideal. To improve the film
homogeneity, a single composite nozzle was used (for details see Fig. 1). The nozzle was composed
of rings made of the two different metals (Fe and Hf or Fe and Ta) inserted in the outer (shell) tube.
The number of Hf (or Ta) rings and their position with respect to the nozzle mouth were used to
control the ratio of Hf/Fe (Ta/Fe) in the film. First, the reduction flange and the shell tube were
made of stainless steel. Because these parts were also partially sputtered by the hollow cathode
discharge, the films contained also Ni and Cr. To reduce the contamination of films by other
elements, pure Fe was finally used for the reduction flange and the shell tube. These nanocomposite
materials are generally thermodynamically metastable and have a tendency to relax at higher
temperatures. To avoid grain growth and formation of stable phases in the developing films, the
substrate holder was cooled by water.

The second (high vacuum) equipment was used to test whether high quality magnetic films can
be prepared by the plasma jet technique. It uses a turbomolecular pump and copper vacuum seals.
The limit pressure in this reactor is about 10~° Pa. The substrate holder is not cooled. The DC hollow
cathode discharge with plasma confined by a magnetic field was used for the deposition of Fe and
p-metal films. The same Fe nozzle as in the low vacuum system was used for Fe film deposition. The
p-metal films were prepared from a nozzle made of Ni;;Fe;sCu;MosMn; alloy. The mother alloy
(commercial mark: PY 79M) was kindly supplied by Kovohute Rokycany, a.s.
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The chemical composition of the films was studied by electron probe microanalysis on a JEOL
Superprobe JXA-733 device equipped with an X-ray microanalyzer Kevex Delta class V. Two
methods of analysis were used:

1. EDAX (energy dispersive analysis of characteristic X-ray radiation) using a multichannel
semiconductor detector with a special beryllium window for light elements (up from boron).

2. WDAX (wave dispersive analysis of X-rays) using adjustable crystal spectrometers. A special
multilayer crystal Ni-C (spacing: 2d =84 1&) was used as an X-ray diffraction mirror for the
direct measurement of light elements (e.g. O, N). Pure samples of CuO and cubic BN were used
as standards for O and N measurement, respectively.

First, the EDAX method was applied for the identification of chemical elements in the film and a
rough estimation of their concentrations. WDAX was then utilized for the precise quantitative
analysis of chemical elements identified by EDAX. In this way, an accuracy of chemical composition
of about 4 0.1 wt.% was achieved.

The X-ray diffraction structure analysis was performed by means of a Bragg-Brentano focusation
arrangement using Cuk,, radiation. The magnetic properties were studied at room temperature by a
computer controlled quasistatic hysteresis loop tracer. The saturation magnetization, g-factor, and
magnetic relaxation parameter of the deposited films were determined from ferromagnetic resonance
(FMR) at 36 and 69 GHz with the magnetic field applied parallel and perpendicular to the film plane.
For the measurement of magnetization curves in nanogranular films the SQUID magnetometer
(Quantum Design MPMS-5S) was used.

The resistance of low resistive samples (less than 200 M{2) was measured by the four-terminal
method using a conventional digital multimeter. For high resistive samples, the two-terminal method
and an electrometer were used. For the resistance measurement the films were deposited on glass
substrates. The electric contacts were prepared by electron gun deposition of Ag films either below
or on the top of the investigated film. The electrical leads were glued to the Ag films by silver paint.
The temperature dependence of resistivity was examined in the range of 4.2-300K. The
magnetoresistance at 77 K and room temperature was measured in an electromagnet with its
magnetic field (up to 6kOe) applied parallel or perpendicular to the film plane.
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