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ABSTRACT

Iron cobaltite thin films with spinel structure have been elaborated by radio-frequency (RF) magnetron
sputtering from a Coq 7sFe; 2504 target. Influence of argon pressure on structure, microstructure and physical
properties of films has been examined. Iron-cobalt oxide thin films essentially consist of one spinel phase
when deposited at low pressure (0.5 and 1.0 Pa). At high pressure (2.0 Pa), the global stoichiometry of the film
is changed which results in the precipitation of a mixed monoxide of cobalt and iron beside the spinel phase.
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1. Introduction

Transition-metal oxides with spinel structure have been intensively
investigated over decades for potential technological applications due
to their variety of interesting physical and chemical properties. Spinel
oxides are described by the general formula A[B,]O4 with A and B
representing tetrahedral (Td) and octahedral (Oh) sites, respectively.
The divalent cations occupy Td sites and the trivalent cations occupy
Oh sites in normal spinels [1]. But for disordered spinels or inverse
spinels, tetrahedral sites can be occupied partially or totally by the triva-
lent cations [2-5]. Such structure tends to exhibit varying physical
properties depending on nature of transition-metal cations and their
distribution between two crystalline sites [6,7].

[ron cobaltites exhibit excellent chemical stability and high corro-
sion resistance. These semiconductors with relatively high activation
energy and negative temperature coefficient are interesting as sensitive
elements in uncooled bolometers [8]. Attractive magnetic properties
(large coercivity, magneto-crystalline anisotropy and magnetostriction
[9]) make cobalt-iron spinel oxides, especially in thin films form, poten-
tial candidates for magnetic devices. In addition, spinel cobaltites are
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This in-situ reduction due to an oxygen loss occurring mainly at high deposition pressure has been revealed by
X-ray diffraction and Raman spectroscopy. Microstructural evolution of thin film with argon pressure has been
shown by microscopic observations (AFM and SEM). The evolution of magnetic and electrical properties, versus
argon pressure, has been also studied by SQUID and 4 point probe measurements.

also of interest for various applications due for example to their thermo-
electric [10,11], multiferroic [12,13] or catalytic [14,15] properties.

Iron cobaltites for which the composition lies between CoFe;04 and
Co304 are located in a miscibility gap of the Co-Fe-0O phase diagram that
leads to the precipitation of a mixture of iron-rich and cobalt-rich spinel
phases at low temperature [16,17]. When its composition is in between
Coq.10Fe;1 8504 and Co, 75Feq 2504, a pure spinel can be easily obtained by
annealing this oxide at 900 °C and quenching down to room tempera-
ture to avoid the phase separation [18,19]. It is itself a first challenge
to deposit a pure and metastable spinel oxide thin film in the miscibility
gap area without any thermal treatment requirement. From this pure
spinel pristine phase obtained in the miscibility gap of the phase dia-
gram, it is then possible to obtain self-organized materials by spinodal
decomposition at low temperature [20]. Such a spontaneous transfor-
mation has a great interest because it can promote a regular alternation,
at nanometric scale, of magnetically ordered phases made of iron-rich
and cobalt-rich spinel oxides [21-24]. The study of spinodal decomposi-
tion of magnetically ordered phases could lead to original properties.
For example giant magnetoresistance was thus observed in ferromag-
netic alloys obtained from spinodal decomposition [25,26]. Other collec-
tive properties could be generated in these potential self-organized
metamaterials to get for instance magnonic crystals [27,28].

In this study, spinel thin films were prepared by radio-frequency
magnetron sputtering from a Coq 7s5Fe; 2504 ceramic target. The compo-
sition was chosen to be close to the centerline of the miscibility gap
observed in the CoFe,04-Co504 phase diagram. We particularly studied



the influence of deposition pressure on structure, microstructure and
physical properties of films in order to get pure metastable phase at
room temperature.

2. Experimental
2.1. Films preparation

Thin films were deposited by magnetron radio-frequency (RF)
magnetron sputtering using a Co, 7sFe; 2504 ceramic target, which has
been elaborated from mechanical mixture of Co;0,4 and Fe;04 commer-
cial powders. The powder mixture was pressed in a die and the green
disc (20 cmin diameter and 5 mm thick) was slowly heated to eliminate
the organic binder and then sintered at 900 °C for 12 h under air atmo-
sphere. After a second heat treatment carried out at 950 °C for 4 h under
air, the target density was close to 60% and the final diameter was
19 cm. The composition of the target was checked by plasma emission
spectroscopy carried out in a small representative pellet prepared at
the same time. The analysis of the chemical composition of the films
by electron probe micro-analysis (using a Cameca SX 50 apparatus)
confirmed the conservation into the film of the cationic composition
of the target: all the samples showed a constant cationic ratio Co/Fe
closed to 1.4 regardless of the deposition pressure.

The sputtering apparatus is an ALCATEL CIT model SCR650 equipped
with a radio-frequency-generator (13.56 MHz) device as well as a
pumping system (a mechanical pump coupled with a turbo molecular
pump). Both target and substrate were continuously water cooled.
The RF power was fixed at 1.3 W/cm? and the pressure inside the
deposition chamber was lower than 5.10~> Pa before deposition. Pre-
sputtering by argon plasma was performed during 15 min to clean the
surface of the target of any impurities prior to the film deposition. Pre-
cleaned 1 mm thick microscopy slides were used as substrates. In
this work, P0.5D6, P1.0D6 and P2.0D6 designations refer to samples
produced with an argon pressure of 0.5, 1.0 and 2.0 Pa respectively,
and a target-to-substrate distance fixed at 6 cm.

For all the films, the deposition rates (Table 1) were calculated from
the deposition times and thickness measurements using a DEKTAK
3030ST mechanical profilometer. Film thicknesses were set at 300 nm
for all the characterizations. For magnetic measurements, the deposi-
tion was made on both faces of thinner glass substrate (0.1 mm).

2.2. Characterizations

Structural characterizations of films were performed at room
temperature by grazing angle X-ray diffraction (o« = 1 deg.) on a
Siemens D 5000 diffractometer equipped with a Brucker Sol-X detector.
The X-ray wavelength was that of the copper K, ray (K,; = 0.15405 nm
and K,> = 0.15443 nm).

Raman spectra were collected under ambient conditions using a
LabRAM HR 800 Jobin Yvon spectrometer with a laser excitation
wavelength of 632.8 nm. Spectra acquisition was carried out for
400 s using x 100 objective lens and 600 g/mm grating. During the
measurement, the resulting laser power at the surface of the sample
was adjusted to 0.7 mW to avoid the transformation of the ferrite
thin film (especially to avoid spinodal decomposition). Examination
of multiple spots showed that the samples were homogeneous.

Table 1

Deposition parameters.
Target diameter (cm) 19
Target-to-substrate distance (cm) 6
RF power density (W/cm?) 13
Sputtering gas Ar
Background pressure (Pa) 5107°
Working pressure (Pa) 0.5-1.0-2.0
Film thickness (nm) 300

To study the microstructure of the films, Atomic Force Microscopy
(AFM) Veeco Dimension 3000 equipped with a super sharp TESP-SS
Nanoworld©tip (nominal resonance frequency 320 kHz, nominal radius
curvature 2 nm) was used. The microstructure of the samples was also
investigated by scanning electron microscopy (SEM) with a JEOL JSM
6700F apparatus with a field emission gun.

Magnetic measurements were done at 300 K, 150 K and 5 K after
a field cool with a superconducting quantum interference device
(SQUID) magnetometer MPMS Quantum Design 5.5. The maximal
applied field for the measurements was 70 kOe. The magnetizations of
the samples were corrected for substrate contribution.

Films resistivity was determined by a four point measuring device
composed of a source measure unit KEITHLEY 237, a high temperature
four point probe QUAD PRO Resistivity System and a temperature con-
troller SIGNATONE model S-1060R. This type of generator can measure
a maximum resistance of 10'° Q.

3. Results and discussion
3.1. Structural characterizations

Fig. 1 shows X-ray diffraction patterns of iron cobaltite thin films
deposited at different argon pressures. The patterns of all the films
deposited at 0.5 and 1.0 Pa show the diffraction lines corresponding to
cubic spinel structure without any secondary or impurity phases. How-
ever, film deposited at 2.0 Pa consists of two phases: a spinel phase and
a monoxide phase with wiistite structure. Both CoO and FeO have
wiistite structure with two lattice parameters very close each other:
a = 4.2612 A for CoO (PDF #48-1719) and a = 4.3260 A for FeO (PDF
#89-0687). Phase diagram of Fe;0,—Co30,4 system shows that spinel
phase and monoxide phase can co-exist at thermodynamical equilibri-
um for temperatures higher than 950 °C [16,17]. Thus it is proposed
that the monoxide phase formed in thin film deposited at 2.0 Pa is a
Co-Fe mix monoxide (Co,Fe;_y)0. The formation of a composite
monoxide/spinel oxide is in good agreement with the results reported
by B. Mauvernay et al. [29] in which the FeO/Fe304 nanocomposite
films were deposited from a magnetite target at high argon pressure.

Formation of a monoxide phase in thin films deposited at high argon
pressure can be explained by sputtering principle [30,31]. During the
sputtering at high argon pressure, target is submitted to intense
bombardment by high energy Ar™, which leads to a local overheating
of target surface. Such target, in a low oxygen partial pressure, tends
to exhibit a reduction on its extreme surface [32]. In addition, a high
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Fig. 1. X-ray diffraction patterns of thin films deposited at different argon pressures
(sp = spinel).



number of collisions between particles ejected in the plasma induces a
great ‘thermalization’ of oxygen atoms which are lighter and much
more captured by pumping system than metal atoms. Accordingly,
sputtering at high argon pressure shows an impoverishment of the
oxygen content in the deposited films [33].

Difference in phase component for obtained films was also investi-
gated by Raman spectroscopy and the resulting spectra are depicted in
Fig. 2. Films deposited at 0.5 and 1.0 Pa have similar spectra, which are
exactly the same as the spectrum of a pure Coq ;Fe; 304 ceramic that
we have already published elsewhere [33]. The spectra exhibit five
Raman-active modes of spinel structure [34,35] in this spectral range:
3F, (185,325 and 640 cm™ 1), E, (490 cm™ ') and Aq4(695 cm™'). The
position of these peaks is in good accordance with the reported value
for cobalt-iron spinel oxides [36,37]. Two peaks at high Raman shifts
F2¢(3) (640 cm™ ") and A, (695 cm™ ') are assigned to the vibrations
of cations and oxygen ions in Td sites [36,38-40]. Three peaks at low
Raman shifts Fog(1) (185 cm™ ") Fg(2) (325 cm™ ') Eg (490 cm™ ') are at-
tributed to the vibrations of cations and oxygen ions in Oh sites [38-40].

However, Raman spectra of films deposited at 2.0 Pa shows only two
peaks (550 and 630 cm™ '), one of them (peak at 630 cm™ ') is attribut-
ed to peak F,4(3) of spinel phase. The peak at 550 cm™ ! possibly results
from the formation of monoxide phase in this film. For spectral range
from 450 to 600 cm ™~ !, Raman spectrum of FeO presents one peak at
595 cm™ ! [41] and the one of CoO exhibits one peak at 455 cm™'.
Therefore, monoxide phase formed in films deposited at 2.0 Pa, is coher-
ent with the formation of a mix monoxide of cobalt and iron. This is in
good accordance with above-mentioned X-ray diffraction analysis.

3.2. Microstructural characterizations

Atomic force microscopy (AFM) and scanning electron microscopy
(SEM) analyses show a homogenous microstructure for both films de-
posited at 0.5 and 2.0 Pa. The film deposited at 0.5 Pa is made of small
grains of about 30 to 40 nm in diameter (Fig. 3a). The Ra roughness of
the films, determined by AFM, is close to 1.9 nm. SEM cross-section
view of this film (Fig. 3b) shows a structure characteristic of films de-
posited by sputtering with well-crystallized columns. Films deposited
at 2.0 Pa are formed of smaller and more circular grains (15 to 30 nm)
(Fig. 3¢) and they have a smaller Ra roughness (0.9 nm). These films ex-
hibit narrower columns, which tend to divide into fragments (Fig. 3d).
The change in microstructure of films deposited at 2.0 Pa, may be due
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Fig. 2. Raman spectra of thin films deposited at different argon pressure (sp = spinel).

to the fact that they contain small alternate crystalline domains of spinel
phase and monoxide phase.

3.3. Magnetic properties

Magnetic properties were registered at 300 K under a maximal mag-
netic field of 70 kOe parallel to the film plane (in-plane measurement).
Fig. 4 presents in-plane hysteresis loops registered at 300 K for films
deposited at different argon pressures.

The saturation magnetization (Ms) was evaluated using the last
three points of the magnetization curve by plotting the magnetization
as a function of the inverse of the applied magnetic field M = f (1/H).
The Ms value was obtained by extrapolation to infinite field (1/H = 0).
The saturation magnetization and the coercive force of the samples are
given in Table 2.

Saturation magnetization of the sample P0.5D6 is 118 emu/cm? at
300 K. In comparison, magnetization measured on cobaltite powder
with the same composition is 39.3 emu/g [24] which corresponds to a
value of volume magnetization closed to 216 emu/cm? by taking a
density of 5.5 g/cm? for the iron-cobalt spinel oxide. This lower value
of the magnetization in the case of thin film cobaltite cannot be
explained by the presence of porosity. Indeed, it was shown that ferrite
thin films deposited by RF sputtering from a ceramic target, at 0.5 Pa, are
dense due to low shadowing effects during the film growth [42,43].
Most of the articles related to magnetic properties of oxide thin films
obtained by sputtering further show that the samples obtained have
much lower saturation magnetization than those measured on bulk
materials [29,44,45]. This phenomenon is generally ascribed to the
presence of defects [46].

When the deposition pressure is increased, the saturation magneti-
zation drops considerably. F. Oudrhiri-Hassani [42] showed that the in-
crease in porosity is only 15% when the pressure goes from 0.5 to 2 Pa,
for ferrite thin films deposited by RF sputtering. This small increase in
porosity cannot explain the dramatic decrease of the magnetization.
The latter is mainly due to the disappearance of the ferromagnetic
[47] spinel phase, which is gradually replaced by anti-ferromagnetic
[48,49] monoxide phase when the deposition pressure increases. The
sample P2.0D6, which has no coercive field and a very low saturation
magnetization, seems to be a nearly pure monoxide. Changes in
magnetic properties appear to be much more sensitive than X-Ray
diffraction and Raman spectroscopy. In particular, the sample P1.0D6
has a lower magnetization than that measured for the sample P0.5D6
deposited at lower pressure while XRD and Raman spectra are similar
for both samples. Thanks to magnetic measurements, it is therefore
clear that monoxide concentration is higher in sample P1.0D6 even
though it was impossible to detect its presence by another method.

Then, the samples were cooled down under the maximal field
(70 kOe) until 150 K to register again hysteresis loops at this tempera-
ture. The cooling under magnetic field creates a coupling effect between
the antiferromagnetic and ferrimagnetic phases that are at nanometric
scale in these thin films. This is confirmed by the appearance of a
magnetic coupling represented by exchange field value (Table 3). This
coupling results from the magnetic interactions with the nanometric
spinel (ferrimagnetic) and monoxide phase (anti-ferromagnetic)
when films are cooled under magnetic field from room temperature
down to temperatures lower than Néel temperature of the mix
(CoyFe;_y)0 monoxide phase. This temperature, which was not pre-
cisely determined, is estimated in between 290 and 185 K, which are
the Neel temperatures for the two end-members of the (CoyFe;_,)0
solid solution, CoO and FeO respectively [48-50]. The increase of
exchange field absolute value when argon pressure increases, confirms
that the higher argon pressure is, the more monoxide phase forms.

Moreover, the highlight of an exchange field for the film deposited at
0.5 Pa indicates the precipitation of a very small quantity of monoxide,
which cannot be avoided even at low pressure. This monoxide phase
is nanocristallized and then cannot be observed in X-Ray diffraction



Fig. 3. AFM (a, c¢) and SEM (b, d) micrographs of thin films deposited at 0.5 Pa and 2.0 Pa respectively.

patterns. This phenomenon is confirmed by the measurement of an
exchange field of 1295 Oe at 5 K (Fig. 5). Furthermore, the coercive
force is very high at this temperature, close to 32 kOe.

3.4. Electrical properties

Electrical properties of all the films were also investigated. The
activation energy calculated in between 20 and 70 °C varies from 0.4
to 0.5 eV. This is in good accordance with studies on electron hoping
conduction between Co?* and Co®* cations in Oh sites of cobalt-iron
oxides [51-53]. Film resistivity increases when argon pressure increases,
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Fig. 4. In-plane hysteresis loops registered at 300 K under a maximum magnetic field of
70 kOe for thin films deposited at different argon pressures (zoomed to + 20 kOe scale).

especially from 1.0 to 2.0 Pa (Fig. 6). The increase in resistivity is proba-
bly due to the formation of the monoxide phase, which reduces the
number of Co?*/Co>* couples in films deposited at high argon pressure.
In the same way, B. Mauvernay et al. [29] showed that resistivity of
Fe304-FeO composite thin films deposited by sputtering, increases
when the monoxide phase quantity grows, leading to the reduction of
Fe?*/Fe** couple numbers in the spinel oxide in this case. In addition,
the increase of thin films inter-granular porosity versus deposition
pressure can also contribute to the increase in resistivity versus argon
pressure. Indeed, F. Oudrhiri-Hassani et al. [42] and S. Capdeville et al.
[43] have shown a strong increase of the inter-granular porosity
for the highest deposition pressures. The surface enhancement factor
(surface area divided by projected area) was about 20 to 55 times higher
for the films deposited at 2.0 Pa than for those made at 0.5 Pa. Electrical
measurements revealed a strong dependence of the resistivity versus
the inter-grain porosity. Impedance spectroscopy confirmed that the
overall resistivity of the films was mainly due to the low conduction
of the inter-grain area. In our case, the increase in resistivity with the
deposition pressure, is then attributed to both a decrease in Co?*/Co® ™
couple number and an increase in inter-granular porosity.

Table 2
Saturation magnetization and coercive field measured at 300 K for films deposited at
different argon pressures.

Argon pressure

Saturation magnetization

Coercive field

(Pa) (emu/cm?) (Oe)
0.5 118 2000
1.0 89 740
2.0 19 0




Table 3
Exchange field measured at 150 K for films deposited at different argon
pressures.
Argon pressure Exchange field
(Pa) (Oe) at 150 K
0.5 —95
1.0 —130
2.0 —750

4. Conclusion

Iron cobaltite thin films have been elaborated by RF magnetron
sputtering. Structure and microstructure of thin films depend strongly
on argon pressure. Deposition at high argon pressure promotes the for-
mation of monoxide phase that grows in competition with the spinel
phase due to oxygen loss. The columns become fragmented with small
alternate crystalline domains of spinel phase and monoxide phase.
The increase in argon pressure also leads to the lowering of both satura-
tion magnetization, coercive field and electrical conductivity and a bias
field is observed when the magnetic hysteresis curve of the sample is
measured after field cooling from room temperature to 150 K or
below. This bias field is related to a coupling effect at low temperature
between the ferrimagnetic spinel oxide and the antiferromagnetic
monoxide.

Even if the films deposited at 0.5 and 1.0 Pa seemed to be made up of
a pure spinel phase according to X-ray diffraction and Raman spectros-
copy analysis, the formation of the monoxide phase in a very small
quantity has been highlighted in both films deposited at 0.5 and 1.0 Pa
thanks to the extreme sensitivity of magnetic coupling effects which
can reveal antiferromagnetic nanoscale impurities, coupled to a ferri-
magnetic phase. Our work confirms that magnetic measurements are
particularly suitable for determining the presence of antiferromagnetic
impurities in a ferrimagnetic matrix.

More globally, sputtering process is not only a simple physical way
to prepare thin films but it allows as well the preparation of out-of-
equilibrium oxides or compounds at low temperature. In our case, for
example, the deposition of an iron cobaltite led, at room temperature,
to a film containing a metastable Co; 7sFe; 2504 phase instead of stable
mixture of CoqqoFe;.8504 and Co, 75Feq 2504, as it could be expected
from the phase diagram. Moreover, we also showed that sputtering de-
position acts like a chemical reactor in which the intensity of reduction
reactions can easily be managed by fine-tuning the deposition parame-
ters. That leads to the formation of reduced thin films by impoverish-
ment of the oxygen content in the growing layer. Such a film can be
composed of a pure and metastable reduced phase, or it can contain a
mixture of stoichiometric and reduced phases or even only reduced
phases, depending on the parameter settings during this easy-to-
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control process. Original properties could emerge from these metasta-
ble nanostructured materials.
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