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Abstract

Inthe present work, roomtemperature epitaxial growth of Zn-doped iron oxide films (Zn:FeOy)
was achieved by pulsed-laser deposition, on c-cut sapphire substrates without any high
temperature thermal treatments before the growth. Rutherford backscattering spectrometry,
atomic force microscopy, transmission electron microscopy, X-ray diffraction and pole figure
measurements were used to determine the texture and in-plane epitaxial relationships between
the films and the substrate. The nature of the oxide phases (wistite and/or spinel) present in the
films depends on the oxygen pressure during the laser ablation. At the residual vacuum (2x10°
"'mbar), the (111) wiistite (Zn:FeO) textures were obtained in the films, while oxygen pressures
between 2x10-° to 2x10-3 mbar led to the epitaxial growth of the spinel (Zn:Fe304) phase on the
c-cut sapphire substrate. Magnetic properties through M(H) curves at 10K and 300K, of the
wistite-based film grown under 2x10-" mbar were studied, and an exchange bias due to the
presence of Fe3* cation in the film is observed. Finally, the possible mechanisms of the room
temperature epitaxial growth of the oxide films on the substrate are presented and discussed.
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Introduction

The epitaxial growth of thin films on single crystalline substrates requires high
temperatures (generally between 400°C and 600°C) [1-4]. However, epitaxial growth at lower
temperatures presents some interesting features such as (i) to avoid the interdiffusion reaction
of species between the film and the substrate, (ii) to avoid defects formation, such as cracks,
resulting from difference in thermal coefficients of the film and of the substrate and (iii) to
reduce the manufacturing cost by lowering the thermal budget during the fabrication of
application-relevant devices [5]. It has been shown that Ni-Zn ferrite, Mn-Zn ferrite and ZnO
epitaxial films can be grown at low temperatures [6, 7], and that a wide variety of epitaxial
films of oxides and nitrides were obtained at room temperature (RT) with different textures on
various substrates such as Si [8], SrTiO3[9], LaAlO3[10], ZnO [11]. Most of these studies have
been achieved using the pulsed-laser deposition (PLD) technique and the pre-annealed (001)
oriented sapphire (c-cut) as substrate [12-16]. The c-cut sapphire substrate pre-annealed in
ambient air at high temperature (1000°C), presents steps and terraces on the (001) plane, which
play the role of nucleation centers for the epitaxial growth [17, 18]. Additionally, with PLD,
the species emitted by the target during laser ablation exhibit a high kinetic energy up to tens
eV [19], which allows them to have a high surface mobility at RT leading to the crystallization
of the film on the substrate [20, 21].

Iron-oxide films based on wistite (FeO) or magnetite (FesO4) phases are interesting due
to their magnetic properties [22, 23]. Such films can be grown by PLD and it has been
demonstrated that iron oxide films can be epitaxied onto single crystal substrates. Indeed, Fe3O4
films can be easily obtained by PLD on various single crystal substrates such Si (111), GaAs
(100) or Al;O3 c-cut sapphire (001) held at 450°C [24]: in the case of c-cut sapphire substrate,
the magnetite films are found to be oriented along the [111] direction. On the contrary, the
growth of a single-phase wiistite film is more challenging as FeO is thermodynamically stable
above 575°C at atmospheric pressure making the growth at RT of wadstite films free of
magnetite difficult to achieve. As a result, it has been evidenced that Fe3O4 films can be
obtained at RT by laser molecular beam epitaxy [25]. In the same way, a mixture of FesO4 and
FeO based films have been grown by PLD on c-cut sapphire substrate at RT [26]. One way to
make the growth of wstite films possible at RT is a partial substitution of iron by zinc to obtain
a solid solution Zn-doped wiistite. Recently, Zn-doped iron oxide films have been obtained at
RT on a-cut ((110) oriented) and r-cut ((102) oriented) sapphire substrate by pulsed-laser
ablation of a Zn:Fe;04 (ZngssFe21504) target under a 7x10- mbar oxygen residual pressure
[27]. In[27], the epitaxial relationships between the Zn-doped iron oxide (labelled ZFO) films
and the sapphire substrates have been evidenced. Despite the low partial pressure used (7x10®
mbar), the ZFO films showed the presence of the Zn-doped wistite phase only located at the
bottom of the film (the 15° nm near the interface with the substrate) while the remaining upper
part of the films is constituted by the spinel phase. Following this way, the oxygen partial
pressure is a key parameter to preferentially grow wiistite-based ZFO film at RT.

In the present work, we aim to study the RT epitaxial growth of Zn-doped iron oxide
(Zn:FeOy; ZFO) on c-cut sapphire substrates using different oxygen partial pressures (2x10-7
mbar, 2x10°° mbar and 2x103 mbar) and a target containing around 25%at. of Zn. In particular,
the very low partial pressure of 2x10~" mbar is expected to favor the growth of the Zn-doped
wistite phase Zn:FeO (denoted ZFOw in the following). The c-cut sapphire substrates were not
pre-annealed before the film growth to prevent the formation of nucleation centers for the
growth [17, 18]. The epitaxial relationships between these phases and the (001) Al»O3 plane
were deduced from X-ray diffraction (XRD) and transmission electron microscopy (TEM)
experiments. We show that a nearly pure Zn-doped wiistite phase is grown under 2x10" mbar



(vacuum limit). At higher pressures (2x107° and 2x10-% mbar), the ZFO films are constituted
with the Zn-doped magnetite phase Zn:Fes;04(denoted ZFOs). Magnetic measurements through
M(H) curves at 10K and 300K of the wustite-based film grown under 2x10-" mbar, show the
coexistence of ferromagnet-antiferromagnet interactions that confirms the presence of Fe3*
cations evidenced by electron energy loss spectrometry (EELS).

Experimental

The Zn-doped iron oxide films were obtained by PLD [28-30] using a frequency -
quadrupled Nd:YAG laser (A = 266 nm, T = 7 ns, 10 Hz repetition rate) in the experimental
device already described elsewhere [31]. A Zn:Fe3O4 ceramic target (Zn concentration equal to
about 25%at.) was irradiated with laser pulses that leads to a laser fluence of 2 J/cm? As the
crystalline structure and the properties of the oxide films are depending on their oxygen
composition [32-35], the growth was carried out under 3 different oxygen pressures : 2x10-
mbar (residual vacuum), 2x10° mbar and 2x10° mbar. The raw c-cut sapphire substrates
supplied by Crystec GmbH were held at RT without any high temperature thermal treatment
before the PLD growth.

Atomic force microscopy (AFM) images, using an AFM NT-MDT Ntegra instrument,
were recorded to study the surface topography of the bare substrates before the growth and of
the obtained film.

The film thickness (in the 60 to 100 nm range) and in-depth distribution of the elements
were quantitatively obtained by Rutherford backscattering spectroscopy (RBS) using the 2.5
MeV ion beam from the van de Graaff accelerator (SAFIR) of INSP (Sorbonne Université).
The respective Zn and Fe concentrations in the films were determined from the simulation of
the RBS spectra with the RUMP program, with a 1% accuracy, while the oxygen content was
only obtained with a 4% precision. The O/Fe ratio which s related to the obtained Fe-O phases
(i.e. wustite, and magnetite spinel) in the films, and the Zn/Fe+Znratio related to the Zn doping
in the ZFO films can be deduced from these experiments.

XRD analyses were performed on a Bruker D8 Advance diffractometer and ona XPert
Panalytical 4 circles diffractometer. XRD was used to determine the nature of the phases present
in the films and their texture. The epitaxial relationships between film and substrate were
deduced from asymmetric diffraction, i.e. phi scan and/or pole figure measurements.

Thin electron transparent cross-section foils for transmission electron microscopy
observations were thinned down by a focused ion beam (FIB) equipment (Dual-beam FEI
Helios nanolab 660). A carbon film (about 20 nm thick) and a Pt layer (a few microns thick)
were deposited prior to the thinning process to protect the film from the gallium beam. The
carbon film was introduced to discriminate the top surface of the film and the Pt protecting
layer. TEM observations were performed with a double corrected cold FEG JEOL ARM 200F
microscope, operated at 200 kV. Attached to the microscope was a post column GATAN
QUANTUM ER electron energy loss spectrometer (EELS). This microscope had also a
scanning setup (STEM mode with dark and bright field detectors) allowing the electron beam
to be monitored with a spatial resolution of about 0.78 A. All together, STEM EELS
experiments were then possible in order to obtain EELS spectra, EELS profiles or even EELS
mapping for a nanoscale region. All digitized images and EELS spectra were processed using
the GMS2 Digitalmicrograph software from GATAN.



Finally, the magnetic properties were evaluated at 10K and 300K by the measurements
of the magnetization M as a function of the applied magnetic applied field poH in the plane of
the films.

Results
Chemical composition, phase identification and structural properties

AFM measurements have been carried out on the substrates and on the films (Fig. 1).
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Fig. 1. AFM Images of a) a c-cut sapphire substrate as supplied by Crystec GmbH; b) a c-cut
sapphire substrate pre-annealed for 2 hours at 1000°C in air; ¢) a ZFO film grown at RT under
2x10°" mbar on a non pre-annealed c-cut sapphire substrate.



Fig. 1a shows an AFM image of a c-cut sapphire substrate as supplied by Crystek
GmbH. The substrate has not been pre-annealed, and despite this fact, the presence of atomic
steps and terraces can be distinguished on the surface. Sucha surface morphology could be due
to a slight miscut of the substrate. For comparison, Fig. 1b shows the AFM image of a c-cut
sapphire substrate after thermal treatment in air (2 hours at 1000°C). In this image, the atomic
steps and terraces are much more defined and regular than in Fig. 1a. Typically, the atomic step
height is about 0.2 nm, and terraces about 100 nm width can be obtained at 1000°C [25, 36]. In
Fig. 1c, we present the AFM image of a ZFO film grown under 2x10-" mbar at RT ona non
pre-annealed c-cut sapphire substrate. The film surface appears to be formed by grains of
different sizes, and the slight steps and terraces observed in Fig.1a, do not appear. It is noticed
that for oxide films grown on c-cut substrates pre-annealed at 1000°C, a smooth surface with
step and terraces is usually observed [25, 36], indicating that the growth at RT on such a
substrate leads to the suppression of 3D grain growth.

Different phases are likely to be observed in a Zn-doped iron oxide material, namely
waustite (ZFOw) with the rocksalt structure, magnetite (ZFOs) with the spinel structure and
hematite (Zn:Fe,Os; denoted ZFOy). The oxygen/ironratio in these phases is different and a low
oxygen composition in the film will favor the formation of the wiistite phase. Increasing the
oxygen composition will lead to the magnetite spinel phase, and a further increase will give rise
to the hematite phase. As the aim of our study is particularly focused on the growth of the
metastable wistite phase at RT, the experiments were carried out at low oxygen pressure. As a
result, the PLD growth at RT was performed for three oxygen pressures: 2x10- (vacuum limit),
2x10°° and 2x10-% mbar oxygen pressures. Above 2x102 mbar, the ZFO films are amorphous
with a composition corresponding to the hematite phase (O/(Fe+Zn) ratio around 1.5).

RBS was used to determine the composition of the ZFO films grown at RT for the
different oxygen pressures. The spectra obtained (not shown here) do not evidence the presence
of impurities in the films or interdiffusion between the filmand the substrate. The distribution
of the elements Fe, Zn and O is homogeneous throughout the thickness of the film (ranging
fromabout 60 to 100 nm depending on the oxygen pressure). The composition of the three ZFO
films deduced from the RBS spectra are summarized in Table I.

- Film Lattice
Pressure Composition . Phase
(mbar) (RBS) Zn/(Fe+Zn)| O/(Fe+Zn) O/Fe | thickness (XRD) hkl: 26 parameter
mbar
(nm) a (nm)
Zno 63 F€2.28 04 111:18.08° 0.849 +/-
2x10-3 0.23 1.35 1.45 66 Zn:Fes0O )
0.68(Zn0)0.83(Fe, 7504) s 222:36.61° 0.002
Zno.75 Fe 2390 111:18.09° -
2X10°5 0Te T 239 0.24 127 135 94 Zn:Fes0; 0.848 +/
0.75(Zn0)0.81(Fe2.9504) 222:36.64° 0.002
Zno .21 Feo 670 0.430 +/-
2x10-7 0.24 1.13 1.17 84 Zn:FeO 111:36.07° '

Table 1 : Chemical composition deduced from RBS analyses, nature of phases and
crystallographic cell parameter obtained from XRD measurements for the films grown at RT
under different oxygen pressures.




The atomic ratios given in Table I, show that the concentration of Zn in the films is
around 23-24% and is not significantly affected by the oxygen partial pressure. On the contrary,
the O/ (Fe+Zn) ratios decrease following the oxygen pressure. According to these ratios, the
chemical formulas are presented with stoichiometric coefficients corresponding to the expected
crystallographic phases, i.e. ZFOs (spinel structure) and ZFOw (wstite structure) as observed
in the following. In addition, the theoretical formulas expressed as "a(ZnO)b(Fes-xOs)" or
"a(ZnO)b(Fe1-xO)" given in Table I, are based on the fact that O% anions are linked inone hand
to Zn?* and in the other hand to the Fe?* and Fe®* cations. Therefore, this makes it possible to
estimate the O/Fe atomic ratio and consequently the effect of oxygen pressure on the formation
of different iron oxide phases that will be discussed in more detail at a later stage in the paper.

To determine the nature of the phases present in the films, XRD measurements were
carried out in the 6/26 Bragg Brentano geometry. The diagrams of the ZFO films grown under
the different oxygen pressures are displayed in Fig. 2 inthe 15°to 40° 26 range.
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The XRD patterns of the films show peaks related to the ZFO phase and a very weak
diffraction line at around 206=37.4° corresponding to the (006) Al.Os; plane diffracted by the
residual Kgline of the Cu radiation. No other phases (i.e. ZnO, Fe;0s...) are detected from these
experiments. The film grown at high pressure (2x10-3 mbar) shows the characteristic reflection
peaks of the magnetite spinel ZFOs phase following the (111) and (222) planes, at 26 = 18.08°
and 36.61° (Figs. 2a, Table I), respectively. At intermediate pressure (2x10° mbar), the angular
positions of these two peaks are 18.09° and 36.64° (Fig. 2b, Table I) On the contrary, the film
grown under 2x10" mbar only shows a single peak at 36.07° which is attributed to the 111
reflection of the ZFO,, phase, while the 111 peak at around 18° is not present (Fig. 2c). The 26
values of the (111) wiistite, (111) magnetite and (222) magnetite planes agree with FeO (ICDD
#00-006-0615, Fm-3m space group, a=0.4307 nm) and Fe3O4 (ICDD #00-89-4319, Fd-3m
space group, a=0.8395 nm) respectively, considering the variation of the lattice parameters due
to Zn incorporation. As expected, a high oxygen pressure (at 2x10° mbar and above) leads to
the growth of a magnetite spinel-based film. The use of vacuum limit (residual vacuum)
condition makes it therefore possible to obtain at RT a crystallized ZFO film consisting of the
waustite phase, the magnetite phase not being detected by XRD measurements.

The lattice parameters a were calculated from the peak positions of the (hhh) family
planes of the wistite and spinel phases. The obtained values are given in Table 1. Concerning
the ZFO film grown at the highest pressures (2x10-° and 2x10- mbar), the lattice parameter a
of the spinel phase is around 0.848-0.849 nm, a higher value than that of the undoped Fes04
phase (0.839 nm) or of (Zn,Fe)s;04 [37]. The a value deduced from the XRD peak position of
the (111) and (222) magnetite planes in our film corresponds to a lattice distance parallel to the
sapphire basal plane. The ZFOs being oriented along the [111] direction, a difference between
the [100] and [001] ZFO:s lattice parameters may not be excluded. Indeed, it has been shown
that structural defects such as anti-phase boundaries, which separate two domains in the same
phase, can occur in epitaxial FezO4 thin films grown on various single-crystal substrates (MgO,
Al;Os...) [38]. This is the result of symmetry breaking during the growth and leads to the
stacking of defects at the grain boundaries. As a result, differences between in-plane and out-
of plane lattice parameters can be observed as a strong deviation of the out of plane lattice
parameter referring to the a value of polycrystalline FesO4 [38].

Concerning the Zn-doped wstite film grown under 2x10-" mbar, the lattice parameter
of the ZFO,, phase deduced from the XRD (111) peak position is very close (0.430 nm) to that
of the stoichiometric FeO phase referenced in #00-006-0615 ICCD file (0.4307 nm). Before
discussing this experimental value, it has to be reminded that the a value in such ZFO,, phase
depends on the Zn dopant content and also on the concentration of Fe3* and cationic vacancies.
Considering first a stoichiometric wustite phase FeO (with O/Fe=1), the substitution of Fe?* by
Zn?* following the Zn doping should induce a reduction in the unit cell volume as observed for
ZFOs since the ionic radius of Zn?* (0.074 nm) is smaller than that of Fe?* (0.076 nm). But in
our case, the wistite phase in the ZFO,, films is not stoichiometric (O/Fe>1). For an O/Fe ratio
equal to 1.17 corresponding to the composition of our thin film, the formula can be written as
Feo.s550, leading to concentrations of cationic vacancies and Fe3* ions around 14.5% and 29%,
respectively. In the case of an undoped Fe;xO wiistite phase, such a presence of cationic
vacancies results in a smaller lattice parameter "a". But as detailed in ref [39], the occupation
with Zn?* ions in the wiistite network can induce an increase of the lattice parameter following
a charge balance effect with Fe3'. According to this mechanism and considering the
stoichiometric wistite FeO (ICDD # 00-006-0615; a=0.4307 nm) as a reference, the lattice
parameter in the non-stoichiometric wustite FeogssO should be less than 0.4307 nm due to the
formation of cationic vacancies and Fe®* ions. The incorporation of Zn into FepgssO which



induces an increase of "a" [39], leads to finding a lattice parameter value (0.431 nm) for the
ZFO film, very similar to a stoichiometric FeO wistite.

The possible epitaxial relationships between the film and the c-cut sapphire substrate
were first investigated by pole figure measurements using asymmetric XRD. For the films
grown at 2x10°° mbar and 2x10- mbar, and constituted with the magnetite spinel phase, the
obtained epitaxial relationships have already been observed on similar samples in a previous
studies and published in [24, 26, 40]. These are reminded below:

[10-1] ZFO; // [210] Al,Os

This relationship corresponds to a 30° rotation of the hexagons of the magnetite spinel (111)
plane with respect to the hexagons of the (001) sapphire. This was explained following the
domain matching epitaxy (DME) through the relation m dzrow ~ p daros [41-44] with the m=
7, and p = 5 which leads to a lattice mismatch 6 = 0.9% and a size of epitaxial domain of 4.2
nm [40].

Figure 3 shows the pole figure of the wiistite based-film grown at 2x10-" mbar which
was recorded for the (200) wiistite reflection at 26 = 42.2°.

20 =42.2°

{113}sapphire [
{200}FeO =347
2 o

Fig. 3: XRD pole figure recorded on the 200 FeO reflections at 20 = 42.2° for the wistite-based
ZFO films grown at RT under 2x10-" mbar. 113 sapphire reflections are also observed in the
pole figure.

It shows six well-defined poles at a declination angle y = 54.7°, characteristic of the
epitaxy of the wstite phase. This pole figure characterizes again a 30° rotation of the hexagon
of the (111) wustite with respect to the hexagons of the (001) sapphire plane. The corresponding
in-plane relationship is therefore as follows:

[10-1] ZFO,, // [210] Al,05

The comparison of the respective interatomic distance of the substrate and of the film
in the interface plane indicates that a lattice mismatch exists. Following the way involved for
the wstite based- ZFO film, the epitaxy is explained in the frame of DME. In this case, the



values m and p, given by the relation m dzrow ~ p daros, are m =4 and p = 3 which leads to a
lattice mismatch of 6 = 1.6%, and a size of epitaxial domain of 1.2 nm.

The microstructure of the ZFO film at the atomic scale was also investigated by TEM
analysis. Figure 4 shows cross sectional bright-field TEM images of the films grown at oxygen
partial pressures of 2x10 mbar (a), 2x10° mbar (b) and 2x10”" mbar (c).
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Fig. 4: Bright field TEM images of ZFO films grown by PLD on c-cut sapphire substrates
at different oxygen partial pressures: (a) 2x10 mbar, (b) 2x10 mbar and (c) 2x10 mbar.



In each case, the electron beam direction is parallel to the [210] direction of the single
crystalline Al,O3 substrate and thus perfectly parallel to the film/substrate junction. The film
thicknesses are 66 nm, 94 nm and 84 nm, respectively. For the two highest pressure values (Figs
4a and 4b), the Bragg contrasts reveal a columnar growth of the films with sharp boundaries
between the columns. Their width is a few tens of nanometers wide for 2x10-* mbar and a little
less for 2x10° mbar. The film grown with 2x10°" mbar, presents less uniform contrasts with
more diffuse boundaries between columns. Figure 5 shows the HREM images of the two former
ZFO films depicting in each case the upper and the bottom parts of the films.
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Fig. 5: HREM images_,5ofthe top and bottom regions of the ZFO films grown under 2x10 mbar

(a, b) and under 2x10 mbar (c,d). Insets are the FFTs of indicated regions of the c-cut sapphire
substrate and the film.

In the insets, fast Fourier transforms (FFTs) are also reported and clearly indicate that
both films are fully consistent with the magnetite spinel structure (FCC structure with a=0.839
nm) projected along a [101] direction. Note the (111) texture observed for both films, also
highlighted in the XRD experiments (Fig. 2). The corresponding orientation relationships
between the Al,O; substrate and the ZFO;s film are the following:

(111) ZFO; // (001) Al,O5 and [10-1] ZFOs // [210] Al,Os

10



Figure 6 is a set of data of the ZFO film grown at 2x10-" mbar. Figures 6a and 6b are
HREM images of the top and bottom of the film, respectively.
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Fig. 6: HREM image of the top (a) a_tpd bottom (b) regions of the ZFO film grown with an

oxygen partial pressure value of 2x10 mbar. Insets are the FFTs of the substrate and different
parts of the film. The green and red spots are the pointed regions from which the EELS spectra
shown in (c) were taken. The 0.7 eV shift of the Ls threshold of ironis indicative of an evolution

of its valence state in the upper part of the film.

The FFTs of different regions indicate that most part of the film is consistent with the
wistite structure (FCC structure with a=0.430 nm) oriented along a [10-1] direction revealing
the (111) and (1-11) planes of ZFOy, with a d spacing of about 0.24 nm. The ZFO,, filmis (111)
textured as observed in the 6/26 XRD patterns (Fig. 2) The corresponding orientation
relationships between the Al,O3 substrate and ZFO,, film are those already observed by pole
figure measurements and are as follows:

(111) ZFO, // (001) Al,Os and [10-1] ZFO,, // [210] Al,0s

From Fig. 6, itcan also be seen that the top region (about 15 nm thick) of the ZFO film consists
of the magnetite structure. This thin upper layer of magnetite was not detected by asymmetric
XRD because of its too low thickness value. Both wiistite and magnetite have a (111) texture
and it is worth noticing that the epitaxial relationships between magnetite and wustite are:
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(111) ZFO, // (111) ZFO, and [10-1] ZFO,, // [-101] ZFO,

To confirm the presence of both phases, EELS spectroscopy has been used to detect and
compare the Lz and L, iron thresholds for both regions. The corresponding spectra are shown
in Fig. 6¢ and a clear shift of the Ls peak (about 0.7 eV) towards higher energy values for the
upper part of the filmis observed. This is inagreement with an increase of the iron valence state
from +11 to a mixed valence state between +II and +11I corresponding to the evolution of the
film from Zn:FeO to Zn:Fe304 at the top of the film [45]. Note that a shift of 1.7 eV of the L3
iron edge would have been observed for an iron valence state change from +1I and +III.

Magnetic properties

The magnetic properties were studied through the magnetization M versus the external
magnetic field poH curves. Particular attention was paid to the ZFO film grown at RT under
2x10°" mbar. Indeed, according to structural analyses by XRD and TEM, such a filmis mainly
constituted by the wstite phase, since only the near surface region (about 15 nm thick) of the
film reveals the presence of magnetite. The films obtained at higher pressures (2x10-°and 2x10-
3 mbar) are constituted of magnetite phase without wistite. The magnetic properties of
magnetite-based ZFO films have already been studied in the past [46] while the origin of
magnetism in non-stoichiometric FeO-based systems (powders, nanoparticles, thin films) is
more difficult to explain. The M-H curves of the Zn:FeO film grown under 2x10~ mbar have
been recorded at 10K and 300K and are shown in Fig. 7.

Magnetization (kA.m")

Magnetization (kA.m™")

1 1
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
HoH (T)

Fig. 7: M-H curves recorded for the wiistite-based ZFO films grown on c-cut sapphire
substrate at RT under 2x107 mbar in the -3 to 3 T range (a) and in the low field region (b).

12



Fig. 7a represents the magnetization observed for applied magnetic fields in the -3 to 3
T range and Fig 7b, the M-H curve in the region of low fields. The hysteresis loops observed
in Fig 7a is indicative of a ferrimagnetic behavior with non-zero coercivities and remanence
magnetizations. This could be surprising since bulk wistite is supposed to be antiferromagnetic
with a Neel temperature of 198K [47] and to show a weak magnetic response. This
ferrimagnetism has already been observed previously in non-stoichiometric Fe1-xO films grown
by magnetron sputtering [48, 49] and its origin has been interpreted by the spinel-type defect
clusters due to the presence of Fe® ions in the wistite crystallographic network. This
explanation is based on the theoretical study of Catlow and Fender [50] on the basic cluster
formed by one tetrahedral Fe®* ionand four cation vacancies in the cation-deficient wiistite FCC
structure. Following the same approach, Gheisari et al. [51] explained the observed
magnetization in wstite nanoparticles by the presence of FesO4 spinel-like phase embedded in
a stoichiometric FeO matrix. The chemical formula of the ZFO film grown under 2x10~" mbar
IS Zng.21 Feos7 O1 which corresponds to the O/Fe = 1.17 (Table 1). Assuming that this film is
constituted by pure widistite, the detailed formulae of a non-stoichiometric wdstite may be
written: Fe? 1.39 Fe** o Ox O1, "X being the proportion of cationic vacancies. It comes x=0.145
and consequently leads to the assumption of the presence of a high content of Fe3* (29%) that
explains the observed low ferrimagnetism.

The saturation magnetization Ms is low (8 kA.m* and 10 kA.m* at 300K and 10K,
respectively) and much weaker than those measured for spinel-based ZFO films (500-600
kA.m1 depending on the crystalline state and the orientation of the ZFO films [46]). The
hysteresis loops recorded at 10K are broader and shifted along the field axis toward the negative
field, which indicates an exchange bias effect already reported for wistite-based compound [52,
53]. The value of the exchange bias field He at 10K is around 235 Oe (0.0235 T) (Fig. 7b). This
exchange bias is related to the ferromagnet-antiferromagnet interactions in our Zn:FeO films
characterized by the presence of Fe3* in the Fe?* deficient wistite phase, in addition to the
presence of the thin layer of magnetite at the top of the film.

Discussion

The experimental results presented above highlight that the oxygen pressure during the
growth allows obtaining epitaxial ZFO on c-cut substrate at RT. At high pressures, greater than
2x10-2 mbar, the films are amorphous with a chemical composition inagreement with the Fe,;O3
phase. At intermediate 2x10-2 mbar and 2x10-°> mbar pressures, the ZFO films are crystallized
and constituted by the Zn:Fe;04spinel phase whichis (111) oriented with well-defined epitaxial
relationships with the (001) sapphire basal plane. More interestingly, the film grown under
residual vacuum (2x107 mbar) mainly consists of the Zn:FeO wiistite phase, the presence of
spinel phase being detected only at the top of the films (about 15 nm thick over a 84 nm total
film thickness). The presence of Fe®" in such a film due to the presence of magnetite and/or
cationic vacancies in the wistite phase is also confirmed by the magnetic measurements.
Nevertheless, it should be noted that the growth at RT of wistite-based ZFO on c-cut sapphire
is possible but complete removal of the spinel phase at the top surface of the film remains a
challenge.

The oxygen pressure in the ablation chamber which ultimately plays a key role on both
the oxygen content and crystalline structure of the ZFO films, influences the temporal and
spatial distributions in the plasma plume of the species related to Zn, Fe and O which are emitted
by the target after each laser pulse. The different phases and their crystalline state can be
therefore explained following this way. The kinetic energy of the species emitted by the ZFO
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target at each laser pulse is high (about 50 to 100 eV) [19] and could explain the preferential
formation of a phase with low oxygen content (i.e. wdstite) in the film. In the case of residual
vacuum (2 107 mbar), the O, Zn and Fe species will not interact with any gas and will thus
preserve their initial kinetic energy [20, 54-56]. The velocity of the oxygen atoms coming from
the target will be higher than that of the Fe and Zn atoms due to the difference in their atomic
weights. It follows thus that a large part of the oxygenatoms coming from the oxide target, will
arrive at the substrate surface before the Fe and Zn species, and thus will not participate in the
film growth [57]. As a result, when the Zn and Fe atoms impact the substrate later, there are
less oxygen atoms which leads to the preferential formation of the wistite phase. In addition,
the Znand Fe species have preserved their high kinetic energy, and therefore have a high surface
mobility allowing an easy crystallization of the film on the substrate. The epitaxial growth of
the wiistite-based film is thus due to the high kinetic energy of these species.

In the intermediate situation between 2x10-° and 2x10- mbar, the species coming from
the target keep a significant part of their initial kinetic energy [56]. Indeed, even if their kinetic
energy is slightly reduced by interaction with the oxygen introduced in the ablation chamber,
sufficient surface mobility is preserved which allows the growth of crystallized and epitaxial
film on the substrate. However, compared to the case of residual vacuum, the concentration of
oxygenated species on the substrate surface being higher at these pressures, the formation of a
more oxidized phase (i.e the spinel phase) can occur preferentially at the metastable wustite
phase.

For the films grown at higher pressures (2x10 mbar), the species emitted by the laser
pulse interact with oxygen atoms or molecules present in high concentration in the PLD
chamber, as it has been reported elsewhere [57]. Consequently, all the emitted species will lose
their kinetic energy during their movement towards the substrate, due to the numerous
interactions in the plasma plume with oxygen species. Therefore, the Zn, Fe and O species will
arrive simultaneously on the substrate with a low energy that excludes the formation of a
crystalline film. An amorphous film will then be formed in these conditions, as it has been
observed at this oxygen pressure.

The epitaxial relationships between the c-cut sapphire substrate and the wistite ZFOw
filmor the spinel ZFOs film grown at RT are the same as those observed for ZFO films obtained
on this substrate at elevated temperature (500°C) [58]. This relationship corresponds to a 30°
rotation of the hexagons of the (111) ZFO (wdstite or spinel) on the hexagons of the (00I)
sapphire planes. Classically, this epitaxial relationship is commonly due to the steps and
terraces present at the surface of the sapphire substrate [12]. Such a treatment leads to an
epitaxial film presenting steps and terraces at the surface of the film as shown by AFM
measurements [12]. This type of epitaxial growth corresponds to the so-called graphoepitaxy
[58]. In our case, the substrates were not heat-treated, but the AFM images (Fig. 1a) shows the
presence of less defined steps than those obtained by thermal treatment (Fig. 1b), and the AFM
image of the ZFO wiistite based film does not show steps and terraces (Fig. 1c). This result is
drastically different from those reporting the presence of steps and terraces on film grown on
heat-treated substrate [12]. A possible interpretation explaining the epitaxy of ZFO filmon (00I)
sapphire substrate without steps would be that the (00l) Al.Osand the (111) ZFO planes are
polar (planes containing either cations or anions). In this case, the epitaxy between the filmand
the substrate is based on the electrostatic interaction between the polar planes of ZFO and
Al>,Os. This epitaxy is very similar to the "quasi van der Waals epitaxy" in which there is little
or no chemical bonding between the atoms of the film and substrate [59, 60].
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Conclusions

We have grown successfully about 100 nm thick ZFO films by PLD on c-cut sapphire
at RT under different oxygen pressures. At high pressure (greater than 2x10-2 mbar) amorphous
films are obtained with a stoichiometry close to that of Fe,Os. For pressures between 2.10-2 and
2.10° mbar, films made of ZFO spinel (ZFOs) are epitaxially grown on the c-cut sapphire
substrate. The orientation relationships with the substrate are those commonly observed for
ZFO films: they are the result of a 30° rotation of the hexagons of the (111) ZFOs on the
hexagons of the (00I) sapphire planes. Under vacuum limit (2x10" mbar) a wistite-based ZFO
films (ZFOw) can be obtained at RT even though the wdstite phase is not thermodynamically
stable at RT. Well-defined epitaxial relationships between the ZFO,, film and the c-cut sapphire
were demonstrated and the presence of magnetite in the upper part (around 15 nm thick) was
highlighted by TEM experiments. The magnetic properties of the ZFO, film reveal a
ferromagnetic behavior explained by the presence of Fe3* ions in the wistite phase. The
saturation magnetization values are relatively low (between 8 and 10 kA.m* at 300K and 10K,
respectively) and the exchange bias field value at 10K is around 235 Oe. This result comes from
ferromagnet-antiferromagnet interactions in the film due to the presence of Fe® ions in the
wistite filmand/or the presence of the thin layer of magnetite at the top of the film. Finally, the
formations of the spinel or wistite phases can be explained qualitatively by the different kinetic
energies of the species emitted by the target in the plasma plume and the concentration of
oxygenated species on the substrate surface with respectto the value of oxygen pressure.
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