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Abstract. Magnetite FesO4 films were grown on single crystal MgO (001) substrates using facing target
sputtering technique. Conversion Electron Mossbauer Spectroscopy and magneto optical polar Kerr spectra
have confirmed the stoichiometric repartition of Fe cations corresponding to the inverse spinel structure
and the electronic structure characteristic of bulk FesO4. Hysteresis loops carried out at room temperature
show that, in a 1 T applied magnetic field, only 60% of the saturation magnetization is detected. This
behavior is discussed in correlation to the antiphase boundaries (APBs) observed by electron microscopy.
Magnetic force microscopy studies show that magnetic domains are larger than the mean distance between

APBs.

PACS. 75.70.-i Magnetic properties of thin films, surfaces, and interfaces — 75.60.-d Domain effects,
magnetization curves, and hysteresis — 78.20.Ls Magnetooptical effects

1 Introduction

The spin dependent transport has generated a lot of work
in order to grow magnetic oxide layers exhibiting high de-
gree of spin polarization. Clearly first candidate for this
type of system was obtained with mixed valence man-
ganites which were extensively studied for colossal mag-
netoresistance phenomena. In particular Lag 7Srg.3MnO3
appears to be a ferromagnetic oxide with only one spin di-
rection at the Fermi level and can be considered as a half-
metallic compound [1]. Unfortunately Lag 7Srg.3sMnOs3 has
a relatively low Curie temperature (7, ~ 360 K) incom-
patible with magnetic tunnel junctions (MTJ) applica-
tions at room temperature. More recently, double per-
ovskites as SroFeMoOg [2] appear promising because of
their higher Curie temperature (7, ~ 400 K). The FezOy4
magnetite is a well known magnetic oxide material with a
good potential for applications considering its high Curie
temperature T, ~ 850 K [3]. Most of the recent studies
show that electrical conductivity in thin layers is small
compared to bulk samples and that conductivity is asso-
ciated to hopping of minority spins electrons between oc-
tahedral Fe sites of the FezO4 spinel structure. According
to Zhang et al. [4] calculus, for T' > Ty (Ty is the Verwey
transition temperature), in octahedral sites, only spins up
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electrons are present at the Fermi level. This result pre-
dicts a half metallic behavior at room temperature [4,5].
Several research groups [6-10] have tested this type of
oxide for spin polarized transport system. An important
work has been realized by Margulies et al. [11] on FezOy
films deposited on MgO substrates by various methods
(sputter deposition, molecular beam epitaxy and evapora-
tion); the authors show that magnetization deviates from
bulk single crystal behavior and exhibits large saturation
fields and quasi random zero field magnetic moment dis-
tribution. In a second paper [12] Margulies et al. propose
that this behavior results from the antiphase boundaries
(APBs) which are present in FesOy4 films.

In this paper letter we report on the growth of epitaxial
Fe304 layers on MgO single crystal substrates, analysis of
the structure of the deposited layer was done by RHEED
in situ, X-ray diffraction and Transmission Electron Mi-
croscopy (TEM). We present Mossbauer, SQUID and
magneto optical study of the magnetic properties. TEM
observations of antiphase boundaries, Magnetic Force Mi-
croscopy (MFM) study of magnetic domains allow us to
achieve an interpretation of the magnetic behavior.

2 Samples preparation and structural
properties

The magnetite FegO,4 layers have been grown on single
crystal MgO (001) substrates using facing target sputter
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Fig. 1. RHEED patterns collected along (100) and (110) azimuths for respectively a bare MgO substrate (

) and (b)), a 190 A

thick Fe3O4 film ((c) and (d)) and a 1875 A thlck Fe3O4 film ((e) and (f)).

technique [13] with a UHV chamber. Fe;O3 ceramics are
placed on rf-polarized face-to-face cathodes. The chem-
ical homogeneity and stoichiometry of the targets and
films were checked by electron microprobe analysis. De-
position was performed in a pure argon plasma and the
best epitaxial quality was obtained for a substrate tem-
perature of ~400 °C. The magnetite crystallizes in the fcc
structure (space group Fd-3m) with a lattice parameter
a = 8.39 A which is twice larger than the parameter of
fcc MgO (amgo = 4.21 A). The oxygen atoms lie in the
{200} mg0 and {400} re,0, planes. Since the misfit between
these planes is ~0.3%, epitaxial growth of magnetite on
MgO is achievable. A set of samples, deposited in the same
conditions, has been realized with thickness ranging from
95 A to 1875 A. The thicker sample was dedicated to Con-
version Electron Mossbauer Spectroscopy (CEMS).

Reflection High Energy Electron Diffraction (RHEED)
measurements were performed before and after film
growth with accurate substrate positioning and along sev-
eral azimuths. Figure 1 shows typical RHEED patterns
with lattice rods demonstrating epitaxial quality of the
films and good matching of Fe3O4 crystal on MgO (001).
The appearance of additional rods between the direct
beam and the MgO (100) and MgO (110) reflexions is
the signature of the FegO4 unit cell. Quantitative RHEED
pattern analysis yields a value of a(FesO4) = 8.4+0.1 A
for all films.

Structural characterizations of the magnetite thin films
were performed by Transmission Electron Microscopy

(TEM) both in plane view and cross sectional speci-
mens. The specimens were thinned to the electron trans-
parency by the usual method and the experiments were
carried out on a Philips CM30 whose point resolution
is 1.9 A. High Resolution TEM (HRTEM) analyses per-
formed on the cross sectional specimens give evidence of
the pseudomorphic growth of FesO4 on MgO (001) as
it is presented in the micrograph and the correspond-
ing diffraction pattern in Figure 2. In the latter the
020 MgO type reflections are superimposed with the
040 FesOy4 type spots evidencing the lattice relationship:
Fes04 (001)[100]//MgO (001)[100]. The HRTEM micro-
graph of the Fe304/MgO interface in Figure 2 confirms
the epitaxial growth of the magnetite on MgO (001). No
inter-phase was evidenced at the Fe3O4/MgO interface
and a misfit dislocation is pointed out in Figure 2 with
its corresponding Burger circuit. To get a complete plas-
tic relaxation of the magnetite thin film on MgO (001)
the dislocation network should have a mean periodicity
of 700 A.

3 Magnetic properties
3.1 Maéssbauer spectroscopy

CEMS spectrum presented in Figure 3 is observed at room
temperature and zero magnetic field on 1875 A thick
sample. It can be fitted with only two sextets. The re-
sult of fitting is reported in Table 1. It is in agreement
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Table 1. Room temperature hyperfine parameters of components. IS: isomer shift relative to « iron at room temperature, Bys:

hyperfine field; 2e: quadrupolar shift.

component IS(mms™!') 2 (mms™!) Bys (T)  abundance (%)
A-site 0.30 £0.01 0.004 £0.004 49.1+0.2 36
B-site 0.63 £0.01 0.038£0.004 45.6+0.2 64
Velocity (mm/s)
-10 0 +10

- [010]
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004 Fez Oy
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020 MgO
040 FesOy4

Fig. 2. HRTEM micrograph of a 750 A thick FezO4 film de-
posited on MgO (001) with its corresponding diffraction pat-
tern inset. Both the image and the diffraction evidences the
epitaxial growth of the magnetite.

with a tetrahedral A and octahedral B site iron species
with a relative occupancy in the ratio close to the theoret-
ical value of 0.5. In bulk Fe3Oy, inverse spinel, A sites con-
tain only Fe?* ions and the B sites contain equal numbers
of Fe?T and Fe?* ions. This distribution is also present
in our FesO4 films as could be shown first on the iso-
mer shift 0.63 mm/s on site B and 0.30 mm/s on site

1.04

Absorption (%)

1.00

Fig. 3. Mdossbauer spectrum at zero magnetic field and room
temperature for a 187 A thick magnetite film. Crosses are ex-
perimental points and solid line is fitted curve corresponding
to hyperfine parameters presented in Table 1.

A. The observed electric field gradient on site A (cu-
bic symmetry) is zero. For this site, this is in agreement
with Fe3* ions, which have spherical symmetry, result-
ing of the S electronic configuration. Moreover, the hy-
perfine fields on sites A and B appear clearly propor-
tional to mean magnetic moments on site A (5up) and
B ((5+4) /2 pp). The relative intensity of the lines in
each sextet depends directly on the angle between mag-
netic moments and y-ray direction which is perpendicular
to the plane of the film. We observe for both Mdossbauer
spectra a mean angle of 52° which is very close to what
is found for random orientation (54.7°) demonstrating
a quasi 3D-random magnetic moment distribution. So
Mossbauer experiments conduct to a zero-magnetic field
random orientation of the various magnetic domains of the
Fe304 layer in spite of shape anisotropy, as was previously
observed by Margulies et al. [11].

3.2 Magnetooptical properties

Use of magneto optical technique for probing the magnetic
behavior of thin films is appropriate due to the absence of
substrate contribution. Moreover room temperature mea-
surements are convenient, sample can be easily oriented
in the air coil and, with a 50 Hz alternative magnetic field
and the use of a fast AD converter a complete hystere-
sis cycle can be obtained in 20 ms. By this way a large
number of hysteresis cycles have been realized to study
at first the in-plane magnetic behavior. We observe for all
samples that in plane anisotropy is very small, numerous
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Fig. 4. Kerr rotation and ellipticity vs. photon energy for
a 280 A thick Fe;O4 film. Crosses are experimental results,
dashed lines are the fits.

hysteresis loops being collected for various azimuthal an-
gles in the film plane. This result confirms the small value
of the magnetocrystalline anisotropy as noticed in bulk
samples K ~ —1.1 x 10° erg/cm? [3] and that our deposi-
tion procedure does not induce any anisotropic term. The
coercive field observed is always close to 300 Oe, value
reported for bulk FezO,. It clearly appears that, for the
field range corresponding to results obtained by magneto
optical technique (H maximum being 2 T) the observed
magnetization loops do not reach saturation since there is
a residual slope above 1000 Oe. This result will be con-
firmed by our SQUID measurements. Moreover, we have
not observed the appearance of a bias field or exchange
field which could be correlated to the presence in our
films of antiferromagnetic oxide of FeO type. This oxide
could be present in case of higher temperature deposition
(T > 400 °C).

The polar Kerr spectroscopy was carried out with ex-
ternal magnetic field of 1.33 T which is sufficient to ensure
the first step and main magnetic saturation of our sam-
ples but we cannot exclude the presence of domains pinned
by exchange coupling with antiparallel magnetization di-
rection as previously proposed. The polar Kerr rotation
and Kerr ellipticity energy dependence of a 280 A film
are displayed in Figure 4. In this figure we could compare
experimental results and results obtained by a modeling

calculus taking into account the bulk Fe30O,4 dielectric ten-
sor elements and their spectral dependence from the paper
work of Fontijn et al. [14,15], where diagonal elements are
obtained from spectroscopic ellipsometry measurements
and where off diagonal elements are derived from mea-
sured polar Kerr spectrum. We observe a good agreement
between experimental and calculated results, the shapes
of the two curves presented are very similar, the photon
energy dependence is associated to Inter-Valence Charge
Transfer (IVCT) transitions (transitions in which an
electron, through optical excitation, is transferred to a
neighboring cation) and is clearly characteristic of Fe3Oy
compound, demonstrating one more time the presence of
single phase magnetite in our films, strongly suggestive of
half metallic behavior. However the amplitude of the Kerr
rotation and ellipticity obtained by calculus and by mea-
surements slightly differ. This could be understood by two
ways, at first the magnetization is not saturated and mis-
aligned domains give an opposite contribution to the Kerr
rotation, moreover we have considered for the calculus an
infinite MgO substrate. Experimental data correspond to
finite substrate thickness with rough back face. In that
case, it is impossible to take into account light reflection
and scattering on the back of the substrate.

3.3 Bulk magnetization measurements

SQUID measurements allow us to estimate the value of
the magnetization up to 5 T, and to compare it to the
bulk saturation magnetization. Results obtained at room
temperature for several samples with different thickness,
and for in plane magnetic field, are presented Figure 5.
We could observe, as was noticed for magneto optical mea-
surements, that saturation seems to be reached at 1 T, but
with a residual slope extending to larger magnetic fields.
SQUID measurements performed up to 5 T do not reach
the bulk saturation value of 480 emu/cm? [3]. This is in-
dicative of the presence of antiferromagnetically exchange-
coupled domains through APB’s defects. For most of the
samples, at 1 tesla, the magnetization is roughly equal
to 60% of the bulk value. These results are in agreement
with results of Margulies et al. [11] and Seneor et al. [6].

For magnetic field perpendicular to the plane of the
sample, the magnetization reaches its maximum value for
larger fields than for in plane configuration, essentially due
to shape anisotropy which correspond to a field of roughly
6 kOe (4mMg). As observed with in-plane magnetic field,
the value of saturation magnetization is roughly 60% of
the bulk value. These results are coherent with the hy-
pothesis of ferromagnetic domains limited by APBs intro-
ducing random orientation of the magnetization in zero
magnetic field. In a first step most of the domains are
reoriented in the field direction but some APBs induce
an antiparallel ordering between neighboring domains and
this explains why in a one tesla magnetic field the global
magnetization is reversed but 20% of the domains are
pinned in opposite direction.

We could observe that for the thinnest magnetite film,
hysteresis loops are no longer open as well as there is
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Fig. 5. SQUID measurements (in plane: solid line, out-of-
plane: broken line) for three different thickness of FezO4 films.

no more remanent magnetization. This is indicative of a
loss of irreversibility processes in the magnetic switching.
These results could be interpreted in terms of an increase
of the APBs density related to surface defects. APBs in-
duce a complete disorder of domain magnetization for the
thinnest films. For the same reason, the saturation mag-
netization at 5 T is clearly lower for the thinnest films.

In addition, a study of temperature dependence of the
resistivity has been realized on the various magnetite lay-
ers. We observe four orders of magnitude drop between
the film resistance at 60 K and at 300 K and obtain a re-
sistivity of the order of 1072 Qcm at room temperature.
However we do not observe a discontinuity in the resistiv-
ity around 100-120 K temperature range corresponding to
the Verwey transition [17]. The absence of Verwey transi-
tions in thin films has already been reported by several
authors [11,16,18] and explained by Mott [17] by the
blocking of the Fe?t/Fe3t fluctuations by impurities.
More recently, Garcia et al. [19] give an alternative dis-

Fig. 6. 220 dark field image of a 750 A thick Fe3O4 film studied
in plane view. The dark diffuse contrast corresponds to the
APB:s.

cussion of the origin of the Verwey transition related to
the oxygen sites condensation. In all cases, this cannot
exclude the magnetite nature of our films.

4 Observation of antiphase boundaries
and magnetic domains

4.1 TEM observations

TEM analyses were performed on plane view and cross
sectional specimen to study the appearance and the mor-
phology of APBs. In Figure 6 is reported a 220 dark field
image obtained on a plane view sample of a 750 A thick
Fe3Oy thin film. The diffuse dark contrast corresponds to
the APBs across which the {220} planes are discontinu-
ous. These boundaries have a very low energy and then no
particular orientation. Consequently, they may be twisted
and oriented in all the directions of the crystal. The diffuse
aspect of these APBs and their apparent width visible on
the dark field images come from the superimposition of the
boundaries through the total thickness of the thin TEM
specimen. These APBs surround regions whose diameters
are about 300 to 500 A. TEM dark field experiments were
also performed on the same 750 A thick Fe304 film stud-
ied in cross section. As observed on the 202 dark field
micrograph in Figure 7, most of the APBs are elongated
perpendicular to the Fe3O04/MgO interface. This particu-
lar APBs orientation may be due to the misfit dislocations
and/or to the presence of any defects like steps at the MgO
surface. A step at the MgO surface will indeed induce a
stacking fault of the magnetite structure growing upon it
and a misfit dislocation will create a local strain field in
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20 nm

Fig. 7. 202 dark field image of a 750 A thick Fe3O4 film studied
in cross section. Note that APBs are mainly oriented perpen-
dicular to the interface.

the magnetite film that may be a preferential place for the
APBs to grow. Both defects could then favor the localiza-
tion of the APBs at the Fe304/MgO interface which will
therefore propagate perpendicular to this interface as it is
observed in the dark field image in Figure 7.

4.2 Domain structure investigations by MFM

The domain structure has been observed in zero field
for magnetite layers of different thicknesses. We used a
Nanoscope III equipped with a CoCr coated Si tip. The
microscope tip was scanning both in tapping mode for the
surface morphology and in lift mode for magnetic domain
boundary detection 50 nm above the surface. Surface mor-
phology agrees with HRTEM and RHEED data, evidenc-
ing a smooth surface with a residual roughness lower than
5 nm peak to peak (see Fig. 8a). The feature size of the
surface morphology is close to the APBs spacing observed
by TEM (~500 A).

The typical magnetic structure presented in Figure 8b
reveals a domain size roughly 10 times larger that the
size of the morphological details. For the three different
samples studied, the mean magnetic ripple periodicity is
respectively 2000 A, 2500 A and 6000 A for film thick-
ness of 95 A, 750 A and 1875 A. As shown by TEM, the
APBs spacing increases with the film thickness, thus there
is a correlation between APBs periodicity and magnetic
ripple. One more striking feature is the orientation of the

5.0 nm

2.5 nm

0.0 nm

pH

(b)

Fig. 8. Atomic (a) and magnetic (b) force microscopy images
of a 750 A thick Fe;O4 film.

magnetic ripple as observed in Figure 8b (the z and y
axes of the AFM/MFM image are [100] and [010] crystal-
lographic directions). The magnetic domain boundaries
are mostly oriented along {110} planes. This is strongly
suggestive that the boundaries planes of {110} family
mainly contribute to the antiferromagnetic coupling be-
tween adjacent magnetite domains and that {100} type
APBs play a minor role. However, since the ripple peri-
odicity is 10 times larger than the APBs periodicity we
assume that only a few of the latter induce sufficient an-
tiferromagnetic interactions for obtaining a local magne-
tization reversal. Clearly, in the MFM measurements, re-
ciprocal effects are present and the stray field generated
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by the tip could, in his turn, influence the magnetic struc-
ture of the film. All the problem depends of the stray field
intensity compared to the anisotropy field of the film (see
Ref. [20] for example). For the magnetite films studied in
the present work, the coercivity is close to 300 Oe, there-
fore larger than the stray field of the tip which is made of
non magnetic material coated by a CoCr alloy.

This observation allows us to propose that most of the
APBs do not induce separate opposite magnetic regions.
As explained by Margulies et al. [12] there are various
types of APBs involving different exchange interactions,
and also several configurations with the interplay of more
than 2 adjacent domains. These remarks agree with the
fact that, in applied fields of 5 T, only 20% of the magne-
tization remains pinned by antiferromagnetic interactions

through APBs.

5 Conclusion

Using sputtering technique, we have prepared epitaxial
magnetite layers. In particular we observe by HREM that
Fes04 grows epitaxially on MgO (001) single crystal and
that the interface presents very few defects which is one of
the requirements for tunneling current with spin polarized
carriers. Mossbauer experiments have demonstrated that
we have a correct distribution of the Fe cations in two
different oxidation states as in bulk Fe3O4 inverse spinel, A
sites contain only Fe3* ions and the B sites contain equal
numbers of Fe?t and Fe?t ions. Polar Kerr spectra show
a good agreement with bulk FesO4 tabulated spectra.

The main structural defects found in our samples are
antiphase boundaries (APBs). TEM studies of these APBs
show that they are mostly oriented perpendicular to the
film. MFM reveals a magnetic ripple that is correlated
to the presence of APBs but with a larger lengthscale,
suggestive that a fraction of the APBs, more particularly
the ones oriented along {110} planes, contribute to the
magnetic properties. All these results evidence the strong
interest to develop heterostructures for spin dependent
transport with thin Fe3Oy4 films, provided the possibility
to reduce the APBs density which causes a low squareness
of their magnetization loops.
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