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We examine the magnetic easy-axis directions of stoichiometric magnetite films grown on
SrTiO3:Nb by infrared pulsed-laser deposition. Spin-polarized low-energy electron microscopy
reveals that the individual magnetic domains are magnetized along the in-plane (100) film
directions. Magneto-optical Kerr effect measurements show that the maxima of the remanence and
coercivity are also along in-plane (100) film directions. This easy-axis orientation differs from bulk
magnetite and films prepared by other techniques, establishing that the magnetic anisotropy can be

tuned by film growth. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4837656]

Magnetite (Fe30y4)," a ferrimagnet, is the oldest mag-
netic material known.” It is a highly correlated electron ma-
terial that presents a prototypical metal-insulator transition
close to 120K (the Verwey transition>*). At low temperature
it becomes ferroelectric, and thus, multiferroic.”® A bad
metal at room temperature (RT), but predicted to be a
half-metal with only the minority-spin band crossing the
Fermi level,’ it has been considered a promising material for
spintronic applications as an spin-injector®’ or as part of a
spin-valve.'®'" For such purposes, it is often desired to
obtain highly perfect magnetite films on different oxide sub-
strates. In particular, SrTiOj; is a very attractive material in
the microelectronics industry and can be doped to provide ei-
ther an insulating or metallic substrate. In consequence, there
is interest in the magnetic and transport properties of magne-
tite films grown on SrTiO;, both Nb-doped'*'® and
undoped,'’* by using techniques such as molecular beam
epitaxy or pulsed-laser deposition (PLD).

The magnetization bulk easy-axis directions of Fe;O,
at RT are the cubic (111) ones. The first order anisotropy
constant changes sign upon cooling to 130K, temperature
below which the easy axis are the (100) directions,**2°
down to Verwey transition at ~120K where the structure
changes from cubic to monoclinic. Thus, in the (001) sur-
face of bulk samples, the magnetization is expected to lie
along the projection of the bulk (111) on the (001) surface,
i.e., the in-plane (110) directions,?’ an expectation con-
firmed by spin-polarized low-energy electron microscopy
observations (SPLEEM).”® Most magnetic studies of thin
films on SrTiO; are performed by techniques such as
magneto-optical Kerr effect (MOKE), and SQUID or
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vibrating-sample magnetometry (VSM), all of which aver-
age over the full thickness of the magnetite film.'¢:!7-19-20-23
In most cases, (110) in-plane directions are reported for the
easy-axis,'**>? although some works indicate in-plane iso-
tropic films.?’ There are several reports of real-space imag-
ing of the surface domains by magnetic-force microscopy
(MFM),6:19:23 showing domains of about 60-100nm in
size, similar to the observed grain size, but they do not
identify the local domain magnetization direction. On other
(100) substrates, (110) easy-axis directions are also usually
reported.’’** Although attempts have been made to modify
the easy axis orientation by the use of piezoelectric sub-
strates? or through growth on stepped substrates,> no
four-fold (100) magnetization axes have been reported for
magnetite films.

In this work, we report on the growth by infrared PLD¥
of highly perfect magnetite films on SrTiO5:Nb and their char-
acterization by a variety of techniques. The films present ro-
bust in-plane four-fold easy axes at RT but, in contrast with
precedent results, they are oriented along the (100) directions
as detected locally by SPLEEM and averaged by MOKE.

As for many complex oxides,* one of the preferred growth
methods for magnetite on SrTiO; has been PLD. In contrast to
previous reported work using ultraviolet light, we have grown
magnetite films by infrared PLD at 1064 nm using a hematite
target.”®> The Q-switched Nd:YAG laser had a full width at
half-maximum of 15 ns with a 10 Hz repetition rate at a typical
fluence of 4 J/cm>. SrTiO3(100) substrates doped with 0.1% Nb
from Crystek were heated to 780K during deposition. Data
reported in this work are from films 160 nm thick, although simi-
lar results have been obtained in 50 nm thick ones.

The epitaxial relationship between the perovskite sub-
strate and the spinel film is expected to be cube-on-cube,
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[100]¢,0, || [100]5,1i,» and [010]g o, || [010]gpi0, depicted
in Figure 1(a). The low-energy electron diffraction (LEED)
pattern for SrTiO;:Nb (after annealing the substrate in
10 Torr of O, at 800K for several hours) is shown in
Figure 1(b). The surface showed parallel steps ~100nm
apart in LEEM and AFM (not shown). The magnetite LEED
pattern measured after several cycles of cleaning by Ar"
sputtering and annealing in 107 Torr O,, typical for prepar-
ing a clean magnetite surface in ultra-high vacuum,®’ is
shown in Figure 1(c). The strongest spots correspond to the
first order and second order unit vectors of the surface primi-
tive cell, which is rotated by 45° relative to the fcc cubic-cell
unit vectors. The additional diffracted beams correspond to
the (2x,2R45° reconstruction of magnetite,’’*® Thus, the
LEED pattern confirms the cube-on-cube epitaxial relation-
ship, and it further shows that the film is monocrystalline.
The films have been characterized by integral conver-
sion electron Mossbauer spectroscopy (ICEMS), x-ray dif-
fraction (XRD), x-ray photoemission spectroscopy (XPS),
and SQUID magnetometry. In an ICEMS RT spectrum of
stoichiometric magnetite, two sextet components are
detected corresponding to iron in the octahedral and tetrahe-
dral positions, respectively.>® In such spectrum, the compo-
nent corresponding to octahedral iron presents parameters
intermediate of those of Fe?" and Fe>". The magnetite film
spectrum shown in Figure 1(d) has been fitted with two com-
ponents that have the expected values for magnetite, in
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isomer shift (0.23 mm/s and 0.69 mm/s), quadrupole shift
(—0.04 mm/s and 0.01 mm/s), and hyperfine magnetic fields
(49.0T and 46.4T). The ratio of the two components is
1.8-1.9 depending on the particular sample indicating that
the film is of stoichiometric composition. The out-of-plane
lattice spacing from XRD is 0.840 nm, indicating that the
magnetite film is relaxed within our error limits. This is
expected given the 7.5% mismatch between magnetite and
SrTiOs5. Our films thickness (50-160nm) is well above the
limit for pseudomorphic growth!” as detected by TEM.'®*?
In contrast with magnetite on MgO where the small mis-
match allows for a mostly dislocation free interface, on
SrTiO5'® (and we expect also in SrTiO5:Nb) there is a dense
network of misfit dislocations at the film/substrate interface.

No contamination was detected by XPS, which showed
only Fe and O, the former corresponding to a typical magne-
tite spectra®® with a mixture of Fe?" and Fe*". The Verwey
temperature was measured to be 114K with a SQUID
magnetometer.

Typical microscopy images of the films are presented in
Figures 1(e)-1(g). AFM images of the surface show square
features (“mesas”), with heights of up to 30nm and lateral
sizes in the 100-200 nm range, emerging from a flat film, as
shown in Figure 1(e). In STM, both the areas between the
mesas and their tops are confirmed to be quite flat, with small
terraces tens of nanometers wide separated by atomic steps
[0.21 nm high, see Figure 1(f) where the contrast has been

FIG. 1. (a) Epitaxial relationship of
magnetite on SrTiOz;. Oxygen atoms
are shown as red spheres, with Sr
atoms represented by green ones (Ti
atoms are below in the middle of the
blue-grey octahedra). The magnetite
unit cell is shown in the upper-right
side, with octahedral irons shown in
yellow, and tetrahedral irons shown as
green filled tetrahedra (schematics pre-

pared by VESTA**). The surface unit
cells of both materials are drawn by
blue squares. (b) LEED pattern of
SrTiO;:Nb. (c¢) LEED pattern of the
magnetite film grown on SrTiO5:Nb by
PLD. The LEED patterns have been
acquired in LEEM at electron energies
of 30 and 24 eV, respectively (we note
that in LEEM the area sampled in re-
ciprocal space does not change with
electron energy so both images are at

the same scale). (d) ICEMS Mossbauer
spectrum. (e) AFM image, 2 um wide.
The thermal color height scale corre-
sponds to 40nm. (f) STM image
acquired with I, =0.7nA and V,,; =
1V. The image is 200nm wide and
10nm high. (g) STM image acquired
with I, = 0.5nA and V,,,;=1.1 V. The
image is 41 nm wide, and shows the
rows of atoms with different orienta-
tion in consecutive terraces.
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enhanced so individual steps can be located]. While the orien-
tation of the atomic steps, both on top of the mesas and on the
areas between them, is not well defined, the mesas themselves
are remarkably well aligned with the in-plane (110) direc-
tions. On the individual atomic terraces, atomic rows 0.6 nm
apart run along the [110] direction in one terrace, and along
the [110] direction of the next atomic terrace [Figure 1(g)].
These rows correspond to the octahedral rows of iron of the
magnetite unit cell, see Figure 1(a).?” Along the rows there is
also an additional 0.6nm periodicity, out-of-phase between
consecutive rows. These periodicities correspond to the ¢(2 x
2) reconstruction observed by LEED shown in Figure 1(c).
This reconstruction, typical of magnetite cleaned by cycles of
Ar™" sputtering and annealing in vacuum, has been interpreted
as a Jahn-Teller distortion of the topmost octahedral iron atom
positions along the rows of the surface.™®

Cleaning the sample for ultra-high vacuum experiments
(i.e., for the STM and LEEM observations), which involve
mild sputtering and annealing, changes slightly the as-grown
surface morphology.*' While it is thus obvious that individ-
ual atomic step positions are changed upon cleaning, we
remark that the AFM measurements were done on the “as-
grown” films. The agreement between the STM, LEEM, and
AFM results indicates that no large morphological changes
have occurred during UHV cleaning.

We have imaged the magnetic domains by means of
SPLEEM.** After cleaning the samples with Ar" sputtering and
annealing, the film was heated above the Curie temperature and
slowly cooled back to RT. A low-energy electron micrograph
of the film is shown in Figure 2(a). Faint squares are observed,
which correspond to the mesas detected in the AFM and STM

FIG. 2. (a) RT LEEM image of a magnetite film on SrTiO;:Nb. (b) and (c)
SPLEEM images acquired at the same location as (a) with the electron
spin-direction along the x-axis ([100] direction) and y axis ([010]) direction,
respectively, showing the local surface magnetization component along the
given direction. The LEEM start voltage for all the images is 6.8 V. The
images are 9.1 um wide. (d) Polar histogram of the in-plane magnetization
as deduced from the images shown in (b) and (c).
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images in Figure 1. The squares are oriented along in-plane
(110) providing an internal direction reference. The two
magnetic contrast images are obtained by calculating the
pixel-by-pixel asymmetry between LEEM images acquired illu-
minating the sample with beams of electrons with opposite spin
polarization: bright (dark) areas indicate that the local surface
magnetization has a component parallel (anti-parallel) to the
spin-polarization direction of the electron beam. Grey areas
indicate the absence of a magnetization component along the
spin-polarization direction. The SPLEEM images thus indicate
the local surface magnetization along a given direction. We
note that SPLEEM is extremely surface sensitive, detecting the
magnetization of the topmost atomic layers of the film. As the
electron beam spin-polarization can be changed with respect to
the sample, the magnetization vector can be determined in real
space with nanometer resolution.” More details on the
SPLEEM instrument,** the spin-polarization control method,*’
or the vector magnetometric application of SPLEEM can be
found in the literature.*****’ SPLEEM images acquired (not
shown) with out-of-plane spin direction presented negligible
contrast, indicating that the magnetization lies mostly within the
film plane (as previously reported by MOKE™). In Figures 2(b)
and 2(c), white, black, and grey regions are easily resolved. As
the domains are not very large, it is difficult to determine by vis-
ual inspection whether the magnetization lies along some pre-
ferred axis. A plot of the magnetization-vector histogram vs.
angle is shown in Figure 2(d) obtained by combining the images
pixel by pixel to calculate the in-plane magnetization vector. It
indicates that the magnetization lies mostly along the four
in-plane (100) directions, i.e., the histogram shows peaks at
angles corresponding to the [100], [010], [100], and [010] orien-
tations. The domain walls also show a preferred orientation, but
along [110] and [110] directions, i.e., along the sides of the 3D
mesas on the film. The domains are up to 1um in size.

The unexpected magnetization easy-axis orientation of
the film is confirmed by angular-dependent averaged magne-
tometry measurements. MOKE hysteresis loops have been
systematically recorded by changing the in-plane orientation
of the applied magnetic field in the angular range
oy =0°=360° (Figure 3). Two representative plots (o = 0°
and 45°) are shown in Figure 3(a). The film coercivity is
45-50mT, in line with published values for magnetite on
SrTi05.%19%% The low saturation fields around 150 mT evi-
dence the high structural quality of our films, although often
much higher saturation fields are reported for magnetite films
on 100 substrates, probably due to magnetic domain pinning
at defects.*” Hysteresis loops displayed in Figure 3(a) show
different remanence and coercivity values as a function of
the in-plane orientation of the applied magnetic field. In par-
ticular, larger remanence and coercivity values are found for
oy = 0°, i.e., along the [100] direction. Moreover, the angu-
lar dependence of the remanence [Figure 3(b)] and the coer-
civity [Figure 3(c)] show the fourfold symmetry of the
magnetic anisotropy with the highest values found at 0, 90,
180, and 270. The fourfold symmetry can be easily identified
in the corresponding polar plots of the remanence and the
coercivity [right-hand side of Figures 3(b) and 3(c)]. As the
maxima of both remanence and coercivity correspond to
easy-axis directions, the angular MOKE indicates that for
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the full film the easy-axes are the in-plane (100) directions,
in agreement with the microscopic SPLEEM observations of
the surface magnetization.

Given the high quality of these films, the observation of
in-plane (100) easy magnetization axes is surprising and in
contrast with the extended perception that (100) magnetite
films should have in-plane (110) easy axes. Although the
Verwey temperature of our films is somewhat below that
found in stoichiometric bulk crystals, it is in the range of the
values reported in other work on thin films, and there are no
reports showing (100) easy axes at RT in magnetite samples
of any type, bulk or films, at or off stoichiometric composi-
tion. We note that the magnetic anisotropy of magnetite
changes with temperature;” in bulk samples the easy axis
directions switch at 130K (the so-called isotropic point)>®
from the (111) directions above, to the (100) directions
below this temperature. An additional factor that is particu-
larly important in magnetite films is the possible presence of
high densities of anti-phase domain boundaries (APBs),
which can result during epitaxy when nuclei that are offset
by a fraction of the magnetite unit cell®'? coalesce. In fact,
many of the magnetic properties of magnetite films differ
significantly from bulk properties: observations of high coer-
civities, high saturation fields, the presence of out-of-plane
magnetization,™ superparamagnetism in ultrathin films,>* as
well as small magnetic domains, have all been attributed to
APBs.* In particular, APBs have been proposed as the

60 FIG. 3.(a) RT hysteresis cycles
10 acquired at o; = 0° ([100] direction)
30 T and at oy = 45° ([110] direction). (b)
:f Angular evolution of the remanence,
0 0.8 é Mp, with corresponding polar-plot rep-
0.8 g resentation  (right-hand  side). (c)
\; Angular evolution of the coercivity,
330 1.0 § H ¢, with corresponding polar-plot rep-
300 resentation (right).
60
50 ©
45 E
|}
50

origin of the biaxial anisotropy induced by growth of magne-
tite films on MgO stepped substrates.® It is possible that
some particular distribution of APBs that resulted during the
growth of our samples might be responsible for the observed
magnetic easy axis directions. Then, the magnetic anisotropy
can be engineered by controlling the APBs. Further work is
in progress to clarify the origin of the observed anisotropy.

In summary, we have grown pure stoichiometric magnetite
films on SrTiO5;:Nb by infrared PLD. Unlike films reported to
date, these films have a robust well defined easy-axis along the
in-plane (100) directions. The individual magnetic domains at
the surface of the films have been imaged in remanence by
SPLEEM. The magnetic domains present magnetization vec-
tors along the in-plane (100) directions, while the domain walls
are aligned with the in-plane (110) directions. Hysteresis
cycles have been measured by MOKE, obtaining the angular
dependence of remanence and coercivity which both have
maxima at the (100) directions and thus confirm the local
determination of the easy-axis directions by an averaging tech-
nique. Our films prove that modifying the growth parameters
in magnetite films allows tunning the easy-axis directions.
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