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A series of epitaxial BiFeO; thin films has been grown under high partial pressure in a pure O,
atmosphere, which leads to a low deposition rate. The samples grown under these conditions have
presented an evolution of the quality of the epitaxy as the deposition temperature increases,
however, spurious f—Bi,O3 and supertetragonal BiFeO; phases are present in the films grown at
higher temperatures. The presence of y—Fe,O; is reported in one growing condition, and has been
attributed to the origin of hysteretic ferromagnetic behavior. A second kind of magnetism, with
higher magnetic moment and anhysteretic behaviour, is attributed to the presence of mixed phases
of BiFeOgs. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.5003764]

I. INTRODUCTION

Materials which present simultaneously two or more fer-
roic orders are called multiferroics." Among these, magneto-
electric materials possess both magnetic (ferro- and/or
antiferromagnetism) and ferroelectric ordering.”> Such a
magnetoelectric effect is very interesting from the point of
view of fundamental physics, and could also lead to applica-
tions in spintronics and other fields.5"® A magnetoelectric
device would allow one, for instance, to reverse magnetiza-
tion by applying an electric field instead of a magnetic
field.'*'> However, there are very few single-phase magneto-
electric multiferroic materials due to chemical incompatibil-
ity between magnetism and ferroelectricity.'® Besides that, in
order to use the magnetoelectric effect in spintronic devices,
it is needed to grow thin films of magnetoelectric materials.’

Among the magnetoelectric multiferroic materials suit-
able for applications, bismuth ferrite (BiFeOs;, BFO) has
attracted much attention as it is perhaps the only known
single-phase perovskite exhibiting coupled antiferromagnetic
and ferroelectric ordering with transition temperatures higher
than 300K, which is essential for applications.'” 2 BFO’s
crystallization in the perovskite structure makes it compatible
with many other functional compounds, and its large ferro-
electric polarization (especially in thin films) makes it suit-
able for electronic devices.”' Aiming at possible BFO-based
devices, different techniques to synthesize high-quality BFO
thin films have been exploited. Much efforts have been
directed toward modifying and tuning the material’s magnetic
and electric properties through crystallinity, strain engineer-
ing,?*** ferroelectric and/or magnetic domain boundary con-
trol.?*** 1In this context, there is a need for methods
compatible with the mass-production scenario and allowing
fabrication of BFO-based systems with precise control over
the film’s properties, without the presence of spurious phases.
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Several thin film deposition techniques have been used
during the past decade such as pulsed laser deposition (PLD),
chemical vapour deposition (CVD), atomic layer deposition
(ALD), and radiofrequency (RF) magnetron sputtering. All of
them, with their special features, have allowed epitaxial BFO
thin films to be grown on single crystal substrates such as
SrTiO5 (STO), NdScOs, GdScOs3, DyScOs, etc. Nevertheless,
the growing condition which allows a pure and stoichiometric
BFO phase to be obtained is always very narrow, so that very
small changes in the deposition parameters can lead to major
changes in the film’s properties and/or to the nucleation of
spurious phases. In this sense, some groups have reported on
unexpected magnetic moment in epitaxial thin films. For
instance, Marchand et al. recently observed enhanced magne-
tization in ALD-grown BFO films which was attributed to
the formation of magnetic domain walls and breaking of the
helimagnetic antiferromagnetic order due to the phase con-
finement within the nanocrystalline morphology.?® On the
other hand, PLD-grown BFO films have been reported to pre-
sent magnetic moment arising from parasitic phases formed
mainly by iron oxides.?”®

In this work, we report on the structural and magnetic
characterization of a series of epitaxial BFO thin films grown
by low deposition rate RF magnetron sputtering. Initially, we
present the structural and morphological characterization,
performed by X-ray diffraction (XRD) and atomic force
microscopy (AFM), which shows evidence of parasitic phase
nucleation in some samples. In the sequence, we discuss the
presence of anhysteretic or hysteretic magnetic behavior in
magnetization measurements carried out by SQUID magne-
tometry. The origin of the magnetic moment, for each case,
is attributed to different parasitic phases.

Il. EXPERIMENTAL METHODS

The samples were grown in an AJA Orion sputtering
system by sputtering a stoichiometric BiFeO; target. A pure
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O, flux was kept in the chamber and a plasma was sustained
by an impedance matched 100 W (RF) power. The base pres-
sure prior to the deposition was lower than 8 x 10® Torr,
whilst the deposition pressure was 30 mTorr. It is important
to notice the unusual sputtering atmosphere (usually an
atmosphere of Ar+ O, is used for the reactive sputtering of
oxides) and deposition pressure (usually a total pressure
between 2 and 10 mTorr is used for magnetron sputtering
deposition). These unusual conditions lead to a low deposi-
tion rate of the order of 1 A/min, allowing the films to be epi-
taxially grown on single crystal STO (001) substrates.
Samples were deposited at four different temperatures:
400°C, 500°C, 600°C and 700°C. Their thicknesses (as
determined by X-ray reflectivity) are approximately 45 nm.
The samples were post-annealed at the same temperature of
the deposition, at a pressure of 75 Torr of pure oxygen,
before bringing them to room temperature.

The structural characterization was performed by X-ray
diffraction techniques. Some measurements were carried out
on a Panalytical X Pert Pro diffractometer with Cu K,, radia-
tion, and others at the XRD2 beamline of the Brazilian
Synchrotron Light Laboratory (LNLS) with a monochromatic
beam of energy 7.5keV. Standard Brag-Brentano (6 — 26)
diffractograms were acquired to verify the out-of-plane crys-
tallinity of the films and investigate parasitic phases. Rocking
curves at the BFO (001) peak were collected to estimate the
crystallite size through the Debye-Scherrer equation. X-ray
reflectivity measurements, acquired in small incidence
angles, provided information about the thicknesses of the
samples. Reciprocal space maps (RSM) around the asymmet-
ric (103) reflections of BFO and STO were measured to study
the symmetry and in-plane strain. Atomic force microscopy
images, taken on a Park NX10 microscope in the tapping
mode, were acquired to study the local topography. The mag-
netic characterization was carried out on a Quantum Design
MPMS® 3 VSM-SQUID magnetometer. The magnetization
curves presented here have the diamagnetic signal of the sub-
strate subtracted.

lll. RESULTS AND DISCUSSION

X-ray diffractograms taken at the XRD2 beamline of the
LNLS, with 7.5keV photons in the Bragg-Brentano geome-
try (0 — 26), are shown in Fig. 1. The narrow STO (001) and
(002) peaks are identified around 20 =~ 25° and 20 =~ 50°,
with the (001) and (002) BFO—in pseudocubic notation—
just next to them (lower angle direction). The average crys-
tallite sizes in the [001] direction were estimated from the
FWHM of rocking curves collected at the BFO (001) peak
position, by using the Debye-Scherrer equation. The values
are about half of the nominal thicknesses, for all the samples,
indicating that the epitaxial layer does not fill the entire
structure. It could be forming a grainy film, or there could be
nucleation of other phases instead. In fact, the diffractograms
of the samples grown at higher temperatures present evi-
dence of parasitic phases. The sample grown at 600°C
presents peaks around 34°, which can be indexed as related
to the (220) and (002) planes of —Bi,O3 (BO), and another
one around 54° related to y—Fe,O3 (FO). The peak around
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FIG. 1. X-ray diffractograms (0 — 20) for all samples, taken with 7.5keV
monochromatic radiation. The two narrow and very low intensity peaks
around 33° and 37° (labelled as * in the figure) are assigned to multiple dif-
fraction peaks of the substrate.

42°, which is present for the samples grown at higher tem-
peratures (600 °C and 700°C) is due to the formation of a
tetragonal phase of BFO with a giant c/a ratio. Such a super-
tetragonal phase (ST-BFO), which would lead to a higher
ferroelectric polarization,? is reported to be more stable
than the monoclinic phase when BO is present.*® The pres-
ence of these BO, FO and ST-BFO parasitic phases is
accompanied by topographic features and unusual magnetic
behavior that will be discussed further.

Looking at the diffractograms in Fig. 1, one can observe
an evolution of the BFO (002) peak. Firstly, it is important
to point out that the split of the peak suggests the presence of
grains with different crystallographic properties. Starting
from the lowest growing temperature, 400 °C, the peak evo-
lutes from a distorted and split peak to a single and well-
defined peak—accompanied by the ST-BFO peak around
42°—for the samples grown at higher temperatures. The unit
cell of the samples grown at lower temperatures is signifi-
cantly distorted, the ¢ parameters (estimated from the most
intense peak) being as high as 4.1 12 A and 4.144 A for sam-
ples grown at 400 °C and 500 °C, respectively, whilst the val-
ues for samples grown at 600 °C and 700 °C are 4.070 A and
4.072A, respectively.

Figure 2 presents the reciprocal space maps (RSM) near
the (103) reflections of the BFO film and the STO substrate.
It is worth noting the improvement of the epitaxy of the c-
oriented BFO films as the BFO (103) peak (in lower Q.)
becomes narrower and more intense for films grown at higher
temperatures, corroborating the analysis of the 0 — 20 meas-
urements. Using the vertical line close to Q,=1.61 Al
drawn in all RSM of Fig. 2 as a guide for the eyes, it can be
observed that only the sample grown at 700°C presents a
strong compressive strain, with the in-plane cell parameter
being 3.893 A against 3.905 A of the other samples which all
follow the substrate parameter. The strain of this sample is
estimated to be around 1.69%, whilst the strain of the others
is around 1.38% (considering the BFO bulk in-plane cell
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FIG. 2. Reciprocal space maps around the STO/BFO (103) reflections for
BFO thin films deposited at 700 °C, 600 °C, 500°C and 400°C (from top
left to bottom right). The RSM were acquired with Cuk,, ., radiation. The
vertical line close to Q,=1.61 Alisa guide for the eyes at the Q. position
of the STO substrate peak.

parameter as 3.96 A). The strong compressive strain of the
sample grown at 700°C is related to the formation of the
super-tetragonal phase, whose peak is stronger and located at
a lower angle (stronger tetragonality) for the sample grown at
700 °C than that at 600 °C, and not present for the others.

It is possible to draw the following scenario from the
XRD analysis: starting from the sample with the lowest epi-
taxy quality grown at 400 °C, the BFO quality is improved at
500°C, but the beginning of the nucleation of a phase with
higher tetragonality also takes place, which can be inferred
analyzing the splitting and the shoulders on the left side of
the (002) peak of this sample. The structural evolution to
mixed BFO and ST-BFO phases keeps going on for sample
600 °C, and the epitaxy quality of BFO is much better (with
a c/a ratio of 1.041), whilst the ST-BFO peak is clearly iden-
tified. Nevertheless, the nucleation of BO (and accompany-
ing FO phases) is strongly favored at this temperature, which
may also help with the stabilization of the ST-BFO phase.
Furthermore, the sample 600°C presents a broad peak
around the region between ST-BFO and BFO peaks, sugges-
ting that the transition from one phase to the other is not
completed for this growing condition. Finally, the sample
deposited at the highest temperature, 700°C, presents an
excellent quality BFO phase, with a c/a ratio of 1.047 due to
the strong in-plane compressive strain caused by the coexis-
tence of the supertetragonal phase, which is also epitaxial
and well nucleated at this growing temperature.

The topography of the thin films is presented in Fig. 3.
The samples grown at lower temperatures present smaller
grains and low roughness, with the roughness average
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FIG. 3. Atomic force microscopy topographic images of samples grown at
700°C, 600 °C, 500 °C and 400 °C (from top left to bottom right).

evaluated over an area of 2 x 2 um?” being less than 0.4 nm
for samples grown at 400 °C and 500 °C. On the other hand,
the samples grown at higher temperatures present some
square-shaped features with heights of tens of nm. These fea-
tures have already been reported and attributed to the nucle-
ation of f-Bi,O; outgrowths.?”**3%3! Indeed, by second
harmonic Kelvin probe force microscopy (not shown), it was
observed that there is a difference in the conductance
between the square-shaped features and the rest of the sur-
face, confirming that the regions are constituted by different
phases (BO is much more conducting than BFO). The BO
outgrowths are numerous and clearly observed on the surface
of the sample grown at 600°C, as expected due to the
remarkable BO peaks that are present in the diffractogram of
this sample. Although not presenting BO peaks in the dif-
fractogram, samples grown at 500 °C and 700 °C also seem
to present some degree of nucleation of bismuth oxide. This
hypothesis is supported by the presence of some small
square-shaped features in the topography of the sample grown
at 500 °C (Fig. 3), and a few outgrowths observed in the AFM
image of the sample grown at 700 °C (Fig. 3). We suggest that
the BO phase nucleation is favored around 600 °C. In the case
of the sample grown at 700°C, it may appear during some
stage of the growth mechanism to help the ST-BFO phase to
nucleate, afterwards it is decomposed (possibly during the
post-annealing) due to the volatility of Bi.

The remarkable presence of bismuth oxide on the sur-
face of the sample grown at 600 °C suggests the formation of
some iron oxide as well, so it does the peak around 54° in its
diffractogram. Magnetization curves of all the samples,
taken at room temperature, are shown in Fig. 4. All the sam-
ples, but the 600 °C one, present no measurable hysteretic
behavior within the limits of the instrument. The small hys-
teretic behavior observed for other samples is due to the rem-
anence of the magnet and has also been observed in
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FIG. 4. Magnetic hysteresis loops measured at room temperature for samples
grown at 400 °C, 500°C, 600°C and 700 °C.

paramagnetic reference samples. Besides that, zero field
cooling (ZFC) and field cooling (FC) magnetization curves
were also acquired (not shown here), and no vestige of super-
paramagnetic behavior was found for any sample. By its
turn, the film deposited at 600 °C shows a significant coer-
cive field even at room temperature. Such hysteretic ferro-
magnetic behavior, in accordance with the X-ray diffraction
data, suggests the presence of some ferromagnetic iron oxide
(likely y—Fe,O3, a ferromagnetic phase with Curie tempera-
ture higher than 850K). Considering the magnetic moment
per formula unit of y—Fe,O3 as 2.5 up and its density as
4.9 g/cm?, the volume of the FO parasitic phase necessary to
generate the magnetic moment of the sample grown at
600°C would be around 7% of the thin film volume.
However, this volume of FO is surely overestimated, as we
consider that all the magnetic moment is generated by this
parasitic phase. This is not the case as other origins of mag-
netic moment may be present, and are not possible to be dis-
tinguished. Indeed, there is evidence of anhysteretic
contribution to the magnetic moment, clearly observed in the
sample grown at 700 °C, which will be discussed further.

The magnetic moment observed for the sample grown at
600 °C, together with the absence of either FO diffraction
peaks or a magnetic coercive field in the structural and mag-
netometry analysis of the sample grown at 700 °C—which
also presents a few BO outgrowths on the surface—strength-
ens the point that the coercivity of the sample grown at
600 °C is due to the presence of the iron oxide phase even
though the total saturation magnetization may also be due to
other contributions. This observation agrees with some
results reported in the literature for BFO films grown by
PLD.?’ Nevertheless, our low deposition rate films deposited
by magnetron sputtering nucleate parasitic phases even for
lower thicknesses than the expected according to this refer-
ence. This reference also suggests a role of the strain in stabi-
lizing a metastable BFO phase detrimental to the stable BO
one; however, the sputtered films reported here present the
BO and FO parasitic phases together with strained metasta-
ble BFO. Moreover, the nucleation of iron oxide seems to
not have any clear dependence on the presence of bismuth
oxide.

J. Appl. Phys. 122, 124102 (2017)

Another kind of magnetism, being anhysteretic and pre-
senting higher magnetic moment, is attributed to structural
changes. This behavior is clearly observed for the sample
grown at 700°C (see Fig. 4), yet is probably present in the
other samples as well. Indeed, there are several reports about
the changes in the magnetic properties of BFO accompanying
structural modifications.>> Such structural changes can arise,
for instance, from doping, size confinements in nanostructures
or due to the development of mixed BFO phases that can lead
to the distortion of the spin cycloid structure.’***** The latter
one is clearly the case of the sample grown at 700 °C, accord-
ing to its diffraction pattern, which evidences the coexistence
of two well-defined distinct phases of BFO.

Starting from the lowest temperature, the sample grown
at 400 °C—with lower epitaxy quality—presents a very low
magnetic moment. Increasing the growing temperature, the
sample grown at 500 °C shows a little higher moment, with
the BFO phase quality getting improved, and some features
in the XRD suggesting the very beginning of the ST-BFO
phase nucleation. The structural disorder caused by the
nucleating stage of the ST-BFO phase and the remarkable
presence of non-magnetic BO make the magnetic moment of
the sample grown at 600 °C smaller even though the pres-
ence of FO (in a very small quantity) leads to hysteretic fer-
romagnetic behavior. In turn, when the growing temperature
is as high as 700 °C, the stabilization via strain of the ST-
BFO phase is responsible for the higher magnetic moment
observed in this sample. This result is consistent with data
reported by other authors. For instance, in Ref. 34, the
authors report on the enhancement of the rhombohedral BFO
magnetization as a consequence of a piezomagnetic coupling
to the adjacent tetragonal-like phase and epitaxial constraint.

It is worth mentioning that the presence of Fe*" in oxy-
gen deficient BFO films has also been reported to lead to a
high magnetic moment in epitaxial thin films free of spurious
phases.?!*! However, the high oxygen partial pressure in the
chamber during the deposition of the samples reported here,
as well as the post-annealing carried out at even higher pres-
sures, is expected to preclude the reduction of the film.
Nevertheless, the presence of oxygen vacancies is hard to be
measured experimentally, and magnetic moment coming
from the presence of Fe’" in the BFO structure cannot be
totally disregarded even though it is very unlikely.

IV. CONCLUSION

In summary, we have managed to grow epitaxial BFO thin
films by RF magnetron sputtering in an unusual environment of
high partial pressure and pure O,. The samples presented an
evolution of the quality of epitaxy with the deposition tempera-
ture. The spurious /—Bi,O5 phase is present in samples depos-
ited at higher temperatures and is shown by square-shaped
outgrowths on the surface. This parasitic phase is known to
have higher conductance, and could be a problem to the appli-
cation of BFO thin films in ferroelectric and magnetoelectric
devices. The coexistence of the super-tetragonal phase of BFO
is also observed in the same samples. The XRD analysis of the
sample grown at 600°C also presents evidence of y—Fe,O5
nucleation. As it is the only sample to present clear hysteretic
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ferromagnetic behavior, the origin of the coercive field in this
film is attributed to the small nucleation of the iron oxide spuri-
ous phase. Nevertheless, the sample grown at 700 °C presents a
strong anhysteretic magnetic behavior, with high saturation
magnetization and no indication of spurious iron oxide phases;
therefore, the origin of its magnetic moment is attributed to the
coexistence of two mixed BFO phases. In mixed phase nano-
structures, the BFO film nanocrystalline morphology is promi-
nently relevant to their magnetic properties.
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