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BaFe12O19 films have been grown by pulsed laser deposition �PLD� on �001� sapphire using two
different conditions �with and without oxygen�. Layers grown in O2 atmosphere exhibit an epitaxial
structure �stressed at the interface� with a perpendicular easy axis whereas magnetic anisotropy is
randomly oriented in those deposited without O2 . The random structure is a consequence of the high
energy of ions in the PLD plume which damage the smoothness of the substrate at an earlier stage
of growth. Oxygen pressure can reduce the energy of arriving atoms and prevent deterioration of the
interface sharpness, and lead to epitaxial growth. Stress induces in-plane anisotropy with the
coercivity strongly dependent on the temperature (T0.75 law�. An estimate of the stress confirms that
it is too low to compete with magnetocrystalline anisotropy. © 2003 American Institute of Physics.
�DOI: 10.1063/1.1533854�

Ferrite films are of significant interest for fundamental
studies as well as for applied research. Due to their high
resistivity and large permeability at high frequencies, hexa-
ferrite films are attractive for microwave applications.1 On
the other hand, their high chemical stability and strong
uniaxial magnetocrystalline anisotropy suggest that these
films are suitable for magnetic recording.2 Despite the low
magnetization in hexaferrites in comparison to in metallic
films, magnetic anisotropy can be stabilized either in plane
or out of plane. Both material applications require highly
oriented films. In the first case the linewidth of ferromagnetic
resonance is strongly dependent on the film structure and
should be as narrow as that of the single crystal. However
high orientation of the anisotropy is necessary to achieve
large coercivity and good squareness, which are basic re-
quirements for magnetic recording.

Although the nature of the substrate and its crystallo-
graphic structure are important, the growth conditions are
crucial to achieving epitaxial films. Most oxide films pre-
pared by pulsed laser deposition �PLD� are grown in oxygen
atmosphere.3,4 In such a reactive ablation additional gas (O2)
certainly has a strong effect on producing stoichiometric
films, however its role during film formation is not fully
understood.

In this letter we show the important role of O2 pressure
on growth as well as the effects of the substrate on magnetic
anisotropy. The BaFe12O19 films were grown on a �001� sap-
phire substrate and are 300 nm thick. More details on the
deposition conditions are reported in Ref. 5. All deposition
parameters were kept constant, only the O2 pressure was

varied for growth of different films. The substrate tempera-
ture was fixed at 770 °C in order to achieve high film crys-
tallization and avoid postannealing. However this tempera-
ture is still low enough to induce diffusion between the film
and substrate.6 The films were prepared under two extreme
conditions of pressure. In the first the samples were grown in
controlled O2 pressure �20–200 mTorr� whereas the second
condition consisted of growth in vacuum at 10�6 mbar.

Figure 1�a� shows magnetization loops of film grown at
20 mTorr of oxygen. Both hysteresis curves were measured
using a vibrating sample magnetometer �VSM� with the field
applied parallel and perpendicular to the film plane, respec-
tively. It is important to point out that samples prepared at
different O2 pressures in the range of 20–200 mTorr exhibit
behavior similar to that in Fig. 1�a�. The perpendicular loop
shows large hysteresis with coercivity close to 200 kA/m
whereas the in-plane magnetization is linear with zero coer-
civity and saturates at the anisotropy field (Hk

�1300 kA/m). The high orientation of perpendicular mag-
netic anisotropy seen in Fig. 1�a� is also supported by x-ray
diffraction �XRD� analyses. From a �/2� scan it was con-
firmed that all films grown in O2 atmosphere are single
BaFe12O19 phase with crystallographic orientation parallel to
the �001� texture. Moreover, the dispersion in the c axis was
estimated from the rocking curve to be better than 0.5°. De-
spite the high orientation of magnetic anisotropy in films
grown with O2 , the in-plane curve in Fig. 1�a� reveals
anomalous behavior, which consists of a magnetization pro-
cess with two slopes before saturation. In addition to the
normal slope predicted in the Stoner–Wohlfarth model,7 the
magnetization exhibits a fast jump at low fields. The origin
of this effect will be discussed based on further analyses.
Figure 1�b� shows both loops �in plane and perpendicular� of
BaFe12O19 film grown in vacuum (10�6 mbar). It is surpris-
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ing to see that both curves exhibit large hysteresis and high
coercivity. Moreover, it is hard to saturate both loops even by
applying a large magnetic field. The loss in hysteresis is
more or less the same in both directions, however the unique
difference that is apparent is shearing in the perpendicular
loop due to the demagnetizing field. Magnetic anisotropy
seems to be randomly oriented in films deposited at low
pressure �Fig. 1�b��, whereas it is highly oriented if the
growth occurs in O2 atmosphere �Fig. 1�a��. The crucial
question is, Why does O2 pressure produce a huge effect on
the magnetic anisotropy? Additional investigations were per-
formed to clarify this point as well as to establish the origin
of the anomalous behavior seen in Fig. 1�a�. Figure 2�a�
shows a transmission electron microscope �TEM� cross sec-
tion of BaFe12O19 film grown in oxygen. Despite the high
deposition temperature �770 °C� the picture shows a sharp
interface without any diffusion between the film and the sub-
strate. Moreover, the image reveals an epitaxial layer with a
nonuniform structure from the top to the interface. As is
clearly seen the top of the film consists of a high epitaxial
structure whereas near the interface the layer looks more
stressed. The stress region is 40 nm thick. However the ori-
gin of stress can be understood from the large misfit �7%�
between the lattices of sapphire and barium ferrite. It was
reported that matching of both lattices can be realized in two
configurations, which consist of a reduction of the lattice
area of BaFe12O19 of about 3.98% and 28.61%, respectively.8

The first match seems to be more realistic in our case and
certainly has consequences on the magnetic properties of our
films. Many strong arguments suggest that the anomalous
effect seen in Fig. 1�a� is related to barium ferrite rather than

to a soft secondary phase in the film. Both analyses �XRD
and TEM� reveal a single BaFe12O19 phase with an epitaxial
structure. If there is any soft phase in the film, double switch-
ing should be observed in the perpendicular loop of Fig. 1�a�,
but it is unlikely to be the case. A unique way by which to
interpret the anomalous slope in Fig. 1�a� is to consider the
stress in the film revealed by TEM in Fig. 2�a�. The film
consists of two regions �relaxed at the top and stressed at the
interface� with different magnetic properties. In the first re-
gion �top� the origin of the magnetic anisotropy is mainly
magnetocrystalline with perfect perpendicular orientation to
the film plane whereas in the second zone �interface� two
differently oriented anisotropies coexist �in plane due to
stress and perpendicular from magnetocrystalline anisotro-
py�. The superposition of each region’s, contribution may
reproduce an effect similar to that shown in the in-plane
magnetization of Fig. 1�a�. Figure 2�b� shows a TEM cross
section of film grown in vacuum. In contrast to the epitaxial
structure reported in films grown in oxygen atmosphere, the
image in Fig. 2�b� reveals a polycrystalline microstructure
with large crystallites randomly oriented �shown by arrows�.
Moreover, the quality of the interface seems to have deterio-
rated in comparison to that in Fig. 2�a�. Such a structure may
well explain the random orientation of magnetic anisotropy
seen in Fig. 1�b� due to dispersion of the crystallite c axis.
The large difference between the images in Fig. 2 suggests
that additional gas during growth certainly has a strong effect
in improving the interface quality, which is crucial in achiev-
ing a high epitaxial structure. To interpret both images it is
important to investigate some details of the PLD technique.
In contrast to the low energy of atoms in sputtering �3 eV�
and evaporation �0.1 eV� the PLD plume consists of ions
with very high energy. It was reported from time of flight
spectroscopy measurements that the energy of atomic ions
could be higher than 200 eV whereas that of monoxides and
clusters ions is low �10 eV�.9 The high energy of ions can
damage the smoothness of the substrate in our case during
the earlier stage of growth. Consequently rough growth with
a deteriorated interface may occur during the first laser
pulses. The result may be a random distribution in the crys-

FIG. 1. In-plane and perpendicular hysteresis loops of BaFe12O19 film
grown in �a� 20 mTorr of oxygen and �b� vacuum.

FIG. 2. TEM cross sections of film grown in �a� oxygen atmosphere and �b�
vacuum.
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tallite orientation as shown in Fig. 2�b�. However introduc-
ing oxygen pressure during deposition enhances the plasma’s
reactivity and high energetic atomic ions may be transformed
into monoxides with low energy due to reactive collisions.
Hence smooth growth with a perfect interface can be
achieved.

An interesting result will be estimation of the stress an-
isotropy in the BaFe12O19 /Al2O3 system. By performing low
temperature measurements with the field parallel and perpen-
dicular to the film plane, it was possible to discriminate each
anisotropy contribution. Figure 3 shows the in-plane loop of
the epitaxial film measured at three different temperatures
�200, 60, and 20 K�. While the magnetization at 200 K con-
tinues to be linear, an hysteretic behavior arises at low tem-
peratures �60 and 20 K� in the low field region. Large hys-
teresis at low temperatures is indicative of an important
increase in stress anisotropy. This may be due to the differ-
ence in thermal expansion of Al2O3 and BaFe12O19 . Figure 4
shows the temperature dependence of in-plane coercivity
(Hc�) induced by stress. In contrast to a small change in

perpendicular coercivity with the temperature (Hc�

�200 kA/m) Hc� shows considerable variation, which seems
to fit with T0.75 law. The weak dependence of Hc� on T can
be understood by the quasiconstant value of the magneto-
crystalline anisotropy field of BaFe12O19 in the range of
0–300 K.10 Although an important increase in the ratio
Hc� /Hc� is observed at low temperatures, it is still small and
never exceeds 0.1, indicating that stress cannot compete with
magnetocrystalline anisotropy. At 20 K, the stress anisotropy
constant was estimated to be 4�104 J/m3, which is one or-
der less than that of magnetocrystalline.
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FIG. 3. In-plane hysteresis loop of film grown in oxygen measured at three
different temperatures �200, 60, and 20 K�.

FIG. 4. Temperature dependence of in-plane coercivity (Hc�) induced by
stress.
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