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共Received 13 June 2002; accepted 14 December 2002兲
Thick 共1–14 m兲 films of ferrimagnetic barium hexaferrite (BaFe12O19 or BaM兲 having the c-axis
( 关 0001兴 ) in the film plane were deposited by pulsed laser deposition onto a-plane (1120) sapphire
(Al2 O3 ) substrates, and were found to have a (1010) orientation. Torque and magnetization
measurements show these films are permanent magnets with easy magnetization direction in the
plane of the film. Ferrimagnetic resonance 共FMR兲 spectra exhibited linewidths of 1.00–1.40 kOe,
where low-field FMR measurements do not show uniform mode broadening due to the formation of
multiple domains. All film parameters were affected by the large stress present in these films due to
crystallographic and thermal mismatches. These films have dual functionality as gyrotropic media
and permanent magnets, and are usable as either nonreciprocal microwave devices or biasing
magnets. © 2003 American Institute of Physics. 关DOI: 10.1063/1.1544083兴

oxide substrates,8 and have been found to have good-toexcellent film epitaxy, magnetic properties, and microwave
magnetic properties. However, these films do not yet show
true dual functionality since the shape demagnetizing field in
this film geometry overcomes the moderate coercive field
present in these high-quality crystalline materials, such that
they are partially demagnetized and suffer diminished microwave magnetic properties.
In contrast to work on (0001) hexaferrite films, this
work considers thick highly oriented barium hexaferrite films
that have the easy axis in the film plane. Although limited
research has been done previously on such hexaferrite
films,4,5,9 it has not been previously appreciated that crystalline hexaferrite films having in-plane anisotropy 共c-axis in
the film plane兲 behave as permanent magnets even when
their coercive field is low, such that they provide dual functionality for truly self-biased planar microwave devices. In
addition to their usefulness as self-biased microwave materials, these films may also be useful as a biasing magnet for
nonmicrowave applications, especially for systems where a
nonmetallic permanent magnet film is desirable.

I. INTRODUCTION

Thick highly oriented films of hexagonal ferrites 共hexaferrites兲 having uniaxial magnetocrystalline anisotropy are
promising candidates for planar nonreciprocal devices operating at microwave and millimeter wavelengths. Although
commonly used as permanent magnets, hexaferrites are not
usually employed as microwave ferrites, in part due to the
well-established usage of garnet and spinel ferrites, but also
because ferrite materials are best employed at frequencies
above 20 GHz that are only now becoming technologically
important. The hexaferrite materials provide dual functionality, since they possess gyrotropic properties that allow for
nonreciprocal microwave devices, and also provide magnetic
self-biasing through the large uniaxial magnetocrystalline anisotropy that makes them valuable as permanent magnets. It
is this dual functionality that allows one to apply hexaferrite
materials in devices at frequencies that are inaccessible to
traditional microwave ferrites.1,2
The large uniaxial anisotropy present in barium hexaferrite (BaFe12O19) is coincident with the c-axis of the hexagonal unit cell, such that the easy axis of the magnetization lies
along the 关 0001兴 direction. In general, different types of microwave devices have different operational requirements
with respect to the orientation of the ferrite magnetization
vector and the microwave propagation vector. Thus, it is important to grow and measure the properties of hexaferrite
films where the easy axis of magnetization lies in the film
plane, and also where the easy axis is normal to the film
plane. However, the majority of research on hexaferrite films
has focused on the latter case, i.e., the deposition of (0001)
hexaferrite films. Such films have been deposited onto either
(0001) sapphire (Al2 O3 ) substrates3–7 or (111) magnesium

II. EXPERIMENT

The BaFe12O19 films described here were deposited by
pulsed laser ablation from 99.9% pure BaFe12O19 targets
onto polished 1 cm⫻1 cm a-plane (1120) sapphire substrates. The energy of the excimer laser 共248 nm兲 beam was
fixed at 500 mJ, and the beam was focused to obtain a laser
fluence on the target of 4 – 5 J/cm2 , where the target was
rotated and rastered so as to minimize the effects of target
aging. Film depositions were done at a laser repetition rate of
50 Hz at an oxygen pressure of 20 mTorr. The substrate was
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FIG. 1. Cu K ␣ 1 radiation source of x-ray diffraction pattern for a 7.0 m
BaFe12O19 film showing diffraction peaks from the BaFe12O19 (1010)
planes.

heated both by resistive heating and by an in situ halogen
lamp, with all quoted temperatures being that of the heater
block. Thicker films deposited at temperatures of 900 °C and
above showed strong morphological instabilities, with the
surface being covered with tall uniformly spaced spires. In
contrast, films deposited at 840 °C had few outgrowths. All
of the as-produced films reported on here were deposited at
840 °C and were grown to thickness of 1 to 14 m.
III. RESULTS AND DISCUSSION

Cu K␣ 1 radiation source of x-ray diffraction measurements showed that these films have an in-plane (1010) orientation, as shown in the diffraction pattern for a 7.0 m
BaFe12O19 film shown in Fig. 1. This correspondence between the BaFe12O19 具 1010典 and sapphire 具 1120典 orientations has been noted previously for BaFe12O19 films on both
c-plane and a-plane sapphire substrates.9 In addition, the
关 0001兴 axes of both the film and substrate are collinear. A
lattice constant of a⫽5.887 Å was found for this film by
fitting the centroids of the (2020), (3030), and (4040) reflection peaks to the Bragg diffraction law, in good agreement with literature values.10,11 A rocking curve taken around
the (2020) diffraction peak for this sample yielded a broad
symmetric peak having a full width half maximum value of
1.88°, indicating that substantial lattice dispersion exists in
this film.
Stress effects are clearly present in thicker films, and
may cause the substantial lattice dispersion. Films thicker
than ⬃5  m show regions where the films fractured in long
parallel strips spaced a few tens of micrometers apart. Strip
delamination occurred, see Fig. 2, for portions of the thickest
films (⬎10  m), where the fracture always occurred in the
sapphire substrate. When referenced to the in-plane magnetization axes, the long axis of these strips closely correspond
to the in-plane hard axis, so the easy axis of magnetization
lay transverse to the cracks. This stress and fracturing arises
from mismatches in crystal structure, lattice constants, and
thermal coefficients of expansion between BaFe12O19 and
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FIG. 2. Scanning electron microscopy morphology for 7.0 m BaFe12O19
film.

sapphire. In particular, the a-lattice and c-lattice constants
are a⫽4.7588 Å and c⫽12.992 Å for sapphire,12 and a
⫽5.89 Å and c⫽23.2 Å 10,11 for BaFe12O19 . Of more importance for these thick films, the coefficients of thermal expansion for barium hexaferrite10,11 and Al2 O3 共Ref. 13兲 are anisotropic and temperature dependent, such that the thermally
induced stress is anisotropic in the film plane. Here, the observed fracture and delamination patterns indicate that the
BaFe12O19 film 关 0001兴 direction is under tensile stress, while
the BaFe12O19 关 1010兴 axis experiences a smaller, possibly
compressive, stress.
The magnetic properties of BaFe12O19 films having inplane uniaxial anisotropy axis are typified by the hysteresis
loops shown in Fig. 3 and the in-plane torque magnetometer
results of Fig. 4. Figure 3 shows three hysteresis loops corresponding to the applied magnetic field 共H兲 being applied
along the in-plane easy and hard axes, and the film normal,
which is also a hard axis. Both hard axis loops have small
coercive field values (H c ⬍100 Oe) and vary somewhat from

FIG. 3. Hysteresis loops for a 7.0 m BaFe12O19 film with H along the easy
axis, in-plane hard axis, and film normal.
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FIG. 4. In-plane torque loops are shown for a 7.0 m BaFe12O19 film for
three applied fields: H⫽200 Oe (solid line—⫻20) showing magnetic dipole behavior, and H⫽500 Oe (dotted lines—⫻10), and H⫽10 kOe
共dashed line兲 showing uniaxial anisotropy behavior.

a linear behavior. The deviation from linearity at low fields
may be due to a number of effects: 共1兲 some ferrite was
deposited along the edge of the substrate, and 共2兲 inclusion
of nonuniformities within the sample as evidenced by the
cracks. Neither loop could be saturated due to insufficient
magnetic field, and the lower slope of the out-of-plane hard
axis arises from the requirement that the saturating field must
overcome both the shape demagnetizing field (4  M s ) and
the uniaxial anisotropy field (H A ) along the film normal.
Other films show hard axis coercive field values of under 30
Oe. Easy axis hysteresis loops show good square loop behavior with loop squareness values of 0.93–0.95 and H c ⫽250
⫺450 Oe, as is typified in Fig. 2. Initial magnetization measurements on dc demagnetized samples show that H c can be
solely attributed to domain-wall pinning. Values for the saturation magnetization (4  M s ⫽4.0⫾0.2 kG) and H A ⫽15.9
⫾0.3 kOe were obtained from magnetization and torque results, and are in good agreement with those from other
barium hexaferrite films,4,7,8 although these results are consistently below bulk values.14
The relatively small coercive field value of each film
yields a small energy product. However, these small coercive
fields are sufficiently large to permanently magnetize the
films since the shape-demagnetizing factor in the film plane
approaches zero. This is illustrated by the in-plane torque
measurements of Fig. 3, which were taken on a disk-shaped
sample at applied fields of 200 Oe, 500 Oe, and 10 kOe
where the plane of the disk was rotated both clockwise 共CW兲
and counter-clockwise 共CCW兲 in the applied field. Here the
torque results for the H⫽200 Oe (H⫽500 Oe) measurements have been scaled by ⫻ 20 (⫻ 10) to allow for a shape
comparison with the 10 kOe results. Note that the torque
curves taken at H⫽200 Oe show only the sinusoidal dependence typical of a magnetic dipole, as expected for a permanent magnet. Meanwhile, the torque measurements at higher
fields (H⬎H c ) shows the behavior expected for a film having a large in-plane uniaxial anisotropy axis, since the mag-
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FIG. 5. Frequency vs FMR resonant field behavior of a 7.0 m BaFe12O19
film. The solid line is a fit to the data. Insert: FMR spectrum for f
⫽59 GHz.

netization vector is no longer pinned. Here, the abrupt breaks
seen in the CW and CCW torque curves correspond to magnetization jumps across the hard axis.
Ferrimagnetic resonance spectra were taken with H
placed along the film easy axis using a standard differential
power absorption technique where the film was mounted in a
shorted transverse electric (TE10) waveguide. The ferrimagnetic resonance 共FMR兲 condition can be evaluated from the
magnetic free energy in a single domain film, and is given by
F 共 ergs/cm3 兲 ⫽⫺M •H  ⫹2  M 2S sin2  cos2 
⫺K 1 sin2  cos2  ,

共1兲

where K 1 is the first-order magnetocrystalline anisotropy
constant, and the magnetization angles M (  ,  ) are defined
with respect to the film normal and in-plane easy axis, respectively. These three free energy terms encompass the Zeeman magnetizing energy, the shape demagnetizing energy,
uniaxial anisotropy magnetic energy, respectively. We have
chosen the easy axis of magnetization along the x axis in the
film plane. The resulting ferrimagnetic resonance 共FMR兲
condition when H and M lie along the film easy axis ( 
⫽  /2 and  ⫽0) is then


⫽ 冑共 H r ⫹H A ⫹4  M S 兲共 H r ⫹H A 兲 ,
␥

共2兲

where H r is the resonant magnetic field obtained for a microwave frequency f ⫽  /2 , H A ⫽2K 1 /M s , and ␥ is the
gyromagnetic ratio. Most FMR spectrum measured in the
frequency range from 51 to 61 GHz showed Lorentzian absorptions, and an FMR spectra obtained at 59 GHz for the
7.0 m film is shown in the inset of Fig. 5. In addition, Fig.
5 shows a plot of microwave frequency versus resonant field
for the same film, where the solid line shows the best fit of
Eq. 共2兲 to the data, where the fit parameters were ␥ /2
⫽2.72⫾0.06 GHz/kOe, H A ⫽15.1⫾0.2 kOe, and 4  M s
⫽3.8⫾0.2 kG.
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Two important results were obtained from such microwave magnetic measurements. First, the intercept of the frequency resonance versus resonant field at 46 GHz yields the
self-resonance frequency of the film, which governs the operational frequency of prospective millimeter wavelength devices. More significantly, the FMR linewidths (⌬H) of these
samples remain constant throughout the frequency range
measured, which for the film of Fig. 4 yields an averaged
linewidth of ⌬H⫽1.15⫾0.01 kOe from all points. Thus, the
magnetic loss parameter for these films, as given by the FMR
linewidth, does not experience the detrimental effects incurred by the formation of multiple domains when ferrites
become partially demagnetized, as for example occurs in
(0001) BaFe12O19 films4,8 when H⬍4  M s . This important
property is a direct result of the permanent magnet properties
of these films, and is a key factor in the utility of these films
for microwave devices.
The FMR linewidth values obtained for these (1010)
films are twice those measured for (0001) BaFe12O19 films of
similar thickness grown under similar deposition conditions,7
and are far from the intrinsic FMR linewidth value of ⌬H
⬇10⫺30 Oe. 14,15 One macroscopic source for linewidth
broadening arises from the dispersion in the orientation of
the anisotropy easy axis from grain to grain within a mosaic
structure, such that the FMR condition differs between
grains. Such a dispersion in grain orientation can be inferred
from the broad x-ray diffraction rocking curve and the 5%
variation in easy axis hysteresis loop squareness from one.
Two-magnon scattering processes may also contribute to
broadening of the uniform mode. Source of two-magnon processes could be due to scattering from magnetic defetcs
voids, compositions, and crystal irregularities. Magnetic irregularities can be at the surface or in the volume of the
sample. The fact that H c is rather small, we attribute the
linewidth broadening to surface roughness and cracking of
the samples.16 In order to reduce the magnetic losses in these
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permanent magnet films, it will be necessary to understand
and reduce the linewidth of the uniform FMR mode, which
in turn may be intimately connected to controlling the film
growth
and
stress
mechanisms
within
the
BaFe12O19 /sapphire 共Al2O3兲 system.
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