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Systematic analyses of anomalous torque curves in granular
BaFe12O19 ÕSiO2 ÕSi thin films
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An anomaly has been observed in the magnetic torque curve of BaFe12O19 films grown on a SiO2 /Si
substrate. The kink in the torque curve has a strong dependence on the film thickness and appears
when the field direction is close to the film plane. Structural analyses together with the support of
magnetic loop measurements reveal a polycrystalline structure, with magnetic properties strongly
dependent on film thickness. At low thicknesses, a granular structure with a perpendicularc-axis is
dominant, whereas, at large thicknesses, a new texture with a tiltedc-axis (61° from the film plane!
is well developed. By considering the contribution of both types of grains, the shape of torque curve
is well predicted and the kink origin is attributed to the tilt of thec-axis. © 2003 American
Institute of Physics.@DOI: 10.1063/1.1596386#
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Magnetic anisotropy in thin films is an attractive r
search subject motivated by scientific curiosity as well as
technological demands. Because of its crucial role in m
applications, such as magnetic and magneto-optic record
large efforts are employed to understand its origin as wel
its orientation.1,2 The magnetic torque measurement is a v
powerful technique to investigate magnetic anisotropy. W
this method, it is easier to establish the type of magn
anisotropy~uniaxial, cubic! and to determine the orientatio
of the easy axis. In such measurements, a large rotating
is applied to the sample and the torque curve is plotted
sus the field angle. The anisotropy constants can be d
mined by Fourier analysis as well as by the Miyajim
method.3 However, by reducing the applied field below th
anisotropy field, an irreversible mechanism related to
switching of magnetization arises and gives birth to hys
esis~rotational hysteresis! in the torque curve. The rotationa
hysteresis is a powerful method to study the magnetiza
reversal because of its high sensitivity to the switch
mechanism.4,5

Because of its interesting properties, such as a large
isotropy and a high chemical stability, barium ferri
(BaFe12O19) is an attractive material for fundament
studies5,6 as well as for applied research.7–9 In this letter, we
report on a recent effect observed in the torque curves
BaFe12O19 films grown on oxidized silicon. In order to inter
pret the anomaly observed in the torque curve, we have s
ied the microstructure as well as the orientation of thec-axis
as a function of the film thickness. The films made for th
study were grown by pulsed laser deposition on SiO2 /Si
substrate. More details about the film preparation are
ported in Ref. 9. By changing the deposition time, the fi
thickness was varied between 20 and 300 nm. In Fig. 1,
present torque curves for BaFe12O19 films with 4 different
thicknesses~20, 50, 100, and 300 nm!. These measuremen
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were performed using a torque magnetometer by applyin
constant rotating field (H51350 kA/m) to the sample. The
field lies along normal and parallel directions to the fil
plane at 0° and 90°, respectively. From Fig. 1, it is observ
that the behavior of the torque curves depends strongly
the film thickness and deviates from that typically known f
samples possessing uniaxial anisotropy. If we conside
system with uniaxial anisotropy energyEa5Ku sin2(u)
(Ku is the anisotropy constant andu is the magnetization
angle under the application of field at anglec!, the torque
exerted by the anisotropy on the magnetization is given
L(c)52]Ea /]u52Ku sin@2u(c)#. Both anglesu andc are
measured from the easy axis. In thin-film media, a posit
value ofKu indicates perpendicular anisotropy, whereas
negative values, the easy axis is confined to the film plane
the applied fieldH is large compared to the anisotropy fie
Hk52Ku /Ms (Ms is the saturation magnetization of the sy

E.
FIG. 1. Torque curves for BaFe12O19 films with different thicknesses~300,
100, 50, and 20 nm!, measured at 1350 kA/m.
© 2003 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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tem!, u and c will be close and the torque can be appro
mated byL(c)'2Ku sin(2c).

With a simple comparison, we can clearly see that
shape of the torque curves in Fig. 1 deviates strongly fr
that characteristic of a sample with uniaxial anisotropy,
pecially for thicker films. The torque curves exhibit a kink
the angular region where the field direction is close to
film plane (90°). Such deformation is much more pr
nounced for the thicker film (t5300 nm). A similar effect
has been reported in metallic multilayers by Poulopou
et al.10 Despite the absence of a kink in thinner film~20 nm!,
the behavior of its torque curve shows a significant disag
ment with that typically known for highly oriented uniaxia
anisotropy@L(c)52Ku sin(2u)#. The increasing in torque
curve around 90°~hard axis! is much smoother than tha
expected in oriented uniaxial anisotropy whenH/Hk51.1.
This effect will be discussed based on further analyses,
cluding structural and magnetic measurements. One pos
explanation of this kink in the torque curve is a no
negligible second-order anisotropy constant. If the sys
possesses both first- and second-order anisotropy cons
(K1 andK2), the density of the anisotropy energy is given
Ea5K1 sin2 u1K2 sin4 u. The corresponding torque can b
deduced from the following formulaL(c)52]Ea /]u
52(K11K2)sin(2u)10.5K2 sin(4u). However, K2 can be
the cause of a kink similar to that observed in Fig. 1, only
the two following conditions are satisfied:~1! K2 should be
of opposite sign toK1 and~2! the magnitude ofK2 should be
larger than 25% ofK1 (uK2u.0.25uK1u). Nevertheless, the
two following arguments suggest that the interpretat
based on the second order anisotropy constant is not a
cable for our films.~1! If the film possesses a non-negligib
second-order anisotropy constant, there is no reason thaK2

should strongly depend on the film thickness, as indicated
the kink in the torque curves shown in Fig. 1.~2! The
second-order anisotropy constant of barium ferrite materia
close to 0 and cannot induce such a large kink in the tor
curve.

In order to clarify the origin of this kink, we performe

FIG. 2. In-plane~left! and perpendicular~right! hysteresis loops of thinne
(t520 nm) and thicker (t5300 nm) BaFe12O19 films.
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further analyses, including measurement of the magnet
tion loops and the investigation of the microstructure
x-ray diffraction ~XRD! and scanning electron microscop
~SEM!. In Fig. 2, we show the hysteresis loops measu
with field applied parallel~left! and perpendicular~right! to
the film plane for BaFe12O19 layers with different thick-
nesses. Despite the hysteretic behavior of in-plane magn
zation, the perpendicular loops exhibit a high coercivity a
a large remanence, and confirm that the easy axis of
magnetization is oriented out of the film plane. Such resu
agree with the general shape of the torque curves, which
illustrates an out-of-plane anisotropy. It is important to po
out that varying the film thickness induces a drastic cha
in the in-plane loop. The coercivity, the remanence, and
hysteresis loss of the in-plane loop exhibit a considera
increase upon increasing the film thickness. With the exc
tion of the same strong dependence of in-plane loop
torque kink on film thickness, it is hard to establish a
correlation between the kink origin and magnetic loop m
surement. Further investigations, such as XRD meas
ments, are necessary to clarify the kink origin and its p
sible relation to the hysteretic behavior of the in-plane loo

In Fig. 3, we present XRD spectra~u/2u scan! of thin ~50
nm! and thick~300 nm! BaFe12O19 layers. Both spectra show
a good crystalline structure in the films illustrated by t
~107! reflection at 32.2°. Moreover, SEM analyses revea
polycrystalline structure with a strong dependence of gr
size on film thickness. Increasing the film thickness affe
both the size and shape of grains. Small circular grains do
nate the microstructure of thinner films, whereas both cir
lar and elongated grains coexist in thicker films. The~107!
texture indicates that the grainc-axis is tilted about 61° from
the film plane. It is important to point out that no diffractio
peaks related to barium ferrite have been observed in
thinner film ~20 nm!. However, the small in-plane hysters
and the absence of kink in the thinner film~20 nm! suggest
that at earlier stage of growth, the film structure consists
grains with a perpendicularc-axis. The hysteretic behavio

FIG. 3. XRD spectra of thin (t550 nm) and tick (t5300 nm) BaFe12O19

films.
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



he
th
It
ur
e
nt

th
o

rth
xis

u-
-
d
gh
re
th
t

er
-
e

opy
-
it is
rve

ds

ion
lar

e

ane

se

due

ar
etic
s
-

sult
e
r,

er

.
on

uis,

ys.

r. A

, J.

721Appl. Phys. Lett., Vol. 83, No. 4, 28 July 2003 Lisfi, Lodder, and Williams
of the in-plane loop is indicative of some dispersion in t
grain c-axis. Such dispersion may well explain the smoo
ness in the slope of torque curve at 90° reported before.
clear from microstructural analyses and magnetic meas
ments that at low thickness, most of grains exhibit a perp
dicular c-axis, whereas two kinds of grains with differe
orientedc-axes~perpendicular and tilted! coexist in thicker
films. The tilt of thec-axis illustrated by the~107! texture in
XRD measurement can well explain the large increase of
in-plane hysteresis in Fig. 2. Moreover, the in-plane loop
thicker film resembles that predicted in Stoner–Wohlfa
model,11 when the directions of applied field and easy a
make an angle around 60°.

To interpret the results of Fig. 1, it is important to eval
ate the contribution of each type ofc-axis. The crucial ques
tion arises: Can the torque curve of the film be considere
a linear superposition of each grain contribution? This mi
be possible under the assumption of a decoupled structu
a weak magnetic coupling between different grains in
film. It is well known from DM curve measurements tha
exchange coupling is the prevailing form of magnetic int
action in barium ferrite.12–14 Moreover, the strength of mag
netic interactions is strong around the coercivity, but d
creases rapidly at large field. Due to the large applied fieldH

FIG. 4. Simulated torque curves for~a! perpendicular and~b! tilted c-axes.
~c! Resultant torque curve for film consisting of a proportion of tiltedc-axis
two times larger than that oriented perpendicular.
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in our torque measurement, which exceeds the anisotr
field Hk(H/Hk51.1), grain coupling is too weak to influ
ence the magnetization process. For uniaxial anisotropy,
well known that the shape of the experimental torque cu
depends strongly on the reduced fieldh5H/Hk . To illustrate
this effect, we simulated the torque curves of both kin
of grains with perpendicular and tiltedc-axes. In these
simulations, the total energy of the systemET

5Ku sin2(u)–HMscos(c2u) was minimized for each field
anglec, and the magnetization angleu was calculated. Fig-
ure 4 summarizes the simulation result. As the dispers
angle is not precisely known for grains with a perpendicu
c-axis, we simulated their torque with2sin(2c) curve @Fig.
4~a!#, which seems to fit well that of the thinner film~20 nm!
~Fig. 1!. However, for grains with tilted anisotropy, th
torque curve was calculated at reduced fieldh51.1 assuming
tilted c-axes of230° and130° from the normal to the film
plane. In such a calculation, the field was rotated in the pl
of both tilted c-axes, which is perpendicular to the film
plane. As we can see in Fig. 4~b!, the torque curve of tilted
anisotropy exhibits 2 jumps around 60° and 120°. At the
angles, the field lies along the hard axes of both tiltedc-axes,
and a fast change in the magnetization direction occurs
to the value of reduced fieldh51.1.

As both oriented~perpendicular and tilted! c-axes coex-
ist in our films, the resultant torque curve will be a line
superposition of both contributions because of low magn
coupling ath51.1. A good illustration of such an effect i
shown in Fig. 4~c!, where the film torque curve was simu
lated assuming a proportion of tiltedc-axis two times larger
than that perpendicularly oriented. As we can see, the re
of this simulation@Fig. 4~c!# can well predict the shape of th
torque curve of thicker film reported in Fig. 1. Howeve
depending on the proportion of each type ofc-axis, the shape
of the torque will continuously change from that of thinn
film ~20 nm!, where grains with perpendicularc-axis domi-
nate to that of thicker film~300 nm! with a majority of grains
with tilted c-axis.

The authors would like to thank Dr. L. Abelmann, Dr. C
Papusoi, and Dr G. N. Phillips for their helpful comments
this manuscript.
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