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The synthesis and characterization of thin M-type barium hexaferrite (BaFe12O19 or BaM) films on silicon
are reported. Multilayer in situ technique was employed to anneal the films at 850–900 �C for 10 min. The
thickness dependence of the magnetic properties of the BaM films has been investigated using VSM. For
the BaM 150 nm thickness film, acicular BaM grains were present having their c-axis randomly oriented.
For the BaM films thicker than 150 nm, lattice relaxation favors the c-axis to be aligned in the film plane.
The micromagnetic simulation was used to model the out-of-plane and the in-plane hysteresis loops. We
have achieved good matching between the experimental data and the model. Using the micromagnetic
model, we have estimated the deflection angle of c-axis from the normal plane h = 25� for the 150 nm
thick film.

� 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Because of their large uniaxial anisotropy, coupled with their
good chemical stability and high mechanical hardness, perpendic-
ular c-axis oriented M-type barium hexaferrite (BaFe12O19 or BaM)
thin films are considered to be an attractive candidate for ultra-
high-density magnetic recording [1,2]. To achieve higher signal-
to-noise (S/N) ratio in perpendicular recording media, highly
oriented perpendicular magnetic recording layers with relatively
high perpendicular coercivity Hc\, small-grained films and large
perpendicular squareness (S\ = M / Ms) are required [3].

The difficulty of growing BaM films raises from the deteriora-
tion of c-axis orientation as the film thickness increase [3], thick-
ness dependence of crystallization is related to the substrate role.
Silicon substrates are widely used for their low cost and high com-
patibility in semiconductor industrial integration [4,5]. The lattice
mismatch between the BaM film and the substrate determines the
state of the strain at the film-substrate interfacial region. Silicon
has lattice parameter (a = 5.43 Å) while for BaM is (a = 5.89 Å)
[6,7], therefore an epitaxial growth of BaM on a silicon substrate
will induce an in plane compressive stress. Moreover, upon cooling
the film down from the synthesizing temperature, a significant
tensile stress is expected in the film due to the mismatch in the
coefficients of thermal expansion between BaM film and the silicon
substrate [4], also the diffusion and reaction between BaM and
silicon substrate that occur at the synthesizing temperature, may
have an effect on the magnetic properties of the film [8].

Many efforts have been made to address these issues, different
under layers or buffer layers such as amorphous Ba-Fe-O layer [5],
ZnO [9], Pt [10,11], and AlN [12], have been deposited to enhance
the growth of the perpendicular c-axis orientation in the BaM
films. BaM film’s structure is usually amorphous in the as-grown
state, external or in situ annealing is necessary to crystallize the
films.

We have developed a multilayer technique, which utilizes an in
situ annealing process, where the substrate is heated in Argon and
Oxygen atmosphere, and the substrate’s temperature was raised
and cooled slowly to enervate the tensile stress in the film. We
have studied the thickness dependence of the magnetic, the sur-
face and the microstructural properties of the BaM films by using
Vibrating Sample Magnetometer (VSM), SEM and X-ray diffraction.
Since the magnetic properties of the BaM films are greatly influ-
enced by the alignment of the c-axis relative to the normal of the
film plane, micromagnetic modeling has been used to model both
the hysteresis loops for perpendicular and in-plane directions and
to estimate the angle of the c-axis relative to the normal of the film
plane.

Experiment

BaM thin films were deposited on a clean 10 mm � 10 mm sili-
con (100) substrate using RFmagnetron sputtering system. A turbo
molecular pump was used to reach a base pressure of 3 � 10�6 torr

http://crossmark.crossref.org/dialog/?doi=10.1016/j.rinp.2018.01.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.rinp.2018.01.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:aabuzir@kfu.edu.sa
https://doi.org/10.1016/j.rinp.2018.01.003
http://www.sciencedirect.com/science/journal/22113797
http://www.journals.elsevier.com/results-in-physics


Fig. 1. (a–d) X-ray diffraction diagram of the 150 nm, 300 nm, 450 nm thick in situ
annealed films, and the standard XRD of the BaM respectively.
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or lower. The gas pressure during deposition was fixed to about 8.0
militorr using 20% pure Oxygen and 80% pure Argon. The target was
5.0 cm diameter disk and placed at 6.3 cm from the substrate. The
RF power was fixed at 50 W, the deposition rate was estimated to
be about 100 nm/h according to the VB-250 Vase Elliposemeter
thickness measurement system. During the deposition, the sub-
strate temperature was kept at 550 �C. Multilayer technique was
used to reach the desired thickness, after each thin layer (about
150 nm), in situ annealing take place, where the films are heated
inside the chamber without breaking the vacuum, typically after
the deposition, 140 torr of Argon (80%) and Oxygen (20%)was intro-
duced into the chamber, then increasing the substrate temperature
up to 850–900 �C for 10 min. This procedure continued after each
thin layer of BaM until the final thickness is achieved. We have fab-
ricated 150 nm, 250 nm, 300 nm, 460 nm, 600 nm, 760 nm and 900
nm thickness films all by using the multilayer in situ technique.

Results and discussion

To investigate the microstructure of the BaM film, XRD was
taken using the Siemens D5000 Diffractometer equipped with a
solid-state detector using Cu Ka radiation. Fig. 1 shows the XRD
measurements of the 150 nm, 300 nm, 450 nm thick in situ
annealed films, and the standard XRD of the BaM. We see the
out-of-plane peaks (00 l) are present in all films, but with different
intensities, though it is still hard to distinguish (0010) and (0012)
ones. Both (107) and (114) in-plane peaks are also present. As the
film thickness increases, the intensities of the in-plane peaks
becomes more intense than the out-of-plane ones, which indicates
that thicker films favor their c-axis orientation aligned in the
in-plane direction. The in-plane lattice parameter a and the
out-of-plane lattice parameter c of the BaM film were calculated
from formula 1 [13].
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where d is the interplanar distance and h, k and l are Miller indices.
The in-plane lattice parameter a = 5.85 Å of the 150 nm thick

film is less than the bulk value (a = 5.89 Å) [6,7], which indicates
a compressive basal strain ratio of (�0.68%). The out-of-plane lat-
tice c = 23.07 Å is less than the bulk value (c = 23.20 Å) [6,7], which
gives a strain ratio of (�0.56%). When the thickness of the film
increases to 450 nm, the equivalent values of the lattice parame-
ters a and c are: (a = 5.92 Å) and (c = 22.98 Å), which indicates a
strain ratio of (+0.51%) and (�0.95%), respectively. This shows that
as the film thickness increases, the strain caused by the substrate
relaxes.

SEM has been used to explore the surface morphology of the
150 nm and 450 nm thick BaM films, which is shown in Fig. 2.
The surface of the 150 nm thick film is totally covered with the
grains, which is believed to have their c-axis in-plane oriented. In
Fig. 2a, the average length of the acicular grains is between 200
and 300 nm. For the 450 nm thick film however, the surface show
different surface morphology with more elongated acicular grains
that start to grow on top of spherical like type of larger grains,
the acicular grains cover larger area on the surface with average
length between 400 and 500 nm. The XRD pattern of the 450 nm
thick film show tendency of the grains to grow in the in-plane
direction, the SEM data supports this, evidenced in the formation
of the elongated acicular grains, which was not visible in the
150 nm thick film. We attribute this effect to the strain induced
by the substrate. Our XRD result of the 150 nm thick film agrees
with other research group’s work [4,5].

To study the magnetic properties of the BaM thin film, the mag-
netization M was measured as a function of the externally static
applied magnetic field H with a vibrating sample magnetometer
(VSM) at room temperature. In Fig. 3, we show the hysteresis loops
for both out-of-plane and in-plane directions of the applied field of
the 150 nm thin film. The magnetization M was calculated by
dividing the magnetic moment l by the volume of the 0.5 cm �
0.5 cm cut film. The average saturation magnetization Ms of the
150 nm thick film for the out-of-plane direction was about Ms =
230 emu/c.c., which is about 60% of the barium ferrite saturation
magnetization bulk value [6,7]. This relatively low value is attribu-
ted to the formation of the acicular grains, that are occupying most
of the film surface and tend to reduce the perpendicular saturation
magnetization [3,5].

A commercial LLG Micromagnetic simulator has been used to
model the hysteresis loop in both directions [14]. We have gener-
ated a 100 Voronoi cells (grains) media of a 10 nm length each, on a
Nx = 64 x Ny = 64 x Nz = 1 slice with a total structure of 640 nm �
640 nm � 10 nm. The anisotropy constant is Ku = 2 � 106 erg/c.c.,
and the exchange constant is A = 0.6 lerg/cm. The exchange



Fig. 2b. SEM observation of the in situ annealed 450 nm BaM thin film surface on Si
(1 0 0).

Fig. 3a. Experimental and modeled out-of-plane hysteresis loops for the 150 nm
annealed BaM thin film.

Fig. 3b. Experimental and modeled in-plane hysteresis loops for the 150 nm
annealed BaM thin film.

Fig. 2a. SEM observation of the in situ annealed BaM thin 150 nm film surface on Si
(100).
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coupling across the grain boundaries was set to zero. The damping
coefficient a = 1.0 and a time step of 0.7 ps were used.

Table 1 shows the magnetic parameters of the experimental
and modeled films. The agreement between the model and the
experimental data is good in the in-plane and out-of-plane loops
of the 150 nm thick film as shown in Fig. 3a, 3b, and Table 1. The
deflection angle of the c-axis from the out-of-plane direction is
h = 25� for the 150 nm thick film, and h = 35� and h = 40� for the
300 nm and 450 nm thick films respectively. This shows that the
c-axis orientation is relatively far from the normal direction and
deteriorates more as the thickness of the films increases. For a
well-oriented c-axis film, the angle from the normal plane should
not exceed few degrees. We found that both the in-plane coercivity
and squareness are sensitive to the deflection angle, while the out-
of-plane coercivity is sensitive to the anisotropy constant Ku.
Mainly, the deflection angle depends on the difference between
the out-of-plane and in-plane coercivities and squareness, as these
difference increases, the deflection angle decreases, which gives
rise to a more out-of-plane anisotropy.

We have studied the thickness dependence of the coercivity Hc

and squareness S of the BaM films using the in situ multilayer tech-
nique. Fig. 4 shows the coercivity and squareness as a function of
the film thickness for the (in-plane) and (out-of-plane) directions.
It seems from the magnetic data, that c-axis is not well oriented to
the out-of-plane direction, due to the high in-plane coercivity and
squareness. When the thickness of the film is about 200 nm or less,
the tendency of the c-axis orientation is to be aligned along the
(out-of-plane) of the film. As the thickness of the film increases,
c-axis orientation deteriorates evidenced in the increase of the
in-plane squareness and the decrease of the out-of-plane square-
ness in agreement with the XRD data. We believe this is due to
the substrate effect, as it is known, when the film thickness
increases, the lattice strain becomes smaller due to lattice relax-
ation [15], when the thin film is stressed, it induces anisotropy that
adds to the existing large magnetocrystalline uniaxial anisotropy
[16], dominating the in-plane magnetocrystalline component.
Annealing and layer stacking release the stress by relaxing the film
lattice, this weakens the perpendicular magnetocrystalline aniso-
tropy, and the in-plane anisotropy becomes dominant [17].



Table 1
The magnetic data for the experimental and modeled annealed BaM films.

Thickness (nm) Experimental Data Modeled Data h (�)

Hc Per (Oe) SPer HcPar (Oe) SPar Hc Per (Oe) SPer HcPar (Oe) SPar Ku erg/c.c.

150 3600 0.80 3175 0.40 4267 0.77 3133 0.39 2 � 106 25
300 3450 0.66 3380 0.50 3580 0.70 2900 0.44 1.7 � 106 35
450 3300 0.65 3100 0.56 3600 0.67 3000 0.46 1.7 � 106 40

Fig. 4a. Coercivity Hc as a function of film thickness for the in situ annealed BaM
thin films.

Fig. 4b. Squareness S as a function of film thickness for the in situ annealed BaM
thin films.
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Conclusion

We have developed a multilayer in situ technique to synthesize
BaM thin films on silicon substrates using RF magnetron sputter-
ing. The surface morphology of the 150 nm and 450 nm thick
BaM films show acicular grains growth with their c-axis oriented
in-plane direction. The thickness dependence of the magnetic
properties of the BaM films thicker than 150 nm, can be related
to the effect of the substrate. However, we expect that for BaM
films thinner than 150 nm, an interfacial strain is present, and
the stress anisotropy is dominant, which tends to align the easy
c-axis orientation in the out-of-plane of the film. We have devel-
oped a micromagnetic model that agrees well with the experimen-
tal data, from the model we have estimated the deflection angle of
the c-axis from the out-of-plane direction, and found that the angle
depends on the difference between the out-of-plane and in-plane
coercivities and squareness. We believe that the micromagnetic
model complements the experimental data, and allows for deter-
mination of the magnetic parameters of the BaM film such as the
coercivity, squareness, and anisotropy constant Ku. Furthermore,
to be compatible with high-density recording media applications,
we suggest that using a buffer layer would promote the growth
of small-sized grains that have their easy magnetic c-axis aligned
in the out-of-plane direction.
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