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ABSTRACT

Since their discovery in the early 1950’s hexagonal ferrites or hexaferrites have been
studied for a long time because of their technological applications, such as microwave devices
and high density magnetic recording media. In this dissertation efforts have been made to
address these two applications by developing nanosized spherical barium ferrite particles for
advanced magnetic recording media, and hexaferrite single crystals for low loss RF devices.
Accordingly, this dissertation consists of two parts; part one spherical barium ferrite
nanoparticles for information data storage media, and part two hexaferrite single crystals for RF
devices.
Part I. Spherical Barium Ferrite Nanoparticles
Hexagonal barium ferrite (H-BaFe) nanoparticles are good candidates for particulate
recording media due to their high uniaxial magnetocrystalline anisotropy, excellent chemical
stability, and narrow switching field distribution. One major disadvantage of using H-BaFe
particles for particulate recording media is their poor dispersion and a high degree of stacking
that deteriorate the recording capability by creating large media noise and surface roughness.
One way to solve and improve the recording performance of H-BaFe media is employing
substantially nanosized spherical barium ferrite (S-BaFe) particles. Spherical shaped particles
have low aspect ratio and only form a point-to-point contact, unlike the H-BaFe particles.
Therefore, using S-BaFe particles not only decrease the degree of magnetic interaction between
the particles but also can substantially increases the recording performance by improving the
ii

dispersion and SNR of the particles in the magnetic media. In this dissertation, two different
approaches were employed successfully to synthesize S-BaFe nanoparticles in the range of 20-45
nm.
Part II. Hexaferrite Single Crystals
As wireless communication systems are flourishing, and the operating frequencies are
increasing, there is a great demand for RF devices such as circulators and isolators. Traditional
RF devices using spinel or garnets are disadvantageous in the millimeter range frequencies, since
they require a strong external bias field provided by external permanent magnets. A promising
approach to circumvent this problem is to use the high crystalline anisotropy field in the
hexaferrites. Single crystals of M and Y-type hexaferrites show promising results with their low
microwave losses and excellent magnetic and physical properties. In this dissertation efforts to
grow, high-quality bulk M and Y-type single crystals with the aim to study and improve their
magnetic and microwave properties with respect to different cation dopant elements is reported.
Also, a liquid phase epitaxial technique was developed to grow thick barium ferrite films onto
semiconductor substrates. Finally, magnetic domain patterns on bulk M-type single crystals was
studied by using a magnetic force microscopy technique.
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PART I. SPHERICAL BARIUM FERRITE
1. Introduction
Since the early times of computing development, magnetic tape has been the medium of
choice for information data storage due to its high volumetric capacity and competitive pricing.
Steady advances in drive, media and automation robotics helped it to remain the most effective
and reliable solution for data backup and archival storage for data that is less frequently
accessed. Automated tape is the most cost-effective storage medium which is less than $.15 per
gigabyte for mainframe storage and between $0.08 and $0.12 per gigabyte for open systems
storage which are up to 15:1 savings over disk [1]. Moreover, the media life of the tape lasts 10
to 15 years more than 5 years for disk storage, which provides a significant saving on data
migration costs. One of the other most important technology aspects of tape media is its ability to
be easily transported and stored offsite with no power requirement with an energy cost savings
compared to disk of 238:1 over a five-year period [2].
During the last few decades particulate recording media has continued to advance
impressively and the amount of data kept on tape is expected to grow at a compound annual
growth rate (CAGR) of 45 % from 2010 through 2015 [3]. The latest particulate tape storage
formats in the market have a wide range of capacities and performances. The high-end server
markets are primarily dominated by IBM and Oracle StorageTek (STK) with tape drives offering
high level of performance, reliability, and functionality. Their latest products, IBM-TS1140 and
STK-T10000C continue to lead this segment [4-5]. They use linear recording technology and
advanced MP tapes to reach capacities of 4-5 TB with a 240-250 MB/sec high data transfer rate
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and fast access times respectively. Figure 1.1 shows the roadmap of magnetic tape from the
Information Storage Industry Consortium (INSIC) compared to that of the hard disk drive [3]. It
appears that the annual areal density progress of hard disk technology has slowed to somewhat
less than its recent historical rate of 35% because of the issues that require significant new
technology introductions [3]. On the other hand, tape technology is still far away from any
fundamental limitations, and INSIC predicts that the growth will continue to increase at the rate
of 33.15 %/year till 2022. In addition, laboratory tape demonstrations show a factor of 9 X to 14
X ahead of the latest tape product developments. Recently, in a major breakthrough scientists
from IBM Research Center, and FUJIFILM of Japan, demonstrated an advanced prototype tape,
at a density of 29.5 billion bits per square inch. This tape is 39 times the areal data density of
today's most popular industry-standard magnetic tape with a storage capacity of 35 TB [6].

Figure 1.1 Magnetic tape product and tape technology road map showing the areal densities in
comparison with hard disk drives [3].
In the next few sections of this dissertation, the physics and fundamentals of the magnetic
tape technology with the important magnetic properties are discussed followed by the advantages
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of using spherical barium ferrite over metal particles is introduced. Finally, the specific
objectives for this part of the dissertation are stated.

1.1. Magnetic tape technology
Magnetic tape consists of a thin layer of magnetic particles or top coat suspended within
a polymer binder capable of recording a magnetic signal supported by a thicker backing film or
substrate. The binder holds the magnetic particles together and to the tape backing while the
magnetic layer, is responsible for recording and storing the magnetic signals written on to it. The
binder also has the function of providing a smooth surface to facilitate transportation of the tape
through the recording system during the record and playback processes. Without the binder, the
tape surface would be rough and non-uniform. Other components are added to the binder to help
transport the tape and facilitate information playback. A lubricant is also added to the binder to
reduce the friction, and the tension needed to transport the tape through the recorder and also
tape wear. The backing film or substrate, is required to support the magnetic recording layer,
which is too thin and weak to be a stand-alone film layer. In some tape systems, a back coat is
applied to the backside of the tape substrate layer. A back coat reduces tape friction, dissipates
static charge, and reduces tape distortion by providing a more uniform tape pack wind on the
tape reel. A schematic cross-section of a magnetic tape construction is shown in Figure 1.2. It is
earlier reported by the Magnetic-Media Industries Association of Japan (MIAJ), that all the three
tape components - magnetic particle, binder, and backing - are potential sources of failure for a
magnetic tape medium [7].
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Figure 1.2 Cross section of a magnetic tape.

Figure 1.3 Magnetic tape recording a) helical scan recording b) linear tape recording.

Two magnetic tape recording technologies exist: 1) helical scan recording and 2) linear
tape recording, as shown in Figure. 1.3 (a) and (b), respectively [8]. In helical scan recording, the
recording heads are mounted on a cylindrical drum, which rotates under a specific azimuth angle
relative to the tape. The tracks on a magnetic tape are written under the same azimuth angle as
the read/write heads are oriented. Helical scan technologies were primarily used in video
recorders (VCR) and were generally more complex and less reliable. On the other hand mass
data storage and back-up/restore applications use linear tape recording technology also known as
the Linear Tape Open (LTO) technology that was introduced in 1998 [8]. The principle of
magnetic recording is the same for both the hard disks and magnetic tape. An external magnetic
field, created by an inductive write head, induces remanent magnetization of the recording
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medium, establishing a series of north and south poles that remain after the magnetic field is
removed. The read head, an inductive or a magnetoresistive, passes over the medium and detects
magnetic flux reversals (transitions from north to south poles). There are various methods for
encoding binary information on the medium, but all methods use detection of flux reversals to
represent bit ones and zeros. The number of bits that can be stored in a unit length is called linear
bit density and the number of bits that can be stored in a unit area is called areal bit density (or
areal recording density).

1.2. Magnetic tape media requirements
For a magnetic tape material to be suitable as a recording medium, it must display a
number of characteristics: the media magnetization must be reversed by an applied field;
maintain its magnetization direction for a long period of time; and the field associated with the
magnetized state must be sufficient to be read with a practical read-write head. Accordingly, the
particulate media for high recording density should have nanosized particles with high crystalline
anisotropy, high coercivity and remanence, low magnetostriction, narrow particle distribution or
grain size for smooth surface on substrate, high signal to noise ratio, high Curie temperature, and
high thermal stability. The following sections describe some basic magnetic properties that are
vital for any recording media and effect the recording performance of the magnetic tape.

1.2.1. Magnetic hysteresis loops
Ferromagnetic and ferrimagnetic materials can keep their magnetization to some extent in
a given direction after removal of the external magnetic field. This property is displayed by a
magnetic hysteresis loop (M–H loop). A typical M–H loop is shown in Figure 1.4, which
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describes the change of the magnetization (M) of a magnetic material with the variation of the
intensity of an external magnetic field (H). If the initial magnetic state of a material is never
magnetized or fully demagnetized (M = 0), the magnetization will increase with increase of H,
following the dashed line (called the initial magnetization curve).

Figure 1.4 A typical M–H loop for a ferromagnetic material.
The M–H loop is characterized by remanent magnetization (Mr), saturation magnetization
(Ms) and coercivity (Hc), which are all crucial magnetic properties of a material. Mr is the
remaining magnetization of a ferromagnetic material when the applied magnetic field is
removed. Ms is the maximum magnetization that a material could generate. Both Mr and Ms are
dependent on the composition of the magnetic material and the processing, such as the nature of
the atoms and electron structures of materials and also the crystal structures. Hc is the intensity of
the external field required to remove all the magnetization of a material after saturation. Rotation
and domain wall motion are two primary processes of magnetization reversal [9]. The value of
Hc is determined by these processes. Magnetic materials with Hc < 10 Oe are usually called soft
materials; if Hc > 100 Oe, called hard magnetic materials. Since high Hc means that the materials
are hard to demagnetize (good stability), high Hc magnetic materials are naturally used as
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magnetic recording media. On the contrary, low Hc magnetic materials are good candidates for
the recording head, because it is easy to reverse the magnetization by external field.
The M–H loop also provides a great deal of other information about magnets. The shape
of the initial magnetization curves displays the magnetic characteristics of materials. The curve
also shows the processes of domain wall motions. There are two different modes of domain wall
motions: nucleation and pinning [10]. In the nucleation-type, magnetic saturation is reached
quickly at a low field. This shows that the domain wall can be easily moved and not pinned
significantly. In the pinning-type, the saturation magnetization is reached only when a strong
field is applied. Here domain wall is substantially pinned, and a relatively strong field is needed
to remove pinning sites. Remanent squareness (S) and coercive squareness (S*) are used to
measure how square the loop is:
S=

Mr *
Mr / Hc
, S =1 −
dM
(H )
Ms
/ Hc
dH

(1.1)

usually, large S and S* are required for magnetic recording media since the parameter S
characterizes the flux available for reading and the parameter S* characterizes the ability of the
medium to sustain sharp transition [11, 12].

1.2.2. Magnetic anisotropy
The magnetization of magnetic materials always exhibits direction dependence. This is
called magnetic anisotropy, which comes from the different internal energies of the
magnetization of a material in different directions. The direction, where the lowest field is
required to reach the saturation magnetization is the easy axis. The direction where the highest
magnetic field is required is the hard axis. Magnetic anisotropy has a strong effect on the
properties of magnetic materials, such as coercivity and remanent magnetization. Usually, it is
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necessary to have a high anisotropy constant (Ku) to obtain high coercivity which is a very
crucial property of a recording medium.

1.2.3. Magnetocrystalline anisotropy
Magnetocrystalline anisotropy is a built-in intrinsic anisotropy of a material regarded as a
force or certain amount of energy that tends to bind the magnetization to particular crystal
direction. These directions are those of spontaneous magnetization in the absence of the applied
field and are usually called easy axes or easy directions because they are the easiest directions for
the sample to get saturated [13].
Magnetocrystalline anisotropy energy, E, is the work, the applied field must do to turn the
magnetization vector away from an easy direction. In a cubic crystal, such as Fe and Ni, E is
given as:

E = K0 + K1 (α12α 22 + α 22α32 + α 32α12 ) + K 2 (α12α 22α32 + ⋅ ⋅ ⋅ ⋅ ⋅)

(1.2)

where K0, K1, K2, …… are magnetocrystalline anisotropy constants, and α1, α2, α3 are the cosines
of the angles that the magnetization makes with the crystal axes. In an uniaxial crystal with only
one easy axis, such as Co, E is given as:
E = K 0 + K1Sin 2θ + K 2 Sin 4θ + ⋅ ⋅ ⋅ ⋅ ⋅

(1.3)

where θ is the angle between the magnetization and the easy axis. The physical origin of
magnetocrystalline anisotropy is mainly spin-orbit coupling of electrons [13]. There is very
strong orbit-lattice coupling, i.e. the interaction between the orbital motion of electrons and the
lattice which is composed of regularly arranged atomic nuclei, and therefore the orientations of
electronic orbits are fixed very strongly to the lattice. The magnetocrystalline anisotropy energy
is the energy to overcome the spin-orbit coupling and turn the spins away from the easy axis.
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Uniaxial materials such as those with a hexagonal crystal structure, have larger
magnetocrystalline anisotropy constants than cubic materials. The magnetocrystalline anisotropy
constant always decreases as the temperature increases and become zero at or even below Curie
temperature [13].

Figure 1.5 Schematic of a prolate ellipsoid.
1.2.4. Shape anisotropy
The physical origin of shape anisotropy is the different magneto-static energy with
magnetization in different directions. The magneto-static energy, Ems (also called self-energy), of
a magnet, is the energy due to its magnetization, M, in the presence of its demagnetizing field,
Hd. By calculating the change of Ems when the sample is magnetized from 0 to M, we can get
Ems: [13]

Ems = (1/ 2)Nd M 2

(1.4)

where Nd is the demagnetizing coefficient (or factor).
Considering only the magneto-static energy, the direction in which Nd is smallest should
be the easy direction. Usually, Nd is smallest along the long-direction, in which the sample is
longest. Therefore, the long-direction is usually the easy axis for shape anisotropy. Considering a
prolate spheroid (rod-shape) with semi-major axis “c” and two semi-minor axes of equal length
“a”, if the magnetization M makes an angle θ to c-axis (its easy direction) as shown in Figure
1.5, then its magneto-static energy, which is also its shape anisotropy energy, can be found to be:
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Ems = E0 + Ks Sin2θ

(1.5)

where E0 and Ks (shape anisotropy constant) are in the form of:

E0 = (1/ 2)Nc M 2

(1.6)

KS = (1/ 2)(Na − Nc )M 2

(1.7)

where Na and Nc are the demagnetizing coefficients along a and c axes.
Since E0 doesn’t change with direction, the final form of shape anisotropy energy of a
prolate spheroid is given by:

( Ek ) s = K s Sin 2θ

(1.8)

where Ks is given in Eq. 1.7, and θ is the angle M makes with the long c-axis. Ks increases with
c/a ratio. When the sample is spherical, Ks = 0.

1.2.5. Magnetostriction
Magnetostriction for a media is a change in shape, dimensions and mechanical properties
under the influence of a magnetic field. The deformation ∆l/l due to magnetostriction can be as
small as 10-5 ~ 10-6 [14]. The crystal lattice inside each domain deforms in the direction of the
domain magnetization (migration of domain walls in response to H) and its strain axis rotates
with a rotation of the domain magnetization. Thus, the domain wall and domain rotation
dynamics result in a deformation (dimensional change) of the magnetic medium. The
dimensional change caused by the magnetic interactions within the sample is referred to as
spontaneous magnetostriction and the strain induced by an external magnetic field is called
forced magnetostriction. The magnetic field causes a change in the domain structure leading to a
dimensional change.
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1.2.6. Signal to noise ratio (SNR)
Areal recording density on magnetic tape is limited by medium magnetic stability,
maximum achievable write-head fields, the minimum bit length that can be recorded in the
medium, and the signal-to-noise ratio (SNR). The number of particles within a bit or within a
transition is one of the key parameters that influence the SNR. Also, the head to tape spacing is
the other key parameter that affects the SNR. The signal read from the tape is in general
proportional to the number of particles read. Given a specific particle type, if the number of
particles per unit volume is increased, the signal will increase proportionately. The media noise
read from the tape is proportional to the square root of the number of particles (N).
SNR =

Signal
∝
Noise

N

(1.9)

therefore, the key is to increase the number of particles within a unit volume of the magnetic
layer on the tape, the most common method used to achieve this is to reduce the particle size [1516]. Model calculations done by J. C. Mallinson, show that in order to achieve a reasonable
SNR, about 100 particles per bit are required [21]. Thus as the areal density increases, particles
must become smaller. However, reducing the grain size too far causes the small grains in the
distribution to become thermally unstable, setting a limit on grain size scaling which will be
discussed in the next section.

1.3. Magnetic properties of small particles
One of the most important requirements for a magnetic media is to show sufficient
hysteresis and coercivity to maintain a permanent record of the data, but not so much as to
impede re-magnetization in the field produced by the write head. The recorded information must
be erasable if the medium is to be reused. Digital information is encoded in the direction of
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magnetization of domains located at identifiable spots on tracks in the magnetic medium. A
square hysteresis loop is desirable. The emphasis in magnetic recording is, therefore, on
controlling the nucleation of reverse domains, whereas in permanent magnetism the emphasis is
on avoiding nucleation altogether. Accordingly, an ideal recording medium should be composed
of a thermally stable and non-interacting single domain particle with two well-defined remanent
states for information storage. The coercivity Hc and the squareness (S) of magnetic particles are
dependent of the size of particles.

Figure 1.6 Variation of intrinsic coercivity Hci with particle diameter D [13].
Figure 1.6 shows how the intrinsic coercivity Hci changes with particle diameter size D.
Here, the intrinsic coercivity refers to the magnitude of the magnetic field that drives the
magnetization to zero after the sample is saturated. In the multi-domain region where D > Ds, Ds
is called the critical single domain particle size. As the size of the particle is reduced, the particle
cannot longer gain a favorable energy configuration by breaking up into domains, hence it
remains in a single domain state (D ≤ Ds), and in this state the particles have all the spins aligned
in a single direction and are most desirable for the applications in magnetic recording media. The
critical radius rc below which a particle acts as a single domain particle [16] was found to be:
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rc ≈ 9

( AK u )1 / 2

µ 0 M s2

(1.10)

where A is the exchange constant, Ku is the uniaxial anisotropy constant and Ms is the saturation
magnetization of the material. This single domain region can be further divided into two subregions the critical superparamagnetic size (Dp) where, Ds ≥ D > Dp, and the superparamagnetic
sub-region where D < Dp. In this sub-region, the particles are so small that thermal energy is
large enough to overcome the anisotropy energy, leading to zero coercivity, and the particles are
in the so-called superparamagnetic state [13].

Figure 1.7 An illustration showing the difference in the energy barrier between the two possible
magnetization states of a magnetic particle (a) before and (b) after the particle reaches a critical
size for the onset of the superparamagnetic effect.
1.4. Superparamagnetism and thermal stability
In 1949, Néel [17] pointed out that when a single domain particle is below a critical
volume, thermal energy may be sufficient enough to reverse its magnetization from one easy
direction to the other, even in the absence of an external bias field. This occurs if the total
anisotropy energy of the particle, KuV, is of the order of the thermal energy, kBT. Here, Ku is the
anisotropic energy density constant, V is the volume of the particle, kB is the Boltzmann constant,
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and T is the absolute temperature. The term “superparamagnetism” was coined by Bean to
describe the behavior of single domain particle has a relatively enormous magnetic moment
compared to that of an ion or atom in a normal paramagnet [18]. The magnetization behavior of
an array of identical superparamagnetic particles can be described by the Brillouin function of a
paramagnet, which has no magnetic hysteresis [19]. Figure 1.7 shows an illustration of this
phenomenon. There are two possible magnetization states of a magnetic particle (up or down
direction) occur at the two local minimum points in the energy axis of the particle. If the particle
is in state “1” (up direction), a minimum energy of E0 is necessary in order for it to overcome the
energy barrier to reverse its magnetization to state “0” (down direction). As the size of single
domain particle decreases, the energy barrier will be lowered as well. At some point, the energy
barrier will drop to a value comparable to the thermal energy, i.e., ∆E1 ~ kBT, and thermal
fluctuations alone will be sufficient to reverse the magnetization of the particle. This energy
barrier, ∆E0, associated with the spontaneous magnetization reversal process, is primarily
determined by the magnetic anisotropy energy of the particles to be switched.

Figure 1.8 Illustration of a single-domain prolate spheroidal particle [19].
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For recording media applications understanding, the magnetization reversal of small
particles is critical. There are several models to explain this phenomena and one of the most
important of them is from Stoner and Wohlfarth [20] describing the coherent rotation of the
particle magnetization. In their model, a single domain prolate spheroidal particle as shown in
the Figure 1.8 was considered. Without an external bias field, the particle will have its
magnetization parallel to the easy axis which is the long axis, and its energy at a minimum [20].
When an external field, H, is at an angle, θ, with respect to the easy axis is applied, the
magnetization of the particle rotates towards the direction of the applied field. The energy of the
particle is given by [19]:
E
= K u Sin 2φ − HM s Cos (θ − φ )
V

(1.11)

where ϕ is the angle between the direction of the applied field and the easy axis, and Ms is the
saturation magnetization of the particle, V is the particle volume, Ku is the anisotropy constant.
If we now assume that the external applied field, H is parallel to the easy axis, but in the
opposite direction to the initial magnetization, i.e., θ = π, then Equation 1.11 becomes:
E
= K u Sin 2φ + M s HCos φ
V

(1.12)

the two local minimal of energy occur at ϕ = 0 (Emin = MsHV) and ϕ = π (Emin = − MsHV). In
order to determine the peak value of the energy barrier, we can set the derivative of (1.12) with
respect to ϕ equal to zero:
1 dE
= 2 K u SinφCosφ − M s HSinφ = 0
V dφ
Cos φ =

M sH
2Ku
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(1.13)

substituting the above expression into equation (1.12), the energy density of the barrier is found
to be [19]:

Emax
 MH 
= Ku 1+ ( s ) 2 
V
2K 


(1.14)

the energy barrier is given by the difference between the maximum and the minimum energy as:

∆E = Emax − Emin
= K u V (1 −

M sH 2
)
2K

= KuV (1−

H 2
)
H0

(1.15)

where, H0 = 2Ku/Ms is often known as the anisotropy field. From Eq. (1.15), we see that if the
external applied field is equal to the intrinsic coercivity of the particle, i.e., H = H0, then the
energy barrier goes to zero, i.e., ∆E = 0, and the minimum condition for magnetization reversal is
satisfied. So the particle can change its state.
One other important aspect of magnetization reversal is the reversal due to thermal
stability. Regardless, of magnetic particles interactions and the reduction of physical grain size,
magnetically harder media materials will also have to meet the requirement of thermal stability.
Unfortunately, thermal stability is a function of the grain size and grain size distribution. To
estimate the minimal thermally stable grain size, one needs to make assumptions about the
magnetization reversal and its thermal decay mechanisms. For a magnetic material with an
anisotropy field in the easy axis along the unique crystalline axis, the particles have the
magnetization either “up” or “down” along the easy axis. If a particle is magnetized in the “up”
direction, it must surmount an energy barrier created by the magnetic anisotropy in order to
move to the reversed “down” direction (see Figure 1.7). The magnitude of the barrier is given by
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KuV where Ku is again the anisotropy constant of the material and V is the volume of the particle.
If this barrier is small enough, either Ku or V small, the particle may be induced to reverse
magnetization spontaneously by thermal excitation. The frequency of magnetization reversal due
to thermal excitation over a barrier height ∆E is given by [13]:

f = f0e

− ∆E

(1.16)

kT

where ∆E = KuV and f0 is a measure of the number of assaults, the magnetization makes on the
barrier. However, for practical device applications one would like to know the measurable decay
of magnetization in an ensemble of particles caused by thermally induced reversals, and this
decay is, of course, directly related to the frequency of reversal of individual grains. The
magnetization of an ensemble of particles at time t is given by
M (t ) = M (0 )e

− t

(1.17)

τ

where τ is the lifetime of the state of one of the particles. From Eq. (1.16), the decay time, τ, is
inversely related to the particle magnetization reversal frequency:
τ=

1
1
=
− ∆E
f
f 0e kT

(1.18)

the minimum value of ∆E/kT for a material to be a candidate for a magnetic medium is usually
taken to be about 60 and f0 = 109-1011 s-1 for 10 years of storage. The time dependent
measurement on the remanent coercivity of magnetic media due to the thermal effects was first
proposed by Sharrock [23]. In his model, the thermal relaxation of the magnetic particles
remanent coercivity (Hcr) decreases with an increase in the duration time of the applied field. The
thermal stability factor, KuV/kBT, can be obtained from the formula for 3D randomly oriented
particles as [23]:

H cr ( t ) = H 0 1 −


 k BT
 f t 
ln(  0  

k
V
 ln 2  
 u
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n




,

(1.19)

where Hcr is the intrinsic coercive field for a random distribution of non-interacting particles with
uniaxial anisotropy constant Ku and V is the particle volume. The exponent n depends on the
model of the energy barrier (n = 2 for 3D random oriented particles). The attempt frequency, f0
3

is taken to be 109 s-1. kB is the Boltzmann constant and T is the absolute temperature. t, is the time
needed for a constant field equaling to Hcr to reduce the magnetization from remanent saturation
to zero. Accordingly, to avoid thermally induced switching of the particles, the anisotropy energy
KuV of each particle should be much larger than thermal energies, kBT. A widely used rule to
facilitate data retention of recording media is a thermal stability factor of KuV > 60 kBT [13, 22].

1.5. Magnetic particles for recording media
1.5.1. Metal based magnetic particles
Metal Particles (MP) are the most widely used particles in tapes today due to their high
saturation magnetic moment and good thermal stability [24-27]. Several research groups have
published details of advanced media fabricated using ultra-small particles and/or coatings, which
are capable of supporting relatively high linear densities at very much reduced read track widths
[24-27]. These media include advanced metal particle (MP) media that has been developed for
use with GMR heads and that was reported to have the capability of supporting 15 Gb/in2 with
an advanced 35-nm-size fine metal particles [24]. In addition to the use of conventional MP-type
particles, advances have also been made using other types of magnetic particles including
nanosized composite advanced particles (NanoCAP). Dual coated ultrathin tape media fabricated
using these particles have been reported to provide media with a smoother surface, reduced
media noise, compared with conventional MP-based media, and a high SNR (signal to noise
ratio).
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More recently, still advances in media fabricated using improved Co-CoO metal
evaporated (ME) tape has been described [27]. This media was evaluated using narrow read
track-width GMR heads and found to have improved recording characteristics compared with
previous ME media. The calculated SNR for this media, assuming partial response for
equalization and a track pitch of 0.33 m was reported to be 19 dB, implying an areal recording
density of 23.0 Gb/in2. One of the greatest drawbacks of using MP is susceptibility to oxidation
and consequently degradation of saturation magnetization. A non-magnetic passivation layer,
which is usually a 3 nm thick Y and Al surface coating layer, is required, to prevent the
individual MP from corrosion and oxidation[28]. As particles become smaller, this passivation
layer becomes a larger portion of the total volume, exceeding 50% in advanced MP. Therefore,
the size reduction of MP size is restricted due to its lower effective particles size, and smaller
shape anisotropy that effect thermal stability and recording density.

1.5.2. Hexagonal barium ferrite particles and media properties
Highly advanced media fabricated using hexagonal barium ferrite (BaFe12O19; H-BaFe)
particles have been investigated for a number of years due to its high uniaxial magnetic
anisotropy, excellent chemical stability, narrow switching field distribution (SFD), small
transition region and no passivation layer [29–34]. H-BaFe has the same crystal structure as that
of magnetoplumbite (PbFe7.5Mn3.5Al0.5 Ti0.5O19), which consist of both the hexagonal closedpacked (HCP) and the face-centered-cubic (FCC) structures as shown in Figure 1.9. In the HBaFe unit cell, the oxygen atoms are close-packed with the Ba and Fe ions in the interstitial sites.
There are ten layers of oxygen atoms along the c-axis which is the magnetic easy axis. The
structure is built up from smaller units: a cubic block S, having the spinel-type structure, and a
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hexagonal block R, containing the Ba ions. The iron atoms are positioned at five
crystallographically different sites of 2a, 2b, 4fIV, 4fVI, and 12k, respectively [35-36]. The
structure is symbolically described as RSR*S* where R is a three-layer block, two O4- containing
one BaO3 with composition (Ba2+Fe63+O112-)2, and S is a two O4- layer block with composition
(Fe63+O82-)2+, where the asterisk means that the corresponding block has been turned 180° around
the hexagonal c-axis.

Figure 1.9 Magnetic structure of barium ferrite (BaFe12O19, BaFe) [36]

Table 1.1 Barium ferrite magnetic site and calculated K1 for Fe3+ by single ion anisotropy
model [12]
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The smaller Fe3+ ions are arranged in five different kinds of interstitial sites. Three are octahedral
sites 12k, 4fVI, and 2a, one is a tetrahedral site, 4fIV, and the last one is a site in which the ferric
ion is surrounded by five oxygen atoms forming a trigonal bipyramid, 2b. Each crystal site has
different number of Fe3+ ion per molecular and single ion magnetocrystalline anisotropy [37], as
shown in Table 1. Magnetocrystalline anisotropy of 2b site has the highest value than that of
other sites, so the magnetocrystalline anisotropy of BaFe can be modified by the addition of
other dopant elements, such as Co2+, Ti4+, Sn2+, Nb4+, and Zn2+ [38-45]. Moreover, the coercivity
of BaFe particles originates from the magnetocrystalline anisotropy and the shape anisotropy
based on the platelet shape as given below:
 K

H C = α  1 − ∆ N d M S 
MS


(1.20)

therefore, the coercivity of BaFe can be altered by controlling the magnetocrystalline anisotropy.
The origin of magnetocrystalline anisotropy is spin-orbit coupling and orbit-lattice coupling, but
spin-spin coupling weakly contributes to the magnetocrystalline anisotropy because exchange
energy between spins is isotropic. The magnetocrystalline anisotropy constant of BaFe is 3.3 ×
106 ergs/cm3 [37]. The total magnetic moment of BaFe per molecular is 20 µB because of 8 ions
spin in one direction and 4 ions spin in the other direction, as shown in Figure 1.9. The saturation
magnetization of BaFe at room temperature is 72 emu/g due to the orbital motion of the
electrons, and the Curie temperature is 732 K.

1.5.3. Recording characteristics of H-BaFe media
The effects of particle size on the media properties, recording characteristics of H-BaFe
have been discussed by Fujiwara for perpendicular recording media [116]. In his study, the
saturation magnetization of the H-BaFe particle is affected by the aspect ratio (diameter (D) to
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thickness (t ) ) and the nonmagnetic layer on the surface of the hexagonal platelets. If the particle
volume is kept constant, larger aspect ratio particles provide smaller magnetization (Ms), due to
the existence of a magnetically inactive layer with a thickness “s” on the c-plane surfaces given
as

M

s

∝ (t − 2 s ) / t

. Moreover, the packing density is also affected by aspect ratio; therefore

larger aspect ratio reduces the packing density of the H-BaFe medium.
The coercivity is also affected by the particle aspect ratio and particle packing density.
The demagnetizing factor “Nd” in equation (1.20) is dependent on the particle aspect ratio D/t; a
larger aspect ratio particle provides a larger demagnetizing factor resulting in smaller coercivity.
Moreover, particle-to-particle interaction also has to be taken into account. Particle stacking
tends to occur, especially for large aspect ratio particles. The stacked particle assembly reduces
its effective demagnetizing factor, since the effective aspect ratio becomes smaller, resulting in
higher coercivity. Experimental data, showing the relationship between coercivity and packing
fraction done by Fujiwara, showed that the coercivity increases due to particle stacking as
particle concentration is increased. However, small aspect ratio particles showed a decrease in
coercivity as the packing density is increased. The mechanism for this opposite behavior for
small aspect ratio particles has not been clearly explained. However, it is considered that the
different type of particle aggregation, other than stacking, are dominant for small aspect ratio
particles. It was shown that the wavelength response is also affected by particle size. As the
particle size becomes larger, the wavelength response becomes poorer. In addition to the above
characteristics, it was shown that using smaller particles better wavelength responses and better
signal to noise ratio were obtained [116].
Hexagonal barium ferrite with diameter to thickness ratios (aspect ratio) variable in the
range of 3-10 and with typical diameters ranging from 100 nm to about 20 nm have been
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established as a good competitor to the advanced MP media [24-34,42-53]. Early in the 1980’s,
Fujiwara and Kubo used 80 nm H-BaFe particles to demonstrate the recording performances of a
perpendicular magnetic tape [46-47]. The tape had a saturation magnetization of 125 emu/cm3,
and a coercivity of 1250 Oe, respectively. Recording properties of longitudinally oriented
particulate media with H-BaFe and Fe based MP was studied by Speliotis [48-51] which showed
a low level output at the low-density region of the BaFe media when compared to the MP media.
This problem was solved in the 1990’s with the development of the high sensitivity
magnetoresistive (MR) or giant magnetoresistive (GMR) sensor recording head. Since then, a
number of material processing and technologies helped H-BaFe to be a good competitor with
MP. As discussed in earlier sections to improve recording density and performance of magnetic
tape a smaller particle size is desired which raises the concern for the thermal stability of the
magnetic particles [22]. Unfortunately, reduction of particle size for MP becomes challenging
because of the risks of losing the high coercivity that is essential for high recording density due
to the need for a non-magnetic passivation layer [28]. On the other hand, barium, ferrite
increased coercivity is an added advantage by allowing extremely small particle sizes. This
possibility is one of BaFe greatest attractions. In collaboration with IBM-Fujifilm developed
advanced BaFe media with a recording density of 6.67 Gb/in2, by using 21 nm H-BaFe particles
which is more than 15 times the recording density of an LTO generation 3 tape [30]. Also,
employing a GMR head they were able to demonstrate an areal density of 15 Gb/in2 [31]. In
addition, studies at Fujifilm Corporation has proven that more than 30 year archival period is
possible with Fujifilm's unique barium ferrite particles used for StorageTek T10000 T2 tape
media [53]. Fujifilm has demonstrated the chemical stability and superior storage performance of
H-BaFe as compared to other MP in extreme environmental conditions [54]. More recently, the
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use of finer barium ferrite particles, improved particle dispersion, and orientation control has
enabled up to 29.5 Gb/in recording densities [31-34]. Figure 1.10 shows the TEM images and the
magnetic properties comparison of the H-BaFe particles employed by Fujifilm to achieve the
recording densities of 6.7 Gb/in2 and the 29.5 Gb/in2 recording densities [30, 34, 55-56].

Figure 1.10 Advanced H-BaFe particles used by Fujifilm to achieve the recording densities of
(a) 6.67 Gb/in2 and (b) 29.5 Gb/in2 [55-56].
Although, H-BaFe are continuing to show promising results to achieve higher recording
densities compared to MP, the need for improving the medium noise, adequate SNR and
dispersion of the particles is still an issue to be addressed [54-55,60-63]. Unfortunately, H-BaFe
particles form poker-chip-like stacks due to mutual magnetic interaction during the dispersion
process when making the magnetic tape for particulate recording media. Stacked H–BaFe
particles make large unit volume in magnetization reversal process, thus stacked H–BaFe
particles deteriorate recording capability because of large media noise, large surface roughness,
poor recording resolution, and poor dispersion, as shown in Figure 1.11 [60-62, 106].
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Figure 1.11 (a) Artist’s drawings for particles dispersion of hexagonal shape [60-65] and (b)
TEM micrograph of hexagonal barium ferrite.

Figure 1.12 Artist’s drawings for particles dispersion of spherical shape barium ferrite (S-BaFe)
[60–62]
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2.0. Objectives
One way to solve and improve the recording performance of H-BaFe media is employing
substantially spherical barium ferrite (S–BaFe) particles. Spherical shaped particles have low
aspect ratio 1:1 and only form a point-to-point contact, unlike the H-BaFe particles. Therefore,
using S-BaFe particles not only decrease the degree of magnetic interaction between the particles
but also can substantially increase the recording performance by improving the dispersion and
SNR of the particles in magnetic media [60-62]. An artistic drawing showing the particles
dispersion in spherical shaped barium ferrite is shown in Figure 1.12. Professor, Hong had
previously developed S-BaFe particles that showed a weak magnetic particles-to-particle
interaction (∆M) by using 0.3 µm sized S-BaFe particles [60-62]. Later, Dr.Gee from Prof.
Hong’s group was able to successfully synthesize 50- 60 nm S-BaFe which are still too big to
meet the current requirements of high density recording media [64]. In this dissertation effort to
further reduce the particle size of S-BaFe particles is studied and reported by using a unique
adsorption-diffusion process. Two different approaches were used to achieve this objective.
First, 24-30 nm sized S-BaFe were synthesized from precursory nanosized spherical
magnetite (S-Mag) [65] and cubic hematite nanoparticles (α-Fe2O3). The synthesis approach of
the precursor nanoparticles was discussed in chapter 3 and chapter 4 followed by the adsorptiondiffusion process in chapter 5. Secondly, in chapter 6 an alternative hydrothermal process was
developed to synthesize S-BaFe nanoparticles that eliminate several processing steps used by the
adsorption-diffusion process [66]. The as-synthesized S-BaFe particles from both the processes
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have been evaluated for their magnetic and physical properties and the particles show promising
results as future potential media for high density particulate recording.
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3.0. Spherical magnetite nanoparticles (S-Mag)
3.1. Introduction
Magnetite (Fe3O4) nanoparticles have long been of scientific and technological interest
because of their unique magnetic and electric properties [67-69]. The broad applications of
magnetite nanoparticles include information storage [70], electronic devices [71], ferrofluid
technology [72], catalysis [73] and pigments, etc. In particular, magnetite nanoparticles have
attracted great attention for many important biomedical applications such as magnetic separation,
drug delivery, cancer hyperthermia and magnetic resonance imaging (MRI) enhancement
[74,75], due to their non-toxicity property [76] and high chemical stability. In this respect,
magnetite nanoparticles are required to be water-soluble, monodisperse, superparamagnetic and
easily to produce in large scale. To date, various techniques but most often chemical syntheses
methods for preparing magnetite nanoparticles already have been reported, such as coprecipitation [77], micro-emulsions [78], solvothermal processing [79], and high-temperature
organic phase decomposition [80-82]. As shown in Figure 3.1, magnetite, has an inverse spinel
structure [Fe3+]A[Fe2+Fe3+]BO4 with tetrahedral A sites and octahedral B sites [67]. It is a
ferrimagnet and its conductivity results from the electron exchange between Fe2+ and Fe3+ ions.

3.2. Experimental
For successful synthesis of S-BaFe particles the precursory spherical magnetite (S-Mag)
particles shape, size and monodisperse nature is very important. We used a thermal
decomposition method to synthesize monodispersed S-Mag nanoparticles developed by Park and
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co-workers [82]. The synthesis process involved two steps. First an iron-oleate complex was
prepared by reacting iron chlorides and sodium oleate, and secondly the decomposition of the
iron-oleate complex in a high boiling point solvent in the temperature range between 240 and
320°C produced monodispersed S-Mag particles. The starting materials of Iron (III) chloride
hexahydrate (FeCl3·6H2O, 98 %), oleic acid (Aldrich, 90%), 1-octadecene (Aldrich, 90%, b.p.
317 °C) and sodium oleate (TCI, 95%) were used for the synthesis process with no further
purification.

Figure 3.1 Spinel crystal structure [67].
The physical and magnetic properties of spherical magnetite were measured by several
techniques. X-ray diffractometer (XRD) and transmission electron microscope (TEM) were used
for measuring physical properties. Vibration sample magnetometer (VSM) was used to measure
the magnetic properties of the as-synthesized nanoparticles and also Mössbauer spectroscopy
was used to obtain the Mössbauer spectra of the nanoparticles. A brief description of the
individual characterization methods used to evaluate both the precursory particles and the
synthesized S-BaFe particles is given below.
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X-ray diffractometer (XRD) is an efficient tool used to measure the crystalline phases,
lattice constant, and miller indices of magnetic nanoparticles. XRD measurements were
performed by a BRUKER D-8 ADVANCE system at room temperature. The magnetite
nanoparticles were dispersed on a double sided tape which is pasted on a plastic sample holder
puck and placed inside the slot allotted for measurement in the instrument. All the XRD scans
were performed from 20-60° scan to obtain the data.
Morphology and particle size of magnetic nanoparticles were observed and estimated
using an FEI TECNAI F20 transmission electron microscope (TEM). The nanoparticles were
taken in a glass vial and were dispersed in a 100 % ethanol solution. The vial is then transferred
into an ultrasonic water bath which operated at 40 kHz frequency to disperse the magnetic
nanoparticles. A couple of drops of the dispersed particles is placed by using a glass pipette onto
a 400 mesh Cu grid and it was allowed to dry to remove any organic content on the grid by
placing on a hot plate. This grid containing the nanoparticles is used to observe the particles size
and morphology under TEM.
The magnetic properties of nanoparticles were measured by a Model 1660 torque /
vibrating sample magnetometer (VSM) from Digital Measurement System (DMS), ADE
Technologies Inc. Magnetic nanoparticles were carefully put into a custom made cup style glass
sample holder. Total weight of sample holder and nanoparticles was measured and then later
subtracted the glass holder weight to get nanoparticles weight. The resonator in VSM oscillated
with 75 Hz frequency in order to remove electrical interference with the normal 60 Hz of AC
electrical frequency. The applied magnetic field was in the range of +10,000 Oe to –10,000 Oe.
The magnetic moment was collected 100 times at each step of applied field and then made an
average value to increase sensitivity of the magnetic moment.
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Mössbauer spectra were obtained in constant mode at room temperature to observe the
amount of Fe2+, Fe3+, direction of spin, and magnetic hyperfine field. Sextets normally arise from
the Mössbauer transition of the nucleus 57Fe in a magnetic field. A small distribution of
magnetic fields contributing to one sextet can be taken into account by a correlated widening of
the Lorentzian lines. The relative intensities of the Lorentzians are calculated under the
assumption of a polycrystalline specimen.

3.2.1. Synthesis of iron oleate complex
The iron-oleate complex was first prepared by reacting 10.8 g of iron chloride (40 mmol)
and 36.5 g of sodium oleate (120 mmol) in a solvent mixture composed of 80 ml ethanol, 60 ml
distilled water and 140 ml hexane in a 1000 ml three neck bottom flask. The resulting solution
was thoroughly stirred by using a magnetic stirrer bar and slowly heated to 70 °C by using a
heating mantle with a temperature controller and kept at that temperature for 4 h. The solution
turned in to a dark reddish organic complex. With no further delay, the organic complex is
washed three times with 30 ml distilled water in a separatory funnel. The washing step is very
critical to obtain the right iron-oleate complex. During the washing process ethanol and distilled
water are collected as waste but the hexane remained in the iron-oleate complex is evaporated
slowly by heating the three neck flask at 70°C until the iron–oleate complex turned into a dark
waxy solid form.

3.2.2. Synthesis of magnetite nanoparticles
To the dark waxy solid formed 5.7 g of oleic acid (20 mmol) was added with 200 g of 1octadecene at room temperature. This solution is then slowly heated at the rate of 3.2°C/min
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using a temperature controller to 320 °C, and then kept at that temperature for 30 min. When the
reaction temperature reached 320 °C, a severe reaction occurred and the initial transparent
solution became turbid and brownish black in color. The resulting solution containing the
nanocrystals was then cooled down to room temperature, and washed with a combination of
ethanol and hexane to precipitate the magnetite nanoparticles. The washed and precipitated
particles were then dried in an oven at 80 °C for 4 h. Figure 3.2 shows the flowchart and the
experimental setup used to synthesis the S-Mag nanoparticles. The effect of using different
solvents with respect to the size and shape of the S-Mag nanoparticles was also studied by using
solvent solutions such as 1-eicosene (TCI, b.p. 330 °C) and trioctylamine (TCI, b.p. 365 °C)
apart from 1-octadecene (Aldrich, 90%, b.p. 317 °C).

Figure 3.2 Flowchart and the experimental setup used to synthesize S-Mag nanoparticles.
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Figure 3.3 XRD patterns of spherical magnetite nanoparticles at room temperature.

3.3. Results and discussion
The collected magnetite particles ranged from 7- 30 nm depending on the decomposition
temperature and aging period. In this synthesis process, aging was found to be a necessary step
for the formation of iron oxide nanoparticles. Figure 3.3 shows the XRD patterns of the assynthesized S-Mag nanoparticles revealing the cubic spinel structure of magnetite. The particle
size and morphology of the magnetite nanoparticles was determined by FEI TECNAI F20
transmission electron microscope (TEM). Figure 3.4 shows the as-produced TEM images of the
magnetite nanoparticles synthesized by using 1-octadecene as the solvent. The particles sizes
ranged from 7-30 nm and are well-dispersed and are in spherical morphology. It was also found
that by using other high boiling solvents such as 1-eicosene (TCI, b.p. 330 °C) and trioctylamine
(TCI, b.p. 365 °C) the spherical morphology of the particles was not retained and also the
particle size increased as shown in Figure 3.5 (a) and (b) respectively. This non-uniform size
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and shape distribution of the particles can be explained by the higher reactivity of the iron- oleate
complex in the solvent with a higher boiling point.

Figure 3.4 TEM micrographs of S-Mag nanoparticles.

Figure 3.5 TEM micrographs of the S-Mag nanoparticles synthesized from (a) 1-eicosene and
(b) trioctylamine solvents respectively.
Figure 3.6 shows the magnetic hysteresis curve of the as-synthesized S-Mag
nanoparticles. The coercivity of these magnetite nanoparticles are nearly 0 Oe, as compared to
the bulk value of 115-150 Oe [83]. This is due to the superparamagnetic behavior of nanosized
spherical magnetite particles. The observed saturation magnetization (σs) of the as-synthesized
magnetite particles was 70 emu/g at room temperature, which is smaller than the bulk value of
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92 emu/g [83]. This lower magnetization might be attributed to the smaller particle size that
decreases the magnetic moment of the particles. To further confirm the superparamagnetic
behavior of the spherical magnetite nanoparticles, Mössbauer spectra were obtained as shown in
Figure 3.7. A large singlet spectrum was observed at room temperature, implying almost 50 % of
the particles exhibit superparamagnetic behavior.
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Figure 3.6 Magnetic hysteresis loop of as-synthesized S-Mag nanoparticles.
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Figure 3.7 Mössbauer spectra of S-Mag nanoparticles.
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4.0. Hematite nanocubes
4.1. Introduction
Hematite (α-Fe2O3) is the most stable iron oxide under ambient conditions and is
commonly found in nature [84-86]. Its magnetic properties have been studied extensively both in
6

bulk form and in the form of ultrafine particles [86]. Hematite ( (R3C or D3d ) ; space group) has a
corundum crystal structure, which can be indexed either rhombohedra (a = b = c, α = β = γ ≠ 90)
bravais lattice or approximately a hexagonal lattice [84-85]. The unit-cell of hematite is shown
in Figure 4.1, viewed in the [001] direction looking down the c-axis, with the basal plane in the
plane of the page, and in the [110] direction, looking at the prism planes. In the unit cell, the Fe
ions lie in the basal planes, with only two of three sites intersecting the c-axis being occupied.
These c-axis pairs form iron bilayers within the crystal and have the smallest cation-cation
separation [84-86]. The oxygen ions form distorted octahedra around the Fe ions. The deviation
from the ideal hexagonal structure is visible when the unit cell is viewed in the [001] direction as
shown in Figure 4.1.

Figure 4.1 Unit cell of hematite viewed in the [001] and [110] directions [84-85].
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Hematite can exhibit both ferromagnetic and antiferromagnetic behavior. A
ferromagnetic material has a spontaneous magnetic moment, with electron spins aligned in a
regular fashion with neighboring spins in one direction. In the case of antiferromagnetism, the
electron spins are regularly aligned, but neighboring spins point in opposite directions. The iron
atoms in the (001) basal planes of hematite are coupled ferromagnetically, and iron atoms in
successive planes in the [001] direction are coupled antiferromagnetically [87-92]. Between 260
K and 950 K, hematite exhibits weak ferromagnetism due to slight spin canting (spins nearly in
the basal plane). Below 260 K hematite is antiferromagnetic with the spins parallel to the c-axis.
The Néel temperature (point at which the thermal energy is large enough to destroy the magnetic
ordering of an antiferromagnetic material) is around 950 K for hematite. The Néel temperature is
analogous to the Curie point, the temperature above which a ferromagnetic material loses its
magnetic ordering [87-92].
Recently, nanoscale synthesis of hematite nanoparticles with different shapes and sizes
has received great attention due to their unique properties which are different from the
corresponding bulk materials. Many studies have been reported on the synthesis of hematite
particles [92–104]. These studies show that the size and shape of the hematite particles strongly
depends on factors, such as the concentration of Fe3+ ions, additives, pH, temperature, and aging
time respectively. Moreover, particles synthesized with sol-gel, template, thermal oxidation,
thermal synthesis all have produced particles with non-uniform size and shape distribution. On
the other hand, hydrothermal precipitation method to produce monodisperse α-Fe2O3 particles of
uniform shape, size, and composition, proved to be very effective. Hydrothermal precipitation
method had received greater attention because this technology has several advantages such as
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fast reaction time, effective control of particle shape, and low incorporation of impurities into the
particles [102–104].
Sodium Oleate

Ethanol

FeCl3 6H2O

Oleic acid

Stirring

Oleylamine

DI water

Autoclave
180 °C for 12hrs

Cooling to RT

Washing

Oven Dry

Figure 4.2 Flowchart and the experimental setup used to synthesize hematite nanocubes.
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4.2. Experimental
Similar to the spherical magnetite particles synthesis the cubic hematite nanoparticles
shape, size and monodisperse nature is critical for a successful synthesis of spherical barium
ferrite particles. In order to synthesize uniform hematite nanocubes, we have modified and
optimized the process developed by Wang and coworkers [104]. They used a hydrothermal
process which resulted in uniform hematite nanocubes with an average size of 15 nm but a size
screening process was needed to separate the crystals. Moreover, the production capacity was as
small as 0.11 g/batch. With the modifications, we were able to scale-up the process to produce
hematite nanocubes with uniform shape and narrow size distribution [105-107]. Figure 4.2 shows
the flowchart and the experimental setup used to synthesis the hematite nanocubes. The average
size of hematite nanocubes was 21 nm with an extremely narrow particle size distribution and
uniform cubic shape. Production capacity was increased to 2.0 g/batch while maintaining
antiferromagnetic properties of the nanocubes.
The raw materials used for the synthesis process are iron (III) chloride hexahydrate
(FeCl3·6H2O, 98 %), oleic acid (Aldrich, 90%), oleylamine (Aldrich, 90%) and sodium oleate
(TCI, 95%) with no further purification. In a typical process, 7.6 g of FeCl3•6H2O and 22.0g of
sodium oleate are weighed accurately in a 250 ml Teflon liner container. To this mixture 60 ml
of deionized water, 60 ml of ethanol and 60 ml oleylamine was added and mixed with a magnetic
stirrer on a hot plate for 2 h. After continuous vigorous stirring for 2 h, a semi-thick metal oleate
complex is formed in water. This complex inside the Teflon liner is placed in a stainless steel
autoclave (Parr Instrument Company) and heated with a temperature controller to 180 °C and
held for 12 h to obtain a reddish brown precipitate at the bottom of the Teflon liner. This
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precipitate after cooled down to room temperature is washed several times with a combination of
hexane and ethanol and dried in an oven at 80 °C for 6-10 h to obtain the nanocubes.

Figure 4.3 XRD patterns of hematite nanocubes at room temperature.

Figure 4.4 TEM micrographs of the as-synthesized hematite nanocubes.
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4.3. Results and discussion
Figure 4.3 shows the XRD patterns of the as-produced hematite (α-Fe2O3) nanocubes.
The recorded and indexed diffraction pattern coincides with the peaks characteristic of the
hematite phase. The particle size and morphology of the hematite nanoparticles was determined
by FEI TECNAI F20 transmission electron microscope (TEM). Figure 4.4 shows the asproduced TEM images of the hematite nanocubes. The particles sizes ranged from 20-25 nm and
are well-dispersed and are in cubic morphology. It was found that in order to obtain uniform
hematite nanocubes the concentration ratio of FeCl3/sodium oleate (CFe/SO) plays a major
factor. A set of experiments were performed by keeping the sodium oleate concentration fixed at
22.0 g but varying the FeCl3 amount from 5 to 11 g which gives the concentration ratio of
CFe/SO = 0.22 to 0.50. When CFe/SO is lower than 0.25 the product mainly consists of zerodimensional nanoparticles scattered in a form of matrix as shown in Figure 4.5(a), which implies
that the precursors possibly are nuclei of hematite surrounded by oleate surfactants of several
nanometers. With a gradual increase of the concentration of FeCl3, the shapes of the synthesized
products turn to cubic at CFe/SO = 0.34 as seen in the Figure 4.5 (b), with further increase in the
concentration ratio pseudo cubic and pseudo spherical shaped particles are formed with an
increased particle size from 21 nm to 60 nm as seen in the Figure 4.5 (c) and Figure 4.5 (d),
respectively. Thus, different morphologies of α-Fe2O3 nanoparticles were obtained by varying
the CFe/SO ratio from 0.20 to 0.50. The ratio of CFe/SO = 0.34 gave the best results with
uniform hematite nanocubes between the size ranges of 20-25 nm. The increased particle size at
higher CFe/SO concentration ratio may be attributed to the lower sodium oleate content in the
reaction per Fe3+ ions that cannot inhibit the growth rate of the final hematite crystal formed
suggesting an increase in the particle size and shape respectively.
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Figure 4.5 TEM images of the hematite products obtained with FeCl3/ sodium oleate (CFe/SO)
ratio (a) CFe/SO = 0.22 (b) CFe/SO = 0.34 (c) CFe/SO = 0.40 and (d) CFe/SO = 0.50.

Magnetic hysteresis loops were obtained for the as-synthesized hematite nanocubes by
using a VSM at room temperature. Figure 4.6 shows the hysteresis loops of the hematite particles
synthesized with various CFe/SO ratios. For particles with CFe/SO = 0.22 a saturation
magnetization (σs) and coercivity (Hc) values of 0.45 emu/g and 55 Oe at 10 kOe, are obtained.
On the other hand, for particles obtained with CFe/SO = 0.50 a saturation magnetization (σs) and
coercivity (Hc) values of 1.09 emu/g and 124.41 Oe at 10 kOe, are obtained. This increase in the
σs and Hc values is mainly attributed to the increasing volume of the particles with respect to the
shape and size respectively as confirmed from the TEM images. Figure 4.6 (b) shows the
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hysteresis loop of 20-25 nm (CFe/SO = 0.34) hematite nano cubes with a saturation
magnetization (σs) and coercivity (Hc) values of 0.47 emu/g and 77 Oe respectively.
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Figure 4.6 Room-temperature hysteresis loops of the hematite particles with FeCl3/sodium oleate
(CFe/SO) ratio (a) CFe/SO = 0.22 (b) CFe/SO = 0.34 (c) CFe/SO = 0.40 and (d) CFe/SO= 0.50.
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5.0. Spherical barium ferrite (S-BaFe)
5.1. Introduction
Spherical barium ferrite particles (S-BaFe) were synthesized using the precursors of
spherical magnetite (S-Mag) and hematite nanocubes described in the previous two chapters.
Also, a successful attempt was made to produce S-BaFe nanoparticles by developing a new
hydrothermal process by eliminating the steps and expenditure involved to produce the
precursory particles of S-Mag and hematite nanocubes.

Figure 5.1 Experimental process for the synthesis of S-BaFe nanoparticles
5.2. Experimental
Well-dispersed spherical magnetite (S-Mag) which were synthesized by decomposition
of the iron-oleate complex in a high boiling point solvent and 20-25 nm sized uniform hematite
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nanocubes synthesized by a modified hydrothermal process were used as the precursors to
synthesize S-BaFe nanoparticles [105-107]. The conversion process can be divided
into two steps as shown in Figure 5.1. First, adsorption of BaCO3 onto S-Mag or cubic hematite
particles and secondly, diffusion of barium ions into the precursory particles of S-Mag or cubic
hematite particles by heat-treatment to form S-BaFe nanoparticles. In a typical process, a
colloidal BaCO3 is prepared by adding Ba(NO3)2 to a solution comprising of 100 ml ethanol (200
% proof) and 100 ml deionized water (VWR 18 Ωcm-1) in a 500 ml beaker. This solution is
mechanically stirred at 500 rpm for 2-4 h so that the Ba(NO3)2 is completely dissolved. Later,
NaOH, with 50 ml deionized water and 50 ml ethanol is added and vigorously stirred for another
hour. Carefully cleaned and dried precursory particles of Fe3O4 or cubic hematite are weighed
and slowly added to the solution while maintaining continuous stirring. The solution is further
stirred for an hour before adding Na2CO3 with additional 50 ml deionized water and 50 ml
ethanol to bring the final volume to 400 ml as shown in the process flow chart of Figure 5.2.
Sometimes additional (~100 ml) of the DI water is added. At this point, the beaker is sealed with
parafilm tape and the solution is vigorously stirred for 12h to improve dispersion of the
precursory particles in the solution as shown in Figure 5.2.
Finally, after the coating process completed, the mechanical stirrer is stopped, and the
colloidal dispersion is left idle for few minutes. A precipitate containing the coated precursory
particles slowly settled down at the bottom of the beaker. This precipitate is carefully collected
by filtering using a Whatman® 541 and 42 (24cm diameter) filter paper by drying in an oven to
collect the particles. When dried, a thin sheet of white precipitate like matrix containing the
precursory particles was collected from the filter paper which is later ground in a mortar and
pestle for aneealing at various temperatures in the range of 700–900 ºC for 1–2 hr in a tube
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furnace with oxygen atmosphere. Heat–treatment conditions and mol ratio of composition were
optimized by considering both magnetic and physical properties of S–BaFe particles. It is
important that the precursory particles be well dispersed in the solution to obtain good S-BaFe
particles. Ethanol played a significant role in the process of dispersion of the magnetite and
hematite precursor particles. During the later runs to optimize the process further the particles
containing the solution is sometimes placed in an ultrasonic bath to disperse the particles
occasionally and mechanically stirred again. These particles were oven dried at 80 ºC for 12 h
and heat–treated
Ba(NO3)2
100 ml DI

Na2CO3

100 ml ETOH

50 ml ETOH

50 ml DI
Mechanical stirring for 2 h (200rpm)

Mechanical stirring for 12h

NaOH

Filtration

Mechanical stirring for 1h
50 ml ETOH

50 ml DI

Oven Dry at 80º C for 12h

S-Mag or Hematite

Collect Powder

Mechanical stirring for 1h

Heat Treatment with O2
Characterization

Figure 5.2 Flowchart and the experimental setup used to synthesize S-BaFe nanoparticles.
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Remanence curves and ∆M plots were used to study the magnetic interactions between
the S-BaFe particles by using vibration sample magnetometer (VSM). There are two basic
remanence curves: the isothermal remanence curve (IRM) and the DC demagnetization curve
(DCD). The IRM is measured on previously demagnetized particles. The particles are then
subjected to a positive applied field at which point the magnetization is measured. The applied
field is then removed, and the remanent magnetization is measured. The cycle is then repeated,
incrementing the positive applied field until saturation is reached. Plotting Mr against the
previously applied positive field H gives the IRM curve. The DCD remanence curve is measured
similarly by first saturating the sample in a positive applied field and then applying a known
reverse field at which point a measurement is taken. The reverse field is then reduced to zero,
and the remanent magnetization is measured. The process is then cycled with an incremented
reverse field until negative saturation is reached. The relationship between IRM and DCD for an
assembly of non-interacting single domain particles is given by Stoner-Wohlfarth as ∆M = DCD
− (1−2 (IRM)) [20]. The ∆M curves for the as-synthesized S-BaFe particles were plotted by
using the VSM which gives us valuable information on the mutual magnetic interactions
between the particles. For the measurement, S-BaFe nanoparticles were embedded in a nonmagnetic paraffin wax and melted the wax at 60 °C while applying a field of 10 kOe. This
process allowed the S-BaFe particles to align themselves in the applied field direction and stay in
that direction on cooling to room temperature. Moreover, the thermal stability KuV/kBT for the SBaFe nanoparticles was also determined by using the DCD remanence curves at different time
scales of an applied field by using VSM. Microstructure, particle size, and particle size
distribution of the S–BaFe nanoparticles were observed by X–ray diffraction pattern (XRD) and
transmission electron microscope (TEM) at the room temperature. Magnetic properties of S–
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BaFe particles were determined by VSM and also Mössbauer spectra of the S-BaFe were
measured.
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Figure 5.3 XRD patterns of the as-collected S-Mag nanoparticles (a) before BaCO3 coating and
(b) after BaCO3 coating onto the S-Mag particles respectively.

5.3. Results and discussion
5.3.1. S-BaFe synthesized from S-Mag precursor particles
The Ba(NO3)2 dissolved in deionized water, and the ethanol solution reacts with the
NaOH to form Ba(OH2). The chemical reaction involved in the formation of Ba(OH)2 can be
represented as below:
Ba(NO3)2 + 2 NaOH

Ba(OH)2 + 2NaNO3

(5.1)

it was previously determined that the iron oxide particle have a negative surface charge in the
base region, and the precipitated Ba(OH)2 particle have a positive charge in the base region
[108]. While both the particles are suspended in the solution, they are attracted to each other and,
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as a result, the absorption of Ba(OH)2 particles onto the S-Mag particles surface is achieved. To
obtain colloidal BaCO3 the particles that are already coated with the Ba(OH)2 are reacted with
Na2CO3 to form BaCO3 colloidal particles coated on top of the S-Mag nanoparticles. The
chemical reaction involved in the formation of BaCO3 can be represented as below:
Ba(OH)2 + Na2CO3

BaCO3 + 2Na(OH)

(5.2)

Figure 5.3 shows the XRD patterns of S-Mag (Fe3O4) particles before and after BaCO3
coating process. Fig. 5.3 (b) clearly shows the extra peaks that correspond to BaCO3 phase. This
confirms that the S-Mag particles are uniformly coated with the BaCO3 phase which will affect
the subsequent conversion process to S-BaFe particles.
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Figure 5.4 XRD patterns of S-BaFe as a function of various heat-treated temperatures; (a) 650
°C for 2 h, (b) 700 °C for 2 h, (c) 800 °C for 2 h, and (d) 900 °C for 2 h.
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With regard to conversion of S-Mag to S-BaFe, the BaCO3 coated S-Mag are heat-treated
at various temperatures between 650-900 °C under oxygen atmosphere. During the heattreatment process barium ions (Ba2+) in colloidal form diffuse into magnetite particle to convert
to BaFe particles. It is well-known that Fe3O4 can be oxidized to γ-Fe2O3, which can be further
transformed into α-Fe2O3 at a higher temperature [83]. It has been previously reported that the
formation mechanism of barium ferrite by the solid state reaction takes place in two different
steps [109]. First, the BaCO3 decomposes into BaO and CO2 with the formation of monoferrite
(BaFe2O4) and second, the diffusion of Ba2+ into the iron oxide to form barium ferrite
(BaFe12O19). The reaction involved in this transformation can be expressed as follows:
BaCO3 + Fe3O4

BaFe2O4 + α-Fe2O3 + CO2 ↑

BaFe2O4 + 5Fe2O3

BaO · 6Fe2O3

(5.3)
(5.4)

Figure 5.4 shows the X-ray diffraction (XRD) pattern of BaFe heat-treated at various
temperatures. With increasing the heat-treatment temperature, BaFe particles attained a higher
degree of crystallinity. However, secondary phases of hematite (α-Fe2O3) and the spinel
BaFe2O4 are observed as seen in in Figure. 5.4. TEM was used to observe the particle size and
shape distribution of the synthesized S-BaFe nanoparticles by dispersing the particles in
methanol. Figure 5.5 shows the TEM images of the S-BaFe nanoparticles that were heat-treated
at 900 °C for 2 h. These particles exhibit spherical morphology and have a diameter of about 24 30 nm. To further confirm the crystal structure and the phase of S-BaFe nanoparticles, highresolution TEM (HR-TEM) images were taken (University of Texas-Dallas) with electron
diffraction patterns. From the diffraction patterns, the inter-planar lattice distance and angular
relationship confirm that the synthesized spherical particles well match with the simulated
diffraction pattern of hexagonal BaFe12O19 as shown in Figure 5.6.
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Figure 5.5 TEM micrographs of S-BaFe nanoparticles heat-treated at 900 °C for 2 h.

Figure 5.6 HR-TEM electron diffraction patterns of S-BaFe nanoparticles.
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Figure 5.7 Magnetic hysteresis loops of S-BaFe nanoparticles as a function of various heat-treated
temperatures.
Figure 5.7 shows the magnetic hysteresis loops of S–BaFe nanoparticles as a function of
various heat-treatment temperatures. The higher the heat-treatment temperature, the greater the
magnetization of the S-BaFe particles. This is attributed due to the improved crystallinity of
barium ferrite phase with respect to the temperature. The particles that are heat-treated at 900 °C
has 41.4 emu/g of saturation magnetization (σs) and 4075 of coercivity (Hc). The heat-treatment
temperature dependence of magnetic properties are summarized in Table 5.1.

Table 5.1 Magnetic properties of barium ferrite nanoparticles at various heat treatment
temperatures.
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Figure 5.8 Mössbauer spectra of S-BaFe nanoparticles heat-treated at 900 °C for 2 h.

Room temperature Mössbauer spectra were taken for the S-BaFe nanoparticles which
were heat-treated at 900°C for 2h. Mössbauer spectra were contributed by the magnetic
hyperfine field from Fe3+ in five distinct crystallographic sites in the hexa-ferrite structure as
shown in Figure. 5.8. Four of these sites, which are 12k, 4fIV, 2a, and 2b, may be identified, but
the week 2a spectrum is buried under the 4fVI spectrum. Also, in the spectrum some amount of
hematite phase is also present. The results of Mössbauer characterization are in good agreement
with the XRD patterns presented in Figure. 5.4 to confirm the BaFe12O19 phase and also the SBaFe nanoparticles are not superparamagnetic, but ferrimagnetic.
To study the magnetic interaction of the S-BaFe nanoparticles, 80 nm H-BaFe [60-63]
particles and 24 nm S-BaFe nanoparticles [65] were embedded in non-magnetic paraffin wax and
heated to melt the wax at 60 °C while applying a field of 10 kOe. The embedded samples were
characterized by using VSM to plot the ∆M curve. Figure 5.9 shows the ∆M plot for the S-BaFe
and H-BaFe nanoparticles with the respective TEM micrographs of the particles shown in the
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insets. It is clearly seen from the plot that the platelet H-BaFe shows a strong large positive peak,
which is attributed to the strong magnetic interaction fields occurring in poker-chip–like stacks
of the platelet-shaped particles [60-63]. On the other hand, S-BaFe powder shows a strong
negative peak. This means that there is a weak particle-to-particle interaction. However, the
broad switching field distribution observed in the plot is attributed to the presence of residual
hematite (α-Fe2O3) and BaFe2O4 phases and also non uniform orientation, and/or poor
crystallinity in of the S-BaFe powder.

Figure 5.9 ∆M curve of spherical barium ferrite (S-BaFe) and hexagonal barium ferrite (H-BaFe)
nanoparticles.
Thermal stability factor (KuV/kBT) for the S-BaFe nanoparticles was determined by
measuring the dynamic remanent coercivity measurements. The DCD remanence curves at
different time scales of an applied field were obtained from VSM. Due to the thermal relaxation
of the system, with an increase in the duration of the applied field, the remanent coercivity (Hcr)
decreases. The thermal stability factor, KuV/kBT, can be obtained from Sharrock’s formula for 3D
randomly oriented particles as [110]:
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a



k T
At 
H cr (t ) = H 1 −  B ln(
)
ln 2 
 K uV

n






(5.5)

where Ha is the intrinsic coercive field for a random distribution of non-interacting particles with
uniaxial anisotropy constant Ku and V is the particle volume. The exponent n depends on the
model of the energy barrier. In the present case, n = 2/3 is used to account for the 3D random
orientation of the particles. The attempt frequency A is taken to be 109 s-1. kB is the Boltzmann
constant and T is the absolute temperature. t is the time needed for a constant field equaling to
Hcr to reduce the magnetization from remanent saturation to zero. The values of Ha and KuV/kBT
are obtained by fitting the Hcr and t values to the equation above as shown in Figure 5.10. From
this analysis, a stability factor of KuV/kBT ≈ 107 is estimated for these S-BaFe nanoparticles.
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Figure 5.10 Remanent coercivity as a function of time measured by VSM and fitted curve using
Sharrock’s equation [110].
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5.3.2. S-BaFe synthesized from hematite nanocubes
The cubic hematite nanoparticles were also coated with the BaCO3 employing the same
process as described in the previous section for the conversion of S-Mag particles to S-BaFe
particles. Figure 5.11 shows the magnetite hysteresis loop of the precursory hematite nanocubes
used for the conversion process before and after the BaCO3 coating process. The inset in the
Figure 5.11 also shows the TEM micrograph of the precursory hematite nanocubes used for the
process. It is interesting to observe that there is a change in the magnetic properties before and
after the coating process. The saturation magnetization (σs) decreased from 0.92 emu/g to 0.45
emu/g and the coercivity increased from 99.04 Oe to 196.61 Oe, respectively. This change in the
magnetic properties can be attributed to the BaCO3 absorption on the hematite nanocubes
decreasing the net magnetization of the hematite particles.

Figure 5.11 Magnetic hysteresis loops of the precursory hematite nanocubes before and after
BaCO3 coating.
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Figure 5.12 XRD patterns of the precursory hematite nanocubes before and after BaCO3 coating.

Figure 5.12 shows the XRD patterns of the hematite nanocubes before and after BaCO3
coating process. From the XRD patterns, it is clear that the extra peaks correspond to the BaCO3
phase which is in good agreement with the magnetic hysteresis loops shown in Figure 5.11. To
further understand the phase transformation and kinetics involved we performed
thermogravimetry (TG) analysis on the as-coated hematite nanocubes in the temperature range
from 20 °C to 700 °C. Figure 5.13 shows the change in weight percentage as a function of
temperature for the as-coated hematite nanocubes and it can be observed that at 50 °C there is a
sudden drop in the weight percent due to the evaporation of the residual moisture and/or ethanol
on the colloidal particles. The second major weight loss occurs from 270 °C to 450 °C, which
can be attributed to the evaporation of the residual nitrate and organic matter in the precursory
coated hematite nanocubes. The further reduction at 600 °C indicates a complete thermal
decomposition of the precursory particles and the nucleation of the crystalline of BaFe12O19.
However, dude to the limitations of the temperature range on the TGA instrument, higher
temperature (> 700°C) could not be performed for the as-coated hematite nanocubes.
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With regard to the conversion of cubic hematite nanoparticles to S-BaFe, the as-coated
precursory particles were heat-treated at various temperatures between 650-900°C under oxygen
atmosphere.
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Figure 5.13 Thermogravimetry analysis curve showing the percentage weight as a function of
temperature for the as-coated hematite nanocubes.
Figure 5.14 shows the X-ray diffraction patterns of precursory barium ferrite powder
annealed in the oxygen atmosphere at various temperatures. It is evident from the XRD pattern
that the crystallization of BaFe12O19 is enhanced as the annealing temperature is raised above 800
°C. However, a small amount of intermediate phases such as α-Fe2O3 and BaFe2O4 still exist in
the final powders. As described earlier in the previous chapter during the annealing process,
barium ions (Ba2+) in colloidal form diffuse into the cubic hematite nanoparticles, and the
hematite particles are converted to the S-BaFe nanoparticles. The formation mechanism of
barium ferrite by the solid state reaction takes place in two different steps. First, the
decomposition together with the formation of monoferrite, and second the diffusion of Ba2+ into
the iron oxide to form barium ferrite [109]. The reaction involved in the transformation is given
below:
BaCO3 + Fe2O3
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BaFe2O4 + CO2

(5.6)
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Figure 5.14 XRD patterns of S-BaFe as a function of various heat-treated temperatures; (a)
650 °C for 2 h, (b) 700 °C for 2 h, (c) 800 °C for 2 h, and (d) 900 °C for 2 h.
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Figure 5.15 Magnetic properties of S-BaFe nanoparticles as a function of various heat-treated
temperatures.
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Figure 5.16 TEM micrographs of S-BaFe nanoparticles heat-treated at 900 °C for 2 h.
Figure 5.15 shows the magnetic properties of the spherical barium ferrite nanoparticles as
a function of various heat-treated temperatures. The particles heat-treated for a 2 h period at 900
°C show the maximum saturation magnetization (σs) of 45.4 emu/g with an intrinsic coercivity
(Hc) of 3015 Oe at a maximum applied field of 10 kOe. It is evident from the plot that the
saturation magnetization enhancement is directly related to the higher amount of BaFe12O19
formed as the temperature was raised, which was confirmed by the XRD pattern. The magnetic
properties of the samples heat-treated at 650 °C, 700 °C, and 800 °C are 39.6 emu/g, 41.7emu/g,
and 43.7emu/g, respectively and the coercivities ranged from 2300 Oe to 2400 Oe. The
morphology of the synthesized S-BaFe particles was observed by TEM. Figure 5.16 shows the
TEM micrographs of the S-BaFe nanoparticles heat-treated at 900 °C for 2 h. The shapes of the
particles are spherical, and the size ranged from 20-22 nm, respectively. The conversion of cubic
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hematite to S-BaFe is still under investigation . However, we assume that during the heattreatment process surface diffusion of Ba ions occurs at elevated temperatures causing atomic rearrangement in the particles, and the surface of the cubic structure undergoes deformation by the
process, of surface melting and an inter-particle coalescing. This might follow up forming
islands of small crystal nuclei of barium ferrite in the matrix. And as the temperature is
increased, the crystal grows transforming into a spherical shape which has the lowest surface
tension and a stable shape as shown in the TEM images of Figure 5.16. This type of
transformation was earlier reported for Pt crystals from cubic/tetrahedral to spherical
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morphology [117].
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Figure 5.17 Mössbauer spectra of S-BaFe nanoparticles heat-treated at 900 °C for 2 h.
Room temperature Mössbauer spectra were performed on the particles heat-treated at 900 °C for
2 h as shown in the Figure. 5.17. Mössbauer spectra were contributed by the magnetic hyperfine
field from Fe3+ in five distinct crystallographic sites in the barium ferrite structure. All the five
sites, which are 12k, 2a, 2b, 4fIV and 4fVI are identified. Mössbauer spectrum clearly
demonstrates that the synthesized S-BaFe particles show no superparamagntic phase.
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Figure 5.18 ∆M curve of spherical barium ferrite (S-BaFe) and hexagonal barium ferrite (H-BaFe)
nanoparticles.
To study the dispersibility and the magnetic interaction of the spherical barium ferrite
particles the barium ferrite powders are mixed in nonmagnetic paraffin. The mixture of the
paraffin and the particles are subjected to a melting temperature around 60 °C while orienting in
the presence of a strong magnetic field of 10 kOe. The samples were subsequently cooled down
below the melting temperature of paraffin in this field to have magnetic orientation. The oriented
particles were characterized by using VSM to plot the ∆M curve to understand the particle
interactions. We compared our results to hexagonal barium ferrite platelet shaped (H-BaFe)
particles, previously developed by the authors [60-63] which are ~ 80 nm in size. Figure 5.18
shows the ∆M plot for the S-BaFe and H-BaFe particles with the respective TEM micrographs
shown in the inset. It is clearly seen from the plot that the platelet H-BaFe shows a strong large
positive peak, which is attributed to the strong positive magnetic interaction fields occurring in
poker-chip–like stacks of the platelet-shaped particles [60-63]. On the other hand, S-BaFe
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particles show a different behavior which is a strong negative peak which confirms that there is
only a point- to- point contact between the particles and are well-dispersed in the paraffin matrix
without any stacks formation unlike the H-BaFe particles. However, we observe a broad
switching field distribution due to the presence of residual hematite and other monoferrite phase
in the final barium ferrite powders.
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6.0. S-BaFe synthesis from worm-shaped hematite nanoparticles
6.1. Introduction
The adsorption-diffusion process described in the previous sections although obtained SBaFe nanoparticles it involves several processing steps as well as higher heat treatment
temperatures, which causes the S-BaFe particles to agglomerate and sometimes nonuniform size
distribution due to non-dispersed precursory particles during the coating process. In this section,
an alternative hydrothermal process was developed and optimized to synthesize psedo S-BaFe
nanoparticles. In this process, we first produce intermediate worm-shaped antiferromagnetic
hematite particles (60 nm in length and 20 nm in width) containing a small amount of spinel
barium iron oxide that are in turn converted to ultrafine, ferrimagnetic S-BaFe nanoparticles (2545 nm in diameter) [66]. We also report the magnetic properties and thermal stability of
resulting S-BaFe nanoparticles that are suitable for future high-density magnetic recording media
applications.

Figure 6.1 Flowchart showing the process to synthesize S-BaFe nanoparticles.
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Figure 6.2 Magnetic properties of as-collected oven dried precursor nanoparticles.
6.2. Experimental
A hydrothermal process was employed to synthesize the worm-shaped antiferromagnetic
hematite particles as shown in a the flowchart of Fig 6.1. In a typical process a mixture
comprising of Ba(NO3)2 and Fe(NO3)3•9(H2O) dissolved in 60 mL distilled water, 60 mL ethanol
and 10 mL oleic acid with sodium oleate, was autoclaved at 180°C for 5-12 h and cooled to the
room temperature. After the autoclaving step is completed, the brownish red precipitates at the
bottom of the Teflon liner of the autoclave were collected and washed with a combination of
ethanol and hexane. The resulting precipitates were dried in an oven for 8-10 h at 90 °C. The
dried fine particles comprising hematite (α-Fe2O3) coated with barium iron oxide (BaFe2O4)
were subjected to heat-treatment at various temperatures to be converted to ultrafine S-BaFe
particles. The collected precursory and S-BaFe particles were characterized by X-ray powder
diffraction (XRD) to identify crystalline phases. Transmission electron microscopy (TEM)
analyses were performed to assess the particles morphology and crystallinity. The specific
saturation magnetization, coercivity, and dynamic remanent coercivity of the S-BaFe
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nanoparticles were measured at room temperature by vibrating sample magnetometry (VSM) at a
maximum applied field of 10 kOe.
α-Fe2O3

Intensity (a. u.)

BaFe2O4

20

30

40

50

60

70

Degree (2θ)

Figure 6.3 XRD patterns of the as-collected oven dried nanoparticles.
6.3. Results and discussion
Figure 6.2 shows the hysteresis loop of the oven-dried as-collected precursor particles
obtained from the autoclave, which show typical hematite-like magnetic properties. The
saturation magnetization of the as-collected particles is 0.78 emu/g at 10 kOe, and the coercivity
is 250 Oe. Figure 6.3 shows the XRD pattern of the as-collected precursor particles. The pattern
confirms that the precursor particles are composed of hematite (α-Fe2O3) and spinel monoferrite
(BaFe2O4). It is understood that during the hydrothermal process, iron nitrate reacted with the
barium nitrate to form hematite and monoferrite. The morphology of the as-collected precursor
particles observed by TEM shows a worm-like particle shape with a length of 60 nm and width
of 20 nm as shown in Figure 6.4. There was no significant change in the shape and size of the
particles with longer reaction time. To convert the precursor worm-shaped particles (αFe2O3/BaFe2O4) to spherical barium ferrite (S-BaFe) nanoparticles, the precursor particles were
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heat-treated at various temperatures. During the process of heat treatment, BaFe2O4 reacted with
hematite (α-Fe2O3) to form barium ferrite (BaFe12O19) [109].
BaFe2O4 + 5Fe2O3

BaO • 6Fe2O3

(5.8)

Figure 6.4 TEM micrographs of as-collected oven dried nanoparticles.
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Figure 6.5 XRD patterns of S-BaFe as a function of various heat-treatment temperatures (a)
680°C, (b) 700°C, (c) 750°C, and (d) 800°C for 2 h.
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Figure 6.5 shows the X-ray diffraction patterns of the heat-treated particles from 680 to
800°C for 2 h in air. The intensities of X-ray peaks, corresponding to the phases of α-Fe2O3 and
BaFe2O4, weaken as the temperature increases from 680°C to 800°C. Barium ferrite phase with
an insignificant amount of the hematite phase was observed from S-BaFe nanoparticles heattreated at 800°C as shown in Figure 6.5 (d).The morphology of the synthesize BaFe particles was
observed by a TEM. The BaFe particles exhibited spherical morphology, and the size ranged
from 25 to 45 nm as shown in Figure 6.6. The magnetic hysteresis loop of S-BaFe nanoparticles
annealed at 800°C for 2 h showed a saturation magnetization (σs) of 50.7 emu/g and coercivity
(Hc) of 4311 Oe at a maximum applied field of 10 kOe. The hysteresis loop resembles the one
proposed by Stoner Wohlfarth [111] for an assembly of non-interacting, single magnetic domain,
and uniaxial particles having their axes randomly oriented as showing in Figure 6.7. Therefore,
we can conclude that our S-BaFe nanoparticles are well-separated, hold their single-domain
structure and are not interacting with each other. This confirms again the advantage of our
previously proposed S-BaFe [60-66] over the hexagonal BaFe platelets, which have been used
for extremely high-density recording tape.

Figure 6.6 TEM micrographs of S-BaFe nanoparticles heat-treated at 800°C for 2 h.
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Figure 6.7 Magnetic hysteresis loop of S-BaFe heat-treated at 800°C for 2 h.
The shape-transformation mechanism, from the worm shape of antiferromagnetic
particles to the spherical shape of ferrimagnetic barium ferrite nanoparticles, is not yet
understood. The saturation magnetization of σs (50.7 emu/g) is much lower than the theoretical
value of 72 emu/g [83] for bulk single crystal barium ferrite. This is attributed to the smaller size
of the particles than the magnetic single domain size of 0.1 µm and small degree of crystallinity
due to the lower heat-treatment temperature. This low-heat treatment temperature led to the
incomplete crystallization of barium ferrite, leaving behind existence of a small amount of the
hematite phase in S-BaFe powder as confirmed by the XRD pattern in Figure 6.5. Moreover, it
has been proposed that the relatively small magnetization in fine particles arises due to the
surface effects such as spin canting and sample inhomogeneity [112]. The effect of annealing
temperature on the magnetic properties of S-BaFe particles is presented in Figure 6.8. The
saturation magnetization enhancement is directly related to the higher amount of BaFe12O19
crystallinity as the temperature was increased, which is in good agreement with the XRD pattern.

69

5.0
52

Magnetization σs (emu/g)

Magnetization
Coercivity

48

4.6

46

4.4

44

4.2

42
4.0
40

Coercivity Hc (kOe)

4.8

50

3.8

38

3.6

36
650

700

750

800

850

Temperature (°C)

Figure 6.8 Magnetic properties as a function of heat-treatment temperatures of S-BaFe
nanoparticles.
The magnetic properties of the samples heat-treated at 680°C, 700°C, 750°C, and 800°C
are 39.6 emu/g, 42.4 emu/g, 44.1 emu/g, and 50.7 emu/g, respectively, and the coercivity ranges
from 3600 Oe to 4300 Oe. In order to evaluate archival stability of information data storage
media, the thermal stability factor KuV/kBT for the synthesized S-BaFe nanoparticles was
determined by performing the dynamic remanent coercivity measurements with VSM. DCdemagnetization measurement (DCD) at different time scales for an applied field were
performed on S-BaFe particles. Due to thermal relaxation of the particles, remanent coercivity
(Hcr) decreases with an increase in the duration time of the applied field. The thermal stability
factor, KuV/kBT, can be obtained from Sharrock’s formula for 3D
randomly oriented particles as:



a



k T
At 
H cr (t ) = H 1 −  B ln(
)
 K uV ln 2 
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n






(5.9)

where Ho is the intrinsic coercive field for a random distribution of non-interacting particles with
uniaxial anisotropy constant Ku and V is the magnetic activation volume. The exponent n
depends on the model of the energy barrier. In the present case, n = 2/3 is used to account for the
3D random orientation of the particles. The attempt frequency A is taken to be 109s-1. kB is the
Boltzmann constant and T is the absolute temperature. t is the time needed for a constant field
equaling to Hcr to reduce the magnetization from remanent saturation to zero. The values of Ha
and KuV/kBT are obtained by fitting the Hcr and t values to the equation above as shown in Figure
6.9. From this analysis, a stability factor of KuV/kBT ≈ 81 is estimated for the S-BaFe
nanoparticles which is high enough to maintain archival property of data storage media.
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Figure 6.9 Remanent coercivity as a function of time measured by VSM and fitted curve using
Sharrock’s equation [110].
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Also, to study the particle shape effect on the activation volume of the synthesized SBaFe particles we calculated and compared the activation volumes of S-BaFe with that of the HBaFe particles. By using the thermal stability factor of 81 an activation volume (V) of 1961 nm3
is obtained using Ku = HkMs/2x [13] where Hk = 7500 Oe and Ms = 228 emu/cc (density of
barium ferrite = 4.5 g/cc) at room temperature and x = 0.5 [110]. On the other hand, for 21 nm
(physical volume = 2200 nm3) H-BaFe particles a V of 4559 nm3 is expected from Ku = 7.9 x 105
erg/cc and KuV/kBT = 87 at room temperature [31]. The difference in volume for the S-BaFe
particles can be understood by two reasons. First, our preliminary results show that the S-BaFe
particle may actually be an H-BaFe particle surrounded by a non-magnetic FexOy shell [113-114]
which causes the magnetic volume much smaller than geometric volume. Secondly, it has been
previously reported that an increase in activation volume is expected if the mutual particle-toparticle interaction is greater in the medium [115]. In our case, due to the spherical nature of the
particles mutual particle-to-particle interaction is much weaker; therefore a lower V is expected.
This was previously confirmed in our work, which showed a weak particle-to-particle interaction
when compared to H-BaFe nanoparticles [60-63]. Understanding the mechanisms for the phase
and crystallographic transformation from α-Fe2O3 to S-BaFe will give us more information to
evaluate these particles, which is currently under investigation.
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PART II. HEXAFERRITE SINGLE CRYSTALS
I. Introduction
There has been an increasing demand for ferrite materials in high-frequency applications
such as telecommunications and radar systems as microwave technology requires higher
frequencies and bandwidths up to 100 GHz [1-6]. Ferrites are nonconducting oxides and
therefore allow total penetration of electromagnetic fields, in contrast with metals, where the skin
effect severely limits the penetration of high-frequency fields [7-8]. At such high frequencies,
domain walls are unable to follow the fields (dispersion of domain walls typically occurs about
10 GHz), and absorption of microwave power takes place by spin dynamics. The usual geometry
is to align spins first with a DC magnetic field H and apply the microwave field perpendicular to
H. The spins precess around their equilibrium orientation at the frequency of the microwave
field. Since their invention, hexagonal ferrites have received considerable attention for the next
generation of millimeter wave ferrite devices [3-5]. For example, M-type barium hexaferrite
(BaFe12O19, BaM) has a high saturation magnetization (4πMs) and large uniaxial
magnetocrystalline anisotropy (HA) which allows microwave devices such as circulators and
isolators operate in the range above 40 GHz without an external bias magnetic field [4-5].
Besides the M-type, there are several other hexagonal ferrite groups such as Y, W, X, U and ZType [7-9]. These ferrites have complicated crystal structures but are very much interrelated in
terms of their individual stacking of the spinel (S) and hexagonal (R) blocks to form the crystal
structures. The composition and formation of these ferrites can be understood from the ternary
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phase diagram of BaO, FeO, and MeO system, where Me is one of the divalent metals which
form spinel structure with iron oxide as shown in Figure 1.1. For example, the W-type
hexaferrites with the chemical formula of BaMe2Fe16O27 can be represented as W = M + S,
where, M = BaFe12O19 or BaO 6Fe2O3, and S (spinel) = 2 Me2+Fe2O4 or 2MeO 2Fe2O3, (where
Me = Fe, Co, Mn, Ni, Cu, Mg, Zn representing the metal cations) respectively. Similarly, The Ytype hexaferrite with the composition, Ba2Me2Fe12O22, also called as planar hexaferrite
comprises a combination of the stacks S and T blocks, where T= Ba2 Fe8 O14. Another planar
hexaferrite is the Z-type hexaferrite with the composition 3BaO 2MeO 12Fe2O3, can be
constructed by Z = M + Y. Table 1.1 shows the different hexaferrite compositions and their
crystal structure and stacking orders respectively.

Figure 1.1 Chemical composition diagram showing how the hexagonal ferrites are derived from
the spinel MeO.Fe2O3 structure [9].
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Hexaferrite
Type
M

Composition (Chemical Formula)

Stacking Order

Ba2+Fe12O19 or BaO·6Fe2O3

Interrelation

RSR*S*

M

RSSR*S*S*

M+S

Ba22+Me22+ Fe12O22 or 2BaO·2MeO·6Fe2O3

TSTSTS

Y

Z

Ba32+Me22+ Fe24O41 or 3BaO·2MeO·12Fe2O3

RSTSR*S*T*S*

M+Y

U

Ba42+Me22+ Fe36O60 or 4BaO·2MeO·18Fe2O3

RSR*S*T*S*

2M+Y

X

Ba22+Me22+ Fe28O46 or 2BaO·2MeO·14Fe2O3

RSR*S*S*

2M+S

W

Ba2+Me2 2+

Y

Fe16O27 or BaO·2MeO·8Fe2O3

Table 1.1 Chemical composition and interrelation of hexagonal ferrites, where S = Fe6O8
(spinel), R = BaFe6O11 (hexagonal), and T = Ba2Fe8O14 (hexagonal). The asterisk (*) indicates
that the corresponding sub-unit is rotated 180° around the hexagonal c-axis [9].

In the next few sections of this chapter, the magnetic crystal structures of the M and Ytype hexaferrites will be discussed followed by some background information on the important
magnetic, microwave and applications of these hexaferrites.

Figure 1.2 Magnetic structure of barium ferrite BaM (BaFe12O19, BaFe) [10].
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1.1. M-type barium ferrite (BaM)
Barium ferrite (BaM) has the same crystal structure as magnetoplumbite
(PbFe7.5Mn3.5Al0.5 Ti0.5O19), which consist of both the hexagonal closed-packed (HCP) and the
face-centered-cubic structures as shown in Figure 1.2. In the BaM unit cell the oxygen atoms
are close-packed with the Ba and Fe ions in the interstitial sites. There are ten layers of oxygen
atoms along the c-axis which is the magnetic easy axis. The structure is built up from smaller
units: a cubic block S, having the spinel-type structure, and a hexagonal block R, containing the
4fVI, and 12k, respectively [9-11]. The structure is symbolically described as RSR*S* where R is
a three-layer block, two O4- containing one BaO3 with composition (Ba2+Fe63+O112-)2, and S is a
two O4- layer block with composition (Fe63+O82-)2+, where the asterisk means that the
corresponding block has been turned 180° around the hexagonal c-axis. The smaller Fe3+ ions are
arranged in five different kinds of interstitial sites. Three are octahedral sites 12k, 4fVI, and 2a,
one is a tetrahedral site, 4fIV, and the last one is a site in which the ferric ion is surrounded by
five oxygen atoms forming a trigonal bipyramid, 2b. Each crystal site has a different number of
Fe3+ ion per molecular and single ion magnetocrystalline anisotropy [12], as shown in Table 1.2.
Magnetocrystalline anisotropy of 2b site has the highest value than that of other sites, so the
magnetocrystalline anisotropy of BaFe can be modified by the addition of other dopant elements,
such as Co2+, Ti4+, Sn2+, Nb4+, and Zn2+ [13-19]. The total magnetic moment of BaM per
molecular is 20 µB because of 8 ions spin in one direction and 4 ions spin in the other direction,
as shown in Figure 1.2. The saturation magnetization of BaM at room temperature is 72 emu/g
due to the orbital motion of the electrons, and the Curie temperature is 732 K [8-9].
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Table 1.2 Barium ferrite magnetic site and calculated K1 for Fe3+ by single ion anisotropy model
[12].

Figure 1.3 Magnetic structure of Y-Type hexaferrites (Ba2Me2Fe12O22) [9].
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1.2. Y-type barium ferrite
Among the hexaferrites, Y-type hexaferrite Ba2Me2Fe12O22 (Me = Zn, Mg, Co, Mn, Cu,
Ni) is unique due to its in-plane (planar) magnetization bounded to the basal plane of the crystal
structure [9]. This unique planar nature of the Y-type hexaferrite satisfies the requirement for
next generation ferrite phase shifters and isolators, since planar circuits are easy to be fabricated
and integrated with semiconductor devices [20-21]. The crystal Ba2Me2Fe12O22 belongs to the
space group R 3 m and is constructed from a stacking of the spinel block S (Me2Fe43+O82-)2+ and
the T (Ba22+Fe83+O142-)2- block along the c-axis as shown in Figure 1.3. These blocks consist of
close-packed oxygen and barium layers with metal ions occupying the tetrahedral and the
octahedral sites. At room temperature, the c-axis unit cell length is 43.584 Å and has 18 oxygen
layers. There are four octahedral sites consisting of 18hVI,, 3aVI ,3bVI , 6cVI , 6cIV and 4fVI, and
two tetrahedral sites of 6cIV* and 6cIV. The total magnetic moment of Y-type hexaferrites per
molecular can be calculated from the 24 ions spin in one direction and 18 ions spin in the other
direction, resulting in 6 ions which gives 30 µB/unit cell as shown in Figure 1.3. Recently there
has been a great interest for substituting metal cations for Fe3+ and Ba2+ in Y-type hexaferrites to
tailor their magnetic and physical properties of these ferrites [22-27] For example, saturation
magnetization (σs) of polycrystalline Ba2Zn2Fe12O22 (Zn-Y) hexaferrite was increased by
substituting Co2+ and Cu2+ for Zn2+ from 30 emu/g to 36 emu/g [22], but large magnetic loss was
observed. Sr2+ substitution for Ba2+ in polycrystalline Ba2-xSrxZn2Fe12O22 hexaferrite showed a
decrease in σs and increase in permittivity with Sr content from x = 1.0 to 1.5 [23]. Savage et al.
showed that a small quantity of Mn2+ substitution in single crystalline Zn-Y decreased the
ferrimagnetic resonance (FMR) linewidth to 3.8 Oe at 9 GHz [24]. Also, Y-type hexaferrites
single crystals of the composition Ba2Mg2Fe12O22 (Mg-Y) and Sr1.5Ba0.5Zn2Fe12O22 (SrBa-Y)
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showed a strong response to electric polarization and magnetization at room temperature which
opens a potential for room temperature magnetoelectric (ME) devices and also magnetically
controlled electro-optical devices [25-26]. Chun et al. showed that a small amount of Al
substitution into SrBa-Y hexaferrite remarkably decrease the critical magnetic field (B) for
switching electric polarization (P) from 1 T down to 1 mT, and the ME susceptibility is greatly
enhanced to reach a giant value of 2.0×104 ps/m at an optimum x = 0.08 compared to 4.3 × 101
ps/m for x = 0 [27].

1.3. Magnetic and microwave properties of hexagonal ferrites
1.3.1. Saturation magnetization
In hexaferrites the ferrimagnetic ordering is as a result of superexchange interactions
between the magnetic ions. Oxygen ions are usually positioned between the magnetic cation ion
elements. The divalent oxygen anions (O-2) have no net magnetic moment, because they have a
completely filled sub shells. The strongest interaction takes place when the Fe3+ to O-2 to Fe3+
bond approaches angles close to 180 degree. However, when the angle is close to 90 degrees,
direct exchange predominates. For M-type barium ferrite the saturation magnetization at room
temperature was obtained to be 4πMs = 4770 gauss and the Néel temperature is around 740 K [89]. Among the Y-type hexaferrites Ba2Zn2Fe12O22 (Zn-Y) has the highest saturation
magnetization of 4πMs = 2850 gauss at room temperature while Ba2Ni2Fe12O22 (Ni-Y) has the
lowest saturation magnetization of be 4πMs = 1600 gauss at room temperature respectively [89].
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1.3.2. Magnetocrystalline anisotropy field
The total energy of the magnetic system depends on the individual orientation of the
magnetic moments in the crystal. The energy density of the anisotropic components (FA) has 2
and 6-fold symmetry, and can be written as the equation below [8-9].
FA = K 1 sin 2 θ + K 2 sin 4 θ + K 3 sin 6 θ + K 4 sin 6 θ cos 6 φ + ⋯

The angles,

(1.1)

and ∅, given in the Eq (1.1) represent the angles between c-axis and magnetization

vector and also the projection of the magnetization vector in the basal plane and the basal axes
respectively. For BaM, K2, K3, K4, etc. are negligible, because BaM has strong uniaxial
anisotropy along the c-axis. For Y-type hexaferrites where the magnetization is in the preferred
plane the combination of K1 + 2K2 is measured.
In general, HA is defined as the magnetocrystalline anisotropy field. HA for uniaxial
materials where the magnetization is along the c-axis is given by, HA = 2K1/Ms and if the
magnetization is in the basal plane or in-plane of the crystal then, HA = −2(K1 +2K2)/Ms. For,
BaM K1 at 300 K was found to be 3.2 ±0.1×106 ergs/cm3 and K1 + 2K2 for Zn-Y hexaferrites is
−1.0×106 ergs/cm3 [8-9]. The magnetocrystalline anisotropy field at 300 K for BaM is 17 kOe,
and for Zn-Y hexaferrites is 9.0 kOe, respectively [8-9]. The value of HA was found to be
temperature dependent, and HA vanished near the Néel temperature.

1.3.3. Magnetic domains, coercive field, and remanence
Ferromagnetic or ferrimagnetic materials get their magnetic properties not only because
their atoms carry a magnetic moment but also because the material is made up of small regions
known as magnetic domains. In each domain, all of the atomic dipoles are coupled together in a
preferential direction. The magnetic domains are separated by a thin “wall”, also called Bloch
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wall, in which the direction of the magnetization gradually changes from one orientation to
another [8]. In general, barium ferrite single crystals have multi-domains, so that the net
magnetization of the BaM single crystal exhibit zero moment at no applied external magnetic
field. Therefore, coercivity (Hc) is found to be near zero for BaM single crystal. However, the
magnetization reaches saturation, 4πMs, for H ~ HA or Hc ~ HA. The study of magnetic domain
patterns in bulk single crystals of hexaferrite is very interesting and is discussed in detail later in
Chapter 7 of this dissertation.
The remanence moment (Mr), is the residual magnetic moment with no external field. For
instant, single domain material should have Mr ~ Ms [8]. In the case of multi-domains single
crystal of barium ferrite Mr is ~ 0 gauss. In order to prepare BaM materials for which Mr ~ Ms,
either demagnetization factors (Nx, Ny, and Nz) or coercive field (Hc) should be zero or equal to
4 Ms, respectively. However, large Hc usually indicate high magnetic loss (large ferrimagnetic
resonance linewidth, ∆H), which is also detrimental for preparing low loss magnetic materials
and devices.

1.3.4. Microwave properties-permeability tensor and ferromagnetic resonance
For an applied magnetic field

in a magnetic material, the magnetic dipole moments of

electrons in atoms and molecules can be aligned to produce a magnetic polarization or
magnetization . The total magnetic flux density
=

( +

is given by:
)

for a linear, isotropic magnetic material, the magnetisation
field

(1.2)
is linearly related to the applied

by :
=

(1.3)
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where χ is the magnetic susceptibility of the medium. Combining equations (1.2) and (1.3), we
obtain
=
where

(1 +

)

=

(

1.4)

is the permeability of the magnetic material. For anisotropic magnetic materials, such

as hexaferrites equation (1.4) assumes a tensor form written as:

=

(1.5)

The equation (1.5) is also called as the magnetic permeability tensor of the ferrite. This can be
derived by considering the microscopic behavior of a ferrimagnetic material and its interaction
with a microwave signal which is described below.

Figure 1.4 Spin magnetic dipole moment and angular momentum vectors for a spinning
electron [29].
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Permeability Tensor
The magnetic properties of a material are due to the existence of magnetic dipole
moments, which arise primarily from electron spin. From quantum mechanical considerations,
the magnetic dipole moment of an electron due to its spin is given by [28-29]:

m=

eh
2m e

(1.6)

whereℏ is the ratio of the Planck's constant divided by 2π, e is the charge of the electron and me is
the mass of an electron. The contribution of the magnetic moment by the orbital motion of the
electron is ignored as it is insignificant compared to the contribution from its spin. The electron
spin angular momentum given by
s=

h
2

(1.7)

the gyromagnetic ratio is given by

γ=

m q
=
= 1.759× 1011 C / kg
s me

(1.8)

with the spin angular momentum opposite in direction to the magnetic moment as shown in
Figure 1.4, we can write,

if an external magnetic field

" = −$%
H0

(1.9)

is applied in the z-direction, a torque τ will be introduced on the

magnetic moment, given by
&="×

=−

$% ×

using the classical relation that torque is equal to the rate of change of angular momentum
( τ = ds ), we then obtain
dt
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(1.10)

dM
= − µ 0γm × H 0
dt

(1.11)

if there are N magnetic dipoles per unit volume, the total magnetization Mtot is

and so the equation (1.11) becomes

Mtot = (

dM tot
= − µ 0 γM tot × H tot
dt

(1.12)

(1.13)

where H tot is the internal magnetic field.
Suppose we apply a modulated alternating magnetic field H in an arbitrary direction to
the static magnetic field H 0 = H 0 z in the z-direction where the modulated field can represent
an electromagnetic wave passing through the material. The modulated field will cause a
precession of the magnetic dipoles about the H0 axis. For simplicity, we can assume that there is
no demagnetization effects and that the crystal anisotropy (magnetostriction) is zero. Hence, the
total magnetic field (assuming H 0 ≫ H is

H tot = H 0 z + H ,

(1.14)

with the corresponding total magnetization vector Mtot given by

M tot = M s z + M ,
where Ms is the saturation magnetization due to the static field and M is the alternating
magnetization due to the modulated feld. Here, we have assumed that H0 is large enough to
saturate the magnetization. Putting equations (1.14) and (1.15) into the equation of motion
(1.13), we obtain the following three coupled equations of motion:
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(1.15)

dM
dt
dM

x

y

= µ 0 γM

(H 0

y

dt

dM
dt

z

(H 0

= − µ 0 γM

x

+ H

+ H

z

z

) + µ 0 γ H y (M s

) + µ 0 γ H x (M s

+M

+ M

z

z

),

),

= − µ 0γM x H y + µ 0γH x M y .

(1.16)

(1.17)

(1.18)

to simplify the above equations, we note that H M ≪ H0 M and H M ≪ H Ms so that we can
ignore all predicts of the components of M and H . Along with defining ω0 = µ0γH0 (resonance
frequency) and ω m = µ 0γM s (magnetization frequency), we have the following simplified
equations of motion:
dM
dt
dM

x

y

dt

= −ω 0 M

y

= ω 0M

− ωmH x,

dM
dt

z

x

+ ω0H y ,

= 0.

(1.19)

(1.20)

(1.21)

solving equations (1.19) and (1.20) for Mx and My gives
d 2M
dt 2

x

+ ω 02 M

d 2M y
dt

2

x

= −ω m

dH
dt

y

+ ω 0ω m H x ,

+ ω02 M y = −ωm

dH x
+ ω0ωm H y .
dt

(1.22)

(1.23)

assuming that the H field has a time dependence of e jωt, we can then rewrite equations (1.22)
and (1.23) into the following phasor form:

(ω

2
0

− ω 2 M x = j ω m ω H y + ω 0ω m H x ,

)

(1.24)

(ω

2
0

− ω 2 M y = − jω mω H x + ω 0ω m H y ,

)

(1.25)

from (1.24) and (1.25), we can then easily obtain matrix form as follows:
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=

0

0
0
0

0

,

(1.26)

where,
χ

xx

=

χ

xy

=

ω mω 0
(ω 02 − ω

(ω

)

2

j ωω m
2
0 − ω

2

= χ

)=

yy

(1.27)

,

−χ

yx

,

(1.28)

in order to obtain the tensor permeability, we have B = µ 0 (1 + χ )H . Hence,

 1 0 0  χ xx

B = µ 0  0 1 0 +  χ yx
 0 0 1  0
 


χ xy 0 

χ yy 0  H = [µ ]H ,
0

0 

(1.29)

where,

 µ
[µ ] = − jκ
 0

jκ

µ
0

0
0 (z − biased),
µ0 

(1.30)

with the Polder tensor elements given by


ω ω
µ = µ 0  1 + 2 m 0 2  ,
(ω 0 − ω ) 

κ = µ0

(ω

ωω
2
0

m

−ω2

(1.31)

(1.32)

),

similarly, the tensor permeability [μ] for H0 in the x and y directions are given by

0
µ0

[µ] =  0 µ
 0 − jκ

0
jκ (x − biased),
µ 
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(1.33)

 µ 0 − jκ 
[µ ] =  0 µ0 0 ( y − biased),
µ 
 jκ 0

(1.34)

It is important to note that the permeability tensor is anti-symmetric, a condition which is
necessary for nonreciprocal microwave devices such as the circulators and isolators.

Figure 1.5 (a) Precession of a spinning unpaired electron at frequency

0

about a static dc

magnetic field (b) resonance absorption curve as a function of applied magnetic field.

Ferromagnetic Resonance
In many microwave applications, the microwave excitation is in the form of a planepolarized wave having both magnetic and electric field components whose directions are
perpendicular to each other. This plane polarized wave is propagated through a metallic
waveguide whose dimensions are fixed by the wave-length, which in turn is determined by the
microwave frequency in the application. The linearly polarized wave can be considered to be
composed of a combination of two counter-rotating circularly-polarized waves, one designated
by a effective permeability, µ , called as right-hand circularly polarized (RHCP) wave
+

represented as [28-29]:
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ωm 
 = µ +κ,
µ + = µ 0  1 +
(ω 0 − ω ) 


(1.35)

and another designated by an effective permeability, µ , called as left-hand circularly polarized
−

field (LHCP) represented as

ωm 
 = µ −κ,
µ − = µ 0  1 +
(ω 0 + ω ) 


(1.36)

these circularly polarized waves interact differently with magnetic dipole moments, depending
on the direction of magnetization of the magnetized ferrite. The maximum coupling of the
energy from the RF signal to the ferrite material will occur at ferrimagnetic resonance. If the
direction of rotation or the frequency of the RF signal is changed, minimum coupling will occur.
The uniform precession of the magnetic moments in the presence of an external bias field,
satisfying the resonance condition of ω 0 = γ H , is called ferromagnetic resonance. This effect is
illustrated in Figure 1.5 where the electron is shown precessing with frequency ω about the
internal static dc field H0 at an angle φ . If the incident RF wave is of the same sense of
polarization and the same frequency as the precession, then energy is coupled from the wave to
increase φ and the precession is maintained. The frequency ω0 is called the resonance frequency
and depends on the strength of the internal dc field in the ferrite and is in turn a function of the
externally applied field and the internal demagnetizing field. A plot of power absorbed as a
function of applied field at constant frequency results in the resonance absorption line shown in
Figure 1.5 (b); the width of the resonance line is of great importance in the design of ferrite nonreciprocal devices since it implies the magnetic losses not only at resonance but also in the
immediate vicinity. The parameter representing this width is the resonance linewidth (∆H),
measured at a point where the absorption is half its maximum value. It is desirable that ∆H, be
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minimized, implying maximum absorption, and this consideration is particularly valid in the case
of the resonance circulator and isolators, where it is necessary to obtain a maximum ratio of
attenuation in the isolation direction to that in the transmission direction [28].

Figure 1.6 General schematic of a Y-junction stripline circulator [31].
1.3.5. Applications of hexaferrites for microwave devices
The most important microwave device, utilizing the nonreciprocity of ferrites, is the
circulator as shown in Figure 1.6. A circulator is a three or more port non-reciprocal device
transmitting energy from one of its ports to an adjacent port while decoupling the signal from the
third port [32-33]. In stripline type, two ferrite disks, one located on each side of the conductor.
This makes the junction behave like a resonant cavity supporting two modes, clockwise and
counter clockwise. The principle of operation of the circulator is to make use of the difference in
propagation velocity in two directions in the ferrite. As described in an earlier section, the sense
of the rotation of the magnetic moment is determined by the direction of the bias field. Thus, by
changing the bias field direction, the interaction between RF field and the material can be
controlled. For one direction of the feld, the ferrite transmits the RF field, for the other direction
absorbs it. As shown in Figure 1.7, the RF energy entering port 1 leaves port 2, while port 3 is
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decoupled, the energy entering port 2 leaves port 3, while port 1 is decoupled; and power
entering port 3 leaves port 1, while port 2 is decoupled.

Figure 1.7 Energy flow diagram of the ferrite disk related to the port of the Y-junction circulator
[30].
Due to limitations by losses, microwave ferrite devices such as circulators and isolators
operate in a particular frequency range. High insertion loss can occur at very low biasing
magnetic fields since the applied magnetic field is not sufficient to fully saturate or align the
individual magnetic domains of the ferrite material. Circulators are designed to operate in the
above resonance region, where magnetic losses are low. However, high magnitude of the internal
magnetic field Hin is required to increase gyromagnetic resonance frequency ω0 . The internal
magnetic field in the ferrite is given by:

Hi = H

0

− H

d

+ H

A

(1.37)

where H0 is the applied magnetic field, Hd is the demagnetization field ( 4πN d M s ), and HA is the
anisotropy field. From the equation (1.37) a ferrite having a small anisotropy field needs a large
applied magnetic field to cancel the demagnetization field from the shape of the ferrite sample.
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Therefore, using a ferrite material having a high HAis beneficial for microwave devices so that a
high resonance frequency can be achieved and also minimizing the large external bias field
needed for operation. Figure 1.8 shows the plot of anisotropy field HA and the applied magnetic
field H0 dependences of FMR frequency for a uniaxial barium ferrite sphere given by [34]:
= (

f resonance

2 . 8 MHz
)( H
Oe

A

+ H 0)

(1.38)

from the plot, we can see that the resonance frequency of ferrite increases with increasing both
anisotropy and applied magnetic fields respectively. Therefore, a ferrite (BaM) with high
uniaxial anisotropy has a high resonance frequency, thereby high operating frequency of the RF
device with a moderate external bias field or no magnetic field (self-biased) can be realized. On
the other hand, a large external magnetic field is required to operate a RF device using a YIG
material in the above resonance region.
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Figure 1.8 Ferrite resonance frequency as a function of dc magnetic field for various values of the
anisotropy field [34].
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Most recently, polycrystalline hexaferrites are being explored for their self-biased
properties [54-55,69]. Traditional, Y-junction circulators need strong external bias fields
provided by an external permanent magnet (Figure 1.6). As a result, size, weight and cost is
increased, which is unfavorable when the trend towards miniaturization of ferrite devices is
necessary. One way to realize this is to design and fabricate devices without any external
permanent magnets which are called as “self-biased”. The requirements to achieve a self-bias
state for a ferrite is to have a large remanent magnetization ( Mr ), a large coercivity ( Hc ) and a
small demagnetization factor ( N d ). The relation between Hc and the demagnetization field
( H d = 4πN d M s ) needs to be satisfied to meet self-bias condition given as H c > 4πN d M s . The


coercivity in turn is given as Hc = C 2k  − Nd M s . Where, K 1 is the magnetic crystalline
 Ms 

anisotropy constant, M s is the saturation magnetization, and C is a coefficient. Single crystals
of BaM thick films cannot be used for self-biased applications due to their negligible coercivity
and remanence. Therefore, an external bias magnetic field needs to be applied to the film for use
in RF circulator applications. On the other hand, oriented polycrystalline hexagonal ferrite can be
used for the self-biased devices due to their large remanent magnetization and coercivity values.
The demagnetization factor is moreover controllable by fabricating large out-of-plane uniaxial
magnetic anisotropy (c-axis oriented) in the hexagonal ferrite.
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2.0. Objectives
For RF devices such as circulators the most important magnetic parameters which include
the saturation magnetization ( 4 π M s ), anisotropy field ( HA ) and FMR linewidth ( ∆H ) are critical
to obtaining low insertion losses and high RF performance. The insertion loss means energy loss
of RF input signal during the signal transmission to the output port. The FMR linewidth is
associated with magnetic loss characteristics and depends on the intrinsic damping constant and
extrinsic properties such as crystal quality, grain size and distribution, porosity, morphology, etc.
Single crystal hexagonal barium ferrites possess a large uniaxial magnetic anisotropy and exhibit
a narrow FMR linewidth due to its high crystallinity, low defect, and porosity. Therefore, single
crystal barium ferrites are an excellent candidate for high-performance RF device applications
with a moderate external bias field. This part of the dissertation is written in several chapters
based on the authors published journal articles, with each chapter having its objective, literature
review, and bibliography.
In chapter 3 a novel modified liquid phase epitaxy deposition (LPE) technique as a means
of growing high quality thick BaM films onto semiconductor substrates was developed and the
magnetic and microwave properties were discussed [35].
In chapter 4, 5 and 6 bulk single crystals of M and Y-type hexaferrite were grown in
platinum crucibles by doping with several cation elements [36-38] using a high-temperature
furnace. The improved magnetic and microwave properties were reported and discussed. Finally,
in chapter 7, the study of magnetic domain patterns in bulk BaM single crystals on the basal and
the prism plane were studied by using a magnetic force microscopy (MFM) technique [39].
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3.0. Liquid phase epitaxy growth of BaM films
3.1. Introduction
The realization of monolithic microwave integrated circuits (MMIC) is limited due to the
difficulties in integrating bulk single crystal ferrite in semiconductor devices. One way to realize
this is by growing thick BaM single crystalline films on semiconductor substrates. During the
past few decades, several researchers worked on growing thick BaM film by various deposition
techniques [40-44]. The most successful technique to grow thick BaM film is a flux method,
referred to as an isothermal dipping method, namely liquid phase epitaxy (LPE) [42-44]. Liquidphase epitaxy (LPE) is a process in which a single crystal film layer is grown from a dilute
molten solution onto a flat oriented single crystal substrate. Deposition of the BaM on (111)
MgO substrate by the LPE process resulted in the growth of 22.5 µm thick BaM film [43],
indicating that the deposition rate is too low for circulator application which require thick films >
100 µm [2]. The maximum attainable growth rate reported for BaM films deposited on α-Al2O3
(000l) substrate is 100 µm/h [44]. However, the grown BaM films are magnetically in-plane
oriented, and also, a seed layer was needed to achieve the above growth rate. Furthermore, the
growth rate of BaM film deposited onto Gd3Ga5O12 (GGG) substrate by the LPE technique was
limited to 45 µm/h [42].
Selecting the right substrate to grow BaM film is also challenging. In this work we
choose GGG substrate to grow the BaM thick film. GGG has a cubic structure with a lattice
constant of 12.383 Å [45], and in the (111) direction the lattice constant is

2 x 12.383 = 17.512

Å. However, BaM has a lattice constant of 5.89 Å which is almost 3 times lower than that of the
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(111) oriented GGG substrate. Therefore, the lattice mismatch between the (111) GGG substrate
and the a-axis corresponding to the 3 unit cells on the basal plane of the BaM can be given as:
Lattice mismatch (%) =

3a BaM - a(111) GGG
3a BaM

≅ 0.9 %. In addition, the thermal expansion coefficient

of GGG and BaM are 9.2 x 10-6 /°C and 10 x 10-6 /°C, respectively. The smaller thermal
expansion coefficient difference between the substrate and the BaM film enables an epitaxial
growth and avoids strains and cracking during the LPE growth. On the other hand, the thermal
expansion coefficient of (0001) sapphire and MgO (111) substrate are 7.8 x 10-6 /°C and 13.6 x
10-6 /°C, respectively, that are too low (sapphire) or high (MgO) to grow thick BaM films which
will lower the growth rate and also the quality of the films [42]. Yttrium iron garnet (YIG) films
were successfully grown onto (111) oriented GGG substrates with a very high growth rate of ~60
µm/h [46-47], and also, it was previously reported that a very high growth rate can be expected
by employing GGG substrates to deposit thick BaM films when compared to other substrates of
MgO or sapphire [42]. In this chapter, we report out-of-plane oriented BaM thick films grown by
LPE technique to achieve a growth rate of 72 µm/h using GGG substrate with a flux system of
Fe2O3 - BaCO3 - Na2CO3.

Figure 3.1 Liquid phase epitaxy system.

95

Figure 3.2 Schematic of LPE system.
3.2. Experimental
The growth of thick BaM films was performed by using an LPE system shown in Figure
3.1. The system is a custom build with a substrate loading system and a temperature controlled
unit. It incorporates 3 zone heating with 3 independent heating elements and is also equipped
with 5 type R thermocouple sensors (3 sensors for the 3 heating element, 1 sensor as a
comparison sensor and 1 for over temperature protection). The flat zone consisting of the heating
elements is 12ʺ long, and the maximum wafer that can be processed inside the furnace is 3inch in
diameter. The furnace chamber is further closed from the bottom and the top by thick porous
alumina ceramics. A ceramic pedestal is constructed from separate pieces on the chamber bottom
to raise the crucible position and to diminish thermal losses via the non-heated bottom region.
The substrate is mounted with a platinum substrate holder attached to an alumina rod. The
alumina rod is connected to lifting and rotation motors, which provide the substrate with vertical
and axial movements as shown in Figure 3.2. The furnace is also equipped with an exhaust vent
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area to capture and vent high-temperature gasses and a shutter mechanism for the alumina
sample rotating shaft to pass through. The temperature inside the furnace is measured with an
R-type thermocouple connected to a Eurotherm® temperature controller. It allows us to control
the temperature with great precision. However, the displayed temperature does not represent the
actual temperature inside the liquid solution but only shows the temperature close to the
thermocouple tip.
BaM flux melt was prepared from a mixture of iron oxide (Fe2O3), barium carbonate
(BaCO3) and sodium carbonate (Na2CO3) [48]. The mole ratio of 63.17 (Fe2O3): 10.53 (BaCO3):
26.3 (Na2CO3) were used for the growth of the BaM thick film. The mixture was ground and
followed by calcination at 980 °C for 12 h. A platinum crucible was used to hold the melt. The
crucible was heated initially to melt the mixture at an elevated temperature and was replenished
with the mixture at regular intervals until all the carbonates decomposed into oxides and CO2.
After decomposition of the carbonates was complete, the crucible was shifted to the LPE system
where it was re-heated to a temperature of 1250 °C and held for 10-12 h to homogenize the melt.
Prior to dipping the substrate into the melt, the temperature of the furnace is slowly cooled to the
growth temperature ranged from 1162 to 1150 °C. The substrate was preheated at a position of 510 mm above the melt for 20 min in order to reach thermal equilibrium with the solution, and it
was slowly dipped into the melt to allow the growth of the BaM film. The melt was cooled at
4.5 °C/h during the growth, while maintaining rotation of the substrate at 20 to 50 rpm to avoid
depletion of the melt content in the crucible and also to minimize the temperature gradient in the
melt. A detailed flow chart of the LPE process is shown in Figure 3.3. Also, during the LPE
growth by the vertical dipping technique, the substrate was only partially immersed in the liquid
solution. This approach has been chosen because of two main reasons.
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Figure 3.3 Flow chart of the LPE process to grow BaM thick films.

First, preliminary test experiments showed that at the interface where the substrate was in
contact with the platinum (Pt) clamp fixture when immersed in the solution, the substrate always
cracked. This occurs because of thermal shocks induced by the difference in thermal
conductivities of BaM and Pt. However, when the substrate was partially dipped in the melt, the
Pt wires stay above the liquid level and no substrate cracking was observed. Secondly, the nonimmersed part of the substrate did not exhibit any layer growth, but only local surface
contamination due to the solution evaporation that occurs. Therefore, the uncovered surface can
also be used as a reference plane to measure precisely the layer thickness. This method was used
to achieve a higher growth rate of the thick BaM film. After the removal of the deposited
substrate from the melt, it was cleaned in a solution of hot dilute nitric acid to remove non-ferrite
residues.
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The thick BaM ferrite films were characterized for their magnetic and physical properties
by a vibrating sample magnetometer (VSM), X-ray diffraction (XRD), and scanning electron
microscopy (SEM). The microwave properties of the thick BaM films were characterized by an
FMR measurement system by a standard field-swept shorted waveguide technique with an AC
field modulation and lock-in detection [49]. The sample is attached on the side wall of the
shorted waveguide and adjusted to the maximum ac magnetic field position. The static magnetic
field is applied parallel to the easy axis of the BaM film which is the perpendicular direction to
the sample film surface. In addition, to minimize the linewidth broadening caused by the
modulation field, the smallest modulation field was chosen in the lock-in technique.

Figure 3.4 Scanning electron micrograph showing the cross sectional area and the top view of
144 µm thick LPE processed BaM film.

3.3. Results and discussion
After two hours of LPE growth, the total thickness of BaM film on GGG substrate was
measured to be 144 µm by cross-sectional morphology of SEM as shown in Figure 3.4. The
growth rate of the BaM films on the GGG substrate is 72 µm/h, which is the highest known
growth rate achieved by the LPE technique. This higher growth rate, as compared to the
previously reported rate of 45 µm/h [8], may be attributed to the use of a new flux system of
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Fe2O3 - BaCO3 - Na2CO3 and partial immersion of substrate in the melt of Fe2O3 - BaO - Na2O.
The crystal structure of the BaM thick film was confirmed by an X-ray diffractometer. The
crystalline film reflects all the (000l) planes of BaM, which identifies the c-axis orientation of the
BaM thick film as shown in Figure. 3.5 The crystalline orientation was also determined by the
magnetic torque curves which were taken on the thick BaM film at an applied field of 10 kOe.
The plane of the disk was rotated both clockwise (CW) and counter-clockwise (CCW) in the
applied field. As shown in Figure 3.6, the film exhibits a uniaxial symmetry when the applied
field is normal to the film plane near 10° and 190°. This implies that the anisotropy energy is
minimum in the easy direction of the magnetization. The curves corresponding to the angles of
100° and 280° show a positive slope, implying hard alignment of the magnetization in the in-
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Figure 3.5 X-ray diffraction pattern of 144 µm thick BaM film on (111) GGG substrate.
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Figure 3.7 Magnetic hysteresis loop of 144 µm thick BaM film on (111) GGG substrate.

Figure 3.7 shows the Magnetic hysteresis loop of the 144 µm thick BaM film on (111)
GGG substrate. It is confirmed from the hysteresis loop that the 144 µm thick LPE processed
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BaM film possesses uniaxial magnetic anisotropy. The saturation magnetization (4πMs) in the
out-of-plane direction was found to be 4.2 kG at room temperature. The in-plane magnetization,
however, shows no saturation at a maximum applied field of 10 kOe due to the high crystalline
anisotropy field (HA) of the film. The coercive field of the LPE processed thick film was 3.8 Oe,
implying that the films have relatively small defects and voids. The uniaxial anisotropy field for
the 144 µm film was estimated by the following equation [50]:
Hsat (hard) = Hk + 4π NtMs

(2.1)

For Happ along the easy direction, the magnetization is linear in Happ below saturation
which occurs at Hsat (easy) = 3.9 kOe, and Hsat (hard) is estimated to be 16.0 kOe by extrapolating the
out-of-plane and in-plane curves to their intersection point. Assuming a density of 5.29 g/cm3 for
BaM [9], the saturation magnetization is obtained to be 4205 G. The demagnetizing factor, Nn, in
the easy plane direction of the crystal is given by:
Nn =

H sat ( easy
4π M s

)

=

3900
= 0 . 92
4205

(2.1)

the estimated demagnetization in the film plane of the crystal is, Nt = (1 - Nn) / 2 = 0.04, and 4π
Ms = 4205 G yield 0.168 kOe of 4πNtMs. Therefore, Hsat (hard) ≅ Hk by equation (2.1) since

4πNtMs is small and negligible. This means that the crystalline anisotropy of the 144 µm thick
BaM film is close to 16 kOe of Hsat (hard) and this film is of very high quality. With regard to
microwave properties, room temperature FMR measurements have been performed on the 144
µm thick BaM film with a shorted waveguide technique. The sample is mounted on the side wall
of Ka band waveguide, and the static field is applied in the perpendicular direction to the film.
From the shorting plate at the bottom of the waveguide, the sample position is adjusted to the
maximum AC magnetic field position inside the waveguide. Also, to remove the linewidth
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broadening caused by the modulation field, the smallest modulation field is chosen in the lock-in
technique. The FMR condition used for the measurement is [28]

fr

γ'

= (Hres + HA −4πMs )

(3.3)

where fr is the resonance frequency in GHz, Hres is the resonance external field in kOe, HA is the

dP/DH

anisotropy field, and γ′= γ/2π = 2.788 GHz/kOe.
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Figure 3.8 FMR linewidth of the 144 µm thick BaM film.
Figure 3.8 shows the differential power absorbed dP/dH with an applied field. A
ferrimagnetic resonance linewidth (∆H) of 0.1 kOe at 35 GHz was obtained for 144 µm thick
BaM film from resonance absorption spectra. However, the linewidth of 0.1 kOe obtained is
considerably larger than the best previous values reported for the thick BaM films grown on
GGG substrates (~ 60 Oe at 59 GHz) [46]. This may be caused by the extrinsic strains and
defects on the film surface as the film was grown at a higher temperature and also high growth
rate of 72 µm/h during the LPE process. Also, localized spin pinning and demagnetizing field
effects by any outgrowths on the thicker films might have also caused the linewidth broadening.
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Further reduction in FMR linewidth can be obtained by polishing and/or annealing the samples
that enhance the crystal structure and reduce defects on the film and also any strains at the film
substrate interface.
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4.0. Magnetic and microwave properties of M-type Sm-doped SrFe12O19 single crystals
4.1. Introduction
Strontium ferrite (SrFe12O19; SrM) is an M-type hexaferrites and has a magnetoplumbite
crystal structure with easy magnetocrystalline anisotropy along the c-axis of the hexagonal unit
cell just like the barium ferrite [8-9]. This ferrimagnet however exhibits a higher saturation
magnetization and coercivity because of its relatively high magnetocrystalline anisotropy field
[9]. The large anisotropy field in these ferrites acts as a built-in magnetic field and permits the
application of ferrimagnetic resonance (FMR) in millimeter- wave devices [4]. Sufficiently low
values of FMR linewidth (∆H) are required for practical millimeter-wave device applications of
hexagonal ferrites that can only be achieved by single crystal samples [1-6, 52-53]. For
corresponding polycrystalline samples, the linewidth is about two orders of magnitude higher,
typically ∆H ~ 2000 Oe [54-55]. Thus, microwave devices such as resonance isolators,
circulators, tunable filters and oscillators can be operated in the millimeter-wave frequency range
with moderate external magnetic bias fields. On the other hand, substitution for Fe3+ and Sr2+ is
an effective method for tailoring the magnetic properties of these ferrites [17-19].
Although hexagonal ferrites have been extensively investigated in the past decades, the
search for new substitution elements, especially the rare earth elements, has been a field of
intense research [56-59]. Rare earth elements are unique because of their characteristic structure
of electronic shells; physical, mechanical and magnetic properties could be improved by doping
these elements in the hexagonal crystal lattice of hexaferrites. In this chapter, we studied the
growth of high-quality single crystals of Sm-doped SrM (Sm-SrM) and the magnetic and
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microwave properties with respect to the doping concentrations of Sm in the hexaferrite is
discussed.

Figure 4.1 Experimental flowchart to grow Sm-SrM type single crystals.

4.2. Experimental
Single crystals of Sm-doped SrFe12O19 are grown in a platinum crucible using a hightemperature furnace. The primary reagents consist of SrCO3, Fe2O3, Sm2O3 and Na2CO3
(Reagent Grade, Sigma-Aldrich) with the respective mol % according to the composition 0.263
Na2CO3 + 0.11 SrCO3 + 0.61 Fe2O3+ (x) Sm2O3 (x = 0.017, 0.0098 and 0.0079) are used to grow
the single crystals. The reagents after weighing the right amounts were blended and ground
together in a pestle for 1 hour, thoroughly. The finely blended powder is filled in a platinum
crucible with approximately three-fourths of the volume. The platinum crucible is then placed in
a top-lift enclosed furnace and fired at the temperature of 1450 °C for 12 hours to homogeneous
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the melt. After completely homogenizing the melt for 12 hours, it is slowly cooled at the rate of
2.5 °C/h to 1000 ºC, and then cooled more rapidly in the furnace to room temperature. The
obtained crystals were gradually separated by leaching in hot dilute nitric acid from the platinum
crucible. Figure 4.1 shows the process flow chart to grow the Sm-SrM single crystals. Physical
and magnetic properties of the grown single crystals are characterized by X-ray diffractometer
(XRD), vibrating sample magnetometer (VSM) with a maximum applied field of 10 kOe, and
optical microscopy. The microwave properties were measured by using a ferromagnetic
resonance (FMR) measurement system.

Figure 4.2 Optical micrograph of the Sm-SrM single crystals.
4.3. Results and discussion
The crystals grown in this study exhibits the typical hexagonal ferrite growth habit with a
plate-like geometry, and the largest crystal is 10 mm in length and 3-4 mm in thickness. Figure
4.2 shows the optical micrograph of the grown crystals. We found that the grown crystals from
the same batch contain several tiny crystals, some of them are Sm-doped SrM crystals, and the
others contained a two phase crystal composition of Sm2O3 and Sm-doped SrM. The saturation
magnetization of the single crystal was measured by using a vibrating sample magnetometer
(VSM). The values of saturation magnetization (at 10 kOe) and coercevity (Hc) in the easy axis
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direction are 69.8emu/g and 1.7 Oe, respectively as shown in Figure. 4.3. The low coercivity
value indicates the crystals are free from impurities and voids.
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Figure 4.3 Magnetic hysteresis loop of Sm-SrM single crystal, when external magnetic field is
out-of- plane (solid line) and in-plane (dashed line) to the crystal plane.

The uniaxial anisotropy field for the Sm-SrM crystal is verified theoretically by
comparing the data from the VSM measurement. With Happ in the plane of the crystal, the
magnetization is linear in Happ and the saturation was not achieved at the maximum available
field of 10 kOe. Extrapolation of the out-of-plane and in-plane measurements from VSM data
yields a saturation field of Hsat(hard) = 25.0 kOe. In order to calculate the uniaxial anisotropy field
(HA) with the demagnetizing factor in the in-plane direction, we used the following equation
given by the saturation field [50]:
Hsat(hard) = HA + 4π Nd Ms

(4.1)

For Happ along the crystal normal, to the easy direction, the magnetization is linear in Happ
below saturation which occurs at Hsat(easy) = 4.0 kOe. The saturation magnetic moment from the
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hysteresis loop in Figure 4.3 is 69.8 emu/g. Assuming a density of 5.10 g/cm3 for SrM, the
saturation magnetization is obtained to be 4473 G. The demagnetizing factor Nn in the easy plane
direction of the crystal is given by:

Nn =

H sat ( easy )
4πM s

=

4000
= 0.89
4473

(4.2)

estimated demagnetization in the film plane of crystal, Nd = (1 - Nn) / 2, and 4π Ms = 4473 G
yield 24.75 kOe of anisotropy field (HA), which is close to the value obtained by extrapolation of
the easy and the hard direction from the VSM measurements. Figure 4.4 shows the specific
magnetization of the Sm-SrM single crystal along various measured directions against the c-axis
of the crystal and a fairly large uniaxial anisotropy can be estimated for the crystal.
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σs┴
H┴
(emu/g) (Oe)

σs//
Hc//
(emu/g) (Oe)

HA
(kOe)

11.53 : 61.0 : 0.79 : 26.30

65.5

2.7

38.02

9.72

19.5

11.53 : 61.0 : 0.98 : 26.30

63.7

4.2

40.0

7.61

23.0

11.53 : 61.0 : 1.17 : 26.30

69.8

1.7

27.7

1.3

25.0

SrCO3:Fe2O3:Sm2O3: Na2CO3
(mol%)

Table 4.1 Magnetic properties of Sm-SrM single crystal with various compositions.
A remarkable feature in the Sm-doped Sr-ferrite single crystal is the control of uniaxial
anisotropy with the dopant concentration of the Sm ions. It was observed that as the percentage
of Sm content in the composition of SrM increases from 0.79 mol % to 1.17 mol %, the uniaxial
anisotropy field increased from 19.5 to 25 kOe, respectively. These details of the composition
and the corresponding magnetic properties are summarized in the Table 4.1. An increase in the
anisotropy can be attributed to the spin-orbit interaction between the different sites in the SrM
crystal. Due to the large ion size difference between the Sm3+ (0.97 Å) and Fe3+ (0.64 Å), it is
very unlikely that the rare-earth element Sm would substitute the Fe3+ sites. The only real
possibility is the substitution of Sr2+ (1.12Å) by the Sm3+. As the ion size of the Sm is smaller
than that of Sr2+, the Fe3+ would be closer in the O-Fe-O lattice and a stronger interaction is
anticipated, which would result in a change in the magnetic anisotropy of the Sm-doped SrM
crystals. With increase in Sm concentration, the Sr ions are fully substituted by the Sm3+,
suggesting a change in charge balance by gaining one electron for Fe3+ on the 2a crystallographic
sites, in which the strong Fe2+ ion anisotropy attributes to increase in magnetocrystalline
anisotropy [60-62].
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Figure 4.5 X-ray diffraction pattern of a Sm-SrM single crystal showing the (00l) planes of the
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Figure 4.6 X-ray diffraction pattern of the powdered bulk crystals of Sm-SrM single crystal.
The crystal structure was confirmed by an X-ray diffractometer. The crystal reflects all
the major planes of (006), (008), (0010), (0014) and (0016), which confirm the c-axis orientation
of the crystal as shown in Figure 4.5. To further confirm the crystal structure, several bulk
crystals are powdered, and the XRD measurement was performed. Figure 4.6 shows the XRD
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pattern of the powdered single crystals. It was observed from the powdered pattern that there are
some traces of strontium iron oxides (SrFeO3-x), and some phase of non-ferromagnetic samarium
oxide (Sm2O3) that coexist within the SrM. This kind of co-existing phases in the rare earth
oxide dopants in hexaferrites was earlier reported by other researchers [63]. The existence of the
nonmagnetic phase helps to understand the decrease in the saturation magnetization of the
crystals doped with Sm3+ ions when compared to the bulk SrM crystal. Figure 4.7 shows room
temperature Mössbauer spectra of the powdered single crystal sample. The spectra were
contributed by the magnetic hyperfine field from Fe in five distinct crystallographic sites in the
hexaferrite structure. All five sites, which are 12k, 4fIV, 4fVI, 2a, and 2b, are identified, but there
are two unknown central peaks which might be due to the secondary phase such as SrFeO3-x or
the existence of a small amount of Sm2O3 in the powder sample of the Sm-SrM crystals.
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Figure 4.7 Mössbauer spectra of the powdered Sm-SrM single crystals.
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Figure 4.8 Ferrimagnetic resonance spectra of a thin single crystal of Sm-SrM with a linewidth of
85 Oe at 53 GHz.
Finally, ferrimagnetic resonance measurements (FMR) were performed at room
temperature on a thin polished sample of Sm-SrM single crystal in the frequency range of 50-60
GHz. An FMR linewidth (∆H) of 85 Oe was obtained at 53 GHz as shown in Figure 4.8. The
linewidth is reasonable for the optimally prepared sample taking into the account the surface
roughness and porosity in the sample. The linewidth can be further improved by grinding the
samples to a sphere or round disk shape. The large uniaxial anisotropy fields present in these
ferrites can be used to provide ferrimagnetic self-resonant frequencies above 40 GHz.
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5.0. Ferrimagnetic Sr(2-x)BaxZn2Fe12O22 (x = 0.5) (Zn-Y) single crystal with planar
anisotropy
5.1. Introduction
Among all the hexaferrites, Y-type hexaferrite (Ba2Zn2Fe12O22; Zn-Y) is unique due to its
in-plane (planar) magnetocrystalline anisotropy (HA) which has magnetization bounded to the
basal plane of the crystal structure [8-9]. This unique planar nature of the Y-type hexaferrite
satisfies the requirement for next generation ferrite phase shifters, since planar circuits are easy
to be fabricated and integrated with semiconductor devices [20-21]. Moreover, substitution for
Fe3+ and Ba2+ in Y-type hexaferrites is an effective method for tailoring the magnetic and
physical properties of these ferrites and has been reported by several researchers [22-28].
Recently, single crystals of Ba2Mg2Fe12O22 (Mg-Y) and Sr1.5Ba0.5Zn2Fe12O22 (SrBa-Y) showed a
strong response to electric polarization and magnetization at room temperature which opens a
potential for room temperature magnetoelectric (ME) devices and also magnetically controlled
electro-optical devices [26-27].
Chun et al. showed that a small amount of Al substitution into SrBa-Y hexaferrite
remarkably decrease the critical magnetic field (B) for switching electric polarization (P) from 1
T down to 1 mT, and the ME susceptibility is greatly enhanced to reach a giant value of 2.0×104
ps/m at an optimum x = 0.08 compared to 4.3 × 101 ps/m for x = 0 [27]. In SrBa-Y hexaferrite,
the strontium cation with an ionic radius of 0.127 nm can be easily substituted for Ba2+ with an
ionic radius of 0.143 nm. Moreover, it is highly anticipated that as the dopant concentration of
Sr2+ increases, the hexagonal crystal lattice undergoes a greater distortion due to different size of
ion by modifying the superexchange interaction between the iron ions. Although Zn-Y
114

hexaferrites have been widely explored for their magnetic and microwave properties, Sr-rich
crystals of SrBa-Y hexaferrite have not been investigated in detail in this regard. The aim of this
chapter is to study and understand the magnetic and microwave properties of strontium doped
Zn-Y single crystals and to compare them with the un-doped Zn-Y single crystal.

Figure 5.1 Experimental flowchart to grow SrBa-Y type single crystals.

5.2. Experimental
Single crystals of Ba2Zn2Fe12O22 and Sr(2-x)BaxZn2Fe12O22 (x = 0.5) were grown in a
platinum crucible using the high temperature growing process reported in [64-65]. A typical
mixture to grow SrBa-Y consisted of 4.92 mol % BaCO3, 14.76 mol % SrCO3, 53.61 mol %
Fe2O3, 19.69 mol % ZnO and 7.01 mol % Na2CO3. As shown in Figure 5.1, the reagents were
blended and ground together thoroughly in a pestle for 1 hour. The finely blended powder filled
a platinum crucible, approximately three-fourth of the crucible volume. The crucible was then
placed in a top-lift enclosed furnace and fired at the temperature of 1450 °C for 12 hours, to
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homogenize the melt. After the melt was completely homogenized, it was slowly cooled at
4.5°C/h to 1000 ºC, and then followed by a rapid cooling in the furnace to room temperature.
The obtained crystals were separated, by leaching in hot dilute nitric acid, from the platinum
crucibles. The morphology of the grown single crystals was examined with an optical
microscope. The composition and the crystalline phase were identified by X-ray diffractometer
(XRD). The magnetic properties were measured by a vibrating sample magnetometer (VSM)
with a maximum applied field of 10 kOe and microwave properties were characterized using a
broadband ferromagnetic resonance (FMR) measurement.

Figure 5.2 Optical micrograph of several bulk SrBa-Y single crystals showing the hexagonal
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Figure 5.3 X-ray powder diffraction pattern of Sr-BaY single crystal.
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5.3. Results and discussion
Figure 5.2 shows the optical micrograph of several bulk single crystals of SrBa-Y showing
a typical hexagonal ferrite growth habit with a plate-like geometry on the crystal surfaces which
are 4 to 6 mm in diameter and 2 to 3 mm in thickness. The crystal structure was confirmed by an
X-ray diffractometer. Several bulk crystals were powdered for the XRD measurement. The
crystal reflects all the major planes, which confirm the in-plane orientation of the crystal as
shown in Figure 5.3.
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Figure 5.4 Magnetic hysteresis loop of SrBa-Y single crystal
Figure 5.4 shows the magnetic hysteresis loop measured in the out-of-plane and in-plane
directions of the SrBa-Y hexaferrite single crystal having a magnetization of 22.5 emu/g at 10
kOe and a coercivity of 3.5 Oe in the easy axis in-plane direction. It is also evident from the
VSM data that the easy axis of the crystal is in-plane, and the hard axis is out-of-plane to the
crystal surface unlike M-type hexaferrites that have the easy axis out-of-plane and the hard axis
in-plane. To better understand the static magnetic properties of the SrBa-Y hexaferrite, magnetic
properties of pure Zn-Y hexaferrite were also investigated. Figure 5.5 (a) shows the low-field
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magnetization curve of the Zn-Y single crystal, which has a saturation magnetization of 43.0
emu/g (at 10 kOe) and a coercivity of 0.2 Oe in the easy axis in-plane direction, which are
close to the bulk values reported in the literature. Low-field magnetization curve of SrBa-Y
presented in Figure 5.5 (b) shows novel magnetization behaviors in the easy direction. No net
magnetization was observed up to the applied field (Happ) of 400 Oe for SrBa-Y, unlike the Zn-Y
crystal. However, it shows the ferrimagnetic behavior similar to the Zn-Y crystal at higher Happ
of 1 kOe. This phenomenon can be understood by the superexchange interactions in the crystal
lattice by different sizes of ions. The ionic size of Sr = 1.27 Å is smaller than that of Ba = 1.43
Å, and as a result, a local lattice deformation around Sr ions occurs which leads to a stronger
superexchange interaction between Fe–O–Fe due to a change in the bond angles between them
[66-67].
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Figure 5.5 Magnetic hysteresis loop of (a) Zn-Y and (b) SrBa-Y single crystal at low applied
field.
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Figure 5.6 Plot of frequency vs FMR resonance field for a single crystal SrBa-Y sample.

With regard to microwave properties, FMR measurements were performed on a finely
polished SrBa-Y single crystal in the form of a slab using a shorted waveguide configuration and
a differential absorption detection scheme over a frequency range of 10 to 40 GHz. For ferrites
with planar anisotropy, ferrimagnetic resonance occurs at a frequency which depends on both the
resonant magnetic field Hres and the uniaxial anisotropy field HA. The resonance condition is
given by the relation [28].

 fr
 '
γ


 = H res ( H res + ( 4πM s + H A )


(5.1)

However, for Y-type hexagonal ferrites with their high uniaxial anisotropy the saturation
magnetization (4πMs) is considered to be the effective saturation magnetization (4πMeff) which is
(4πMs + HA). Therefore, Eq. (5.1) can be rewritten as:

 fr
 '
γ


 = H res ( H res + ( 4πM eff )
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(5.2)

where, fr is the resonance frequency in GHz and γ’ = 2.8 GHz/kOe. From the VSM measurement
in Figure 5.4, the 4πMs value was calculated to be 1530 G. The magnetic anisotropy field (HA)
was found by plotting the FMR frequency as a function of Hres, which was applied perpendicular
to the slab plane. By fitting Eq. (5.2), we observed 4πMeff = 11.672 kOe. From this, the value of
HA was estimated to be 10 kOe as shown in Figure 5.6 which is in good agreement with the
magnetization curve as shown in Figure 5.4.
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Figure 5.7 Plot of FMR linewidth vs. frequency for a single crystal SrBa-Y sample.
Finally, Figure 5.7 shows the FMR linewidth as a function of frequency from 10 to 40
GHz. The average ∆H is about 48 Oe and remains constant from 10 to 40 GHz. The FMR
linewidth of a ferromagnetic material depends on two factors. The first one is the intrinsic
relaxation of system magnetization also called as the Gilbert damping where a linear response to
the frequency is observed for ∆H. The second parameter corresponds to the extrinsic twomagnon scattering processes in which magnon scattering was caused by one, or a combination,
of the following mechanisms: spatial inhomogeneities in the local magnetic anisotropy fields, or
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inhomogeneities in the local exchange interaction magnetic inhomogeneities of the
ferromagnetic material. In our case, due to the relatively high dopant concentration of Sr2+ ions in
the Zn-Y crystal and also due to the superexchange interactions between the different size of ions
in the crystal lattice we observed a very small increase in linewidth with increasing the
microwave frequency, which suggests that extrinsic relaxation mechanisms are dominant. This
type of nonlinear response behavior is reported earlier for M-type barium ferrite single crystals
and films [37, 68]. Figure 5.8 shows a ∆H of 41 Oe at 10 GHz for the SrBa-Y single crystal.
This low linewidth of 41 Oe has not yet been reported in the literature for the
Sr1.5Ba0.5Zn2Fe12O22 ferrites. Moreover, the relatively constant ∆H values obtained over a wide
frequency range from 10 GHz to 40 GHz are important for practical device applications.
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Figure 5.8 Ferrimagnetic resonance linewidth of a SrBa-Y single crystal sample showing the
linewidth of 41 Oe at 10 GHz.
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6.0. Magnetic and microwave properties of ferrimagnetic Zr-substituted Ba2Zn2Fe12O22
(Zn-Y) single crystal
6.1. Introduction
As seen in the earlier chapter, one of the great advantages of the hexaferrites is to tailor
their magnetic properties with the addition of different cation dopant elements. Not many studies
have been done on reporting the effect of increase in saturation magnetization for Y-type
hexaferrite single crystals. For example, saturation magnetization (σs) of polycrystalline Zn-Y
hexaferrite was increased by substituting Co2+ and Cu2+ for Zn2+ from 30 emu/g to 36 emu/g[69]
but large magnetic loss was observed. Sr2+ substitution for Ba2+ in polycrystalline
Ba2-xSrxZn2Fe12O22 hexaferrite showed a decrease in σs and increase in permittivity with Sr
content from x = 1.0 to 1.5 [70]. Savage et al. showed that a small quantity of Mn2+ substitution
in single crystalline Zn-Y decreased the ferrimagnetic resonance (FMR) linewidth to 3.8 Oe at 9
GHz [71].
Although polycrystalline Zn-Y hexaferrite has been widely studied for their magnetic and
microwave properties, their high microwave losses are still an issue to address. On the other
hand, high quality Zn-Y single crystals showed promising results, operating at KU band
frequencies by reducing insertion losses and increasing bandwidth [4, 72]. However, microwave
devices, such as phase shifters, employing Zn-Y single crystal hexaferrites need at least 2 kOe of
the applied field to bias the ferrite [20-21]. It is still a rather large applied field and requires
bulky and costly permanent magnets with high current drives to perform the operation.
Therefore, there is a potential need to improve the magnetic and microwave properties of Y-type
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hexaferrites for next generation of microwave devices. In this chapter, we report low loss and
high anisotropy single crystal Zn-Y hexaferrite by substituting Zr ions into the Zn-Y type
hexaferrite. It was found that substitution of Zr in the Zn-Y hexaferrite single crystal increases
the σs from 44 emu/g to 52 emu/g and the HA from 10 kOe to 13 kOe. This improvement in
magnetic properties plays an important role for microwave devices that can operate with a low
external bias field.

Figure 6.1 Experimental flowchart to grow Zr-Zn-Y type single crystals

Figure 6.2 Optical micrograph of bulk single crystals of Zr-Zn-Y (Ba2Zn2ZrxFe12-xO22)
6.2. Experimental
As shown in the process flowchart in Figure 6.1, single crystals of Zr-substituted Zn-Y
(Zr-Zn-Y; Ba2Zn2ZrxFe12-xO22) were grown in a platinum crucible using a high temperature
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furnace. The primary reagents of BaCO3, ZnO, Fe2O3, ZrO2 and B2O3 with the respective mol %
according to the composition 0.563BaCO3 + (0.25-x)Fe2O3 + 0.08ZnO + 0.263B2O3 + (x) ZrO2
(x = 0.00, 0.05 and 0.08) were chosen. The reagents were blended and ground together
thoroughly in a pestle for 1 h. The finely blended powder filled a platinum crucible,
approximately three-fourth of the crucible volume. The crucible was then placed in a top-lift
enclosed furnace and fired at the temperature of 1350 °C for 12 h, to homogenize the melt. After
the melt was completely homogenized, it was slowly cooled at the rate of 4.5°C/h to 1000 ºC,
and then followed by rapid cooling in the furnace to room temperature. The crystals were
separated, by leaching in hot dilute nitric acid, from the platinum crucible. The morphology of
the grown single crystals was examined with an optical microscope. The composition and the
crystalline phase were identified by X-ray diffractometer (XRD). The magnetic properties were
measured by a vibrating sample magnetometer (VSM) with a maximum applied field of 10 kOe
and microwave properties were characterized using a broadband ferrimagnetic resonance (FMR)
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Figure 6.3 X-ray powder diffraction pattern reflecting all the major planes, which confirm Zn-Y
composition.
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Figure 6.4 Magnetic hysteresis loops of Ba2Zn2ZrxFe12-xO22 single crystal, when external
magnetic field is applied in-plane (easy axis) and out-of-plane (hard axis).
6.3. Results and discussion
Figure 6.2 shows the optical micrograph of several bulk single crystals of Zr-Zn-Y
(Ba2Zn2ZrxFe12-xO22; x = 0.05) hexaferrite. The crystals show a typical hexagonal ferrite growth
habit with a plate-like geometry on the crystal and are 4 to 6 mm in diameter and 3 to 4 mm in
thickness. Several bulk crystals were powdered for the XRD measurement. All X-ray peaks are
indexed to the major planes of the Zn-Y hexaferrite composition as shown in Figure 6.3. The
magnetic hysteresis loops were measured using a VSM in the out-of-plane and in-plane
directions of the Zr-Zn-Y hexaferrite single crystal. Figure 6.4 shows the magnetic hysteresis
loop of Zr-Zn-Y hexaferrite single crystal with the ZrO2 dopant amount of x = 0.05. The crystal
has a c-plane magnetization of 52 emu/g at 10 kOe and a coercivity of 0.8 Oe in the easy axis inplane direction. It is noted that uniaxial anisotropy (HA) and the σs of Zr-Zn-Y are controllable
with a dopant concentration of the Zr ions. The HA field increased from 10 to 13 kOe when the
concentration of Zr is increased to x = 0.05 and then decreased to 12.5 kOe at x = 0.08, while the
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σs shows the same trend. The composition and the corresponding magnetic properties are
summarized in Table 6.1. Increase in HA and σs with the concentration of Zr can be attributed to
the superexchange interactions between the Fe3+ cations at different sites in the Zn-Y crystal
lattice.
σs//
(inplane)
[emu/
g]

Hc //
( inplane)
[Oe]

50.13: 7.12: 22.26 : 20.48: 0.0

44.0

0.4

31.0

3.7

10.0

50.13: 7.12: 17.80 : 20.48: 4.45

52.0

0.8

42.0

10.0

13.0

50.13: 7.12: 15.13 : 20.48: 7.12

38.0

0.8

27.0

6.8

12.0

BaCO3:ZnO: Fe2O3: B2O3 : ZrO2
[mol %]

σs┴
Hc┴
HA
(Out-of- (Out-ofplane) )
plane)
[emu/g]
[Oe]
[kOe]

Table 6.1 Compositions and magnetic properties of Ba2Zn2ZrxFe12-xO22 single crystal.

In a Zn-Y hexaferrite crystal, the magnetic moments of iron ions are arranged
perpendicular to the hexagonal c-axis, but with opposite spin directions in the individual
sublattices. Albanese et al. determined the various metallic lattice sites together with their
coordination and spin orientations [73]. The crystal has six sublattices which are 6cIV (spindown), 3aVI (spin-up), 18hVI (spin-up), 6cVI (spin-down), 6c*VI (spin-down), and 3bVI (spin-up).
The resulting magnetization M at a temperature T of Zn-Y per formula unit (f.u.) can be
approximated by a simple summation according to the formula: M (T) = - 6σcIV (T) + 3σaVI (T) +
18σhVI (T) - 6σCVI (T) - 6σc*VI (T) + 3σbVI (T), where σ stands for the magnetic moment of a Fe3+
ion. Assuming a magnetic moment of 5 µ B per Fe3+ ion at 0 K (µ B is the Bohr magneton), the net
magnetization of 30 µ B per f.u. is obtained for pure Zn-Y. Accordingly, an increase of the net
magnetization is expected if the Fe3+ ions in the spin down sublattices (6cIV, 6cVI and 6c*VI) are
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replaced by non-magnetic ions. O2─ (1.4 Å) and Ba2+ (1.35 Å) ion take a close-packed layer
structure along the c-axis of the Zn-Y crystal. Corresponding ionic radii are given in parentheses.
The interlayers of tetrahedral and octahedral sites are occupied by Zn2+ (0.74 Å) and/or Fe3+
(0.64 Å) ions [73]. Substitution of non-magnetic Zr4+ (0.79 Å) will replace and substitute the Fe3+
sites in the 6c*VI tetrahedral sites thus strengthening the Fe3+-O-Fe3+ superexchange interaction
resulting in an increase of the net magnetization [74]. With an increase in the Zr ion
concentration from x = 0.05 to x = 0.08, the Fe3+ ions in the tetrahedral sites are fully substituted
by the Zr ions, which causes a magnetic dilution by changing of the Fe3+ (high spin) valence state
to Fe2+ (low spin) state on the tetrahedral sites. This weakens the Fe3+-O-Fe3+ superexchange
interaction by the Fe2+ ions. In addition, a change in the anisotropy constant is anticipated with
increase in the Zr ion concentration in Zr-Zn-Y hexaferrite. In hexagonal crystals, the crystalline
anisotropy is originated from the dipole-dipole interaction, and for Y-type hexaferrites, the spin
configuration is in the basal plane that is perpendicular to the c-axis. A complete calculation of
the dipole sums has been made by Casimir et al. and is given by the equation (4.5) [75]:
( K 1 ) dip = − (0.044 µ t + 0 .0006 µ t µ 0 + 0 .240 µ 0 ) • 10 6 erg/cm
2

2

3

(6.1)

where µ t and µ 0 are the average magnetic moments expressed in Bohr magnetons of the
tetrahedral and octahedral ions, respectively. From Eq.6.1, it was shown that the K1 values range
from -5 to -7 x 106 erg/cm3 for various Y-type hexaferrites at T = 0 K. For the Zr-Zn-Y material,
Mössbauer spectra analysis is needed to reveal the cation site occupancy to determine the K1
values, which is currently under investigation. Figure 6.5 shows the specific magnetization of
the Zr-Zn-Y single crystal along various measured directions against the c-axis of the crystal.
The planar nature of the hexaferrite is clearly seen, where the easy axis of the crystal is in-plane
and the hard axis is out-of-plane to the crystal surface.
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Figure 6.5 Angular dependence of magnetization for Ba2Zn2ZrxFe12-xO22 single crystal, when
external magnetic field is applied in-plane (easy axis) and out-of-plane (hard axis).
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Figure 6.6 Plot of frequency vs FMR resonance field for a single crystal Zr-Zn-Y.
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With regard to microwave properties, FMR measurements were performed on a finely
polished Zr-Zn-Y single crystal in the form of a slab using a shorted waveguide configuration
and a differential absorption detection scheme over a frequency range of 9 to 40 GHz. For
ferrites with planar anisotropy, ferrimagnetic resonance occurs at a frequency which depends on
both the resonant magnetic field Hres and the HA. The resonance condition is given by the
relation [28]:

 fr
 '
γ


 = H res ( H res + ( 4πM s + H A )


(6.2)

however, the saturation magnetization (4πMs) is considered to be the effective saturation
magnetization (4πMeff) for Y-type hexagonal ferrites due to their high uniaxial anisotropy, which
is (4πMs + HA). Therefore, Eq. (6.2) is rewritten as

 fr
 '
γ


 = H res ( H res + ( 4πM eff )


(6.3)

where fr is the resonance frequency in GHz and γ’ = 2.8 GHz/kOe. From the VSM measurement
in Figure 6.4, the 4πMs value was calculated to be 3544 G. The HA was found by plotting the
FMR frequency as a function of Hres, which was applied perpendicular to the slab plane. By
fitting Eq. (6.3), we obtained 4πMeff = 16.54 kOe. From this, the value of HA was estimated to be
13 kOe as shown in Figure. 6.6, which is in good agreement with the magnetization curve as
shown in Figure 6.4. An FMR linewidth (∆H) of 18 Oe at 9 GHz was obtained for a Zr-Zn-Y
(Ba2Zn2ZrxFe12-xO22) x = 0.08 single crystal as shown in Figure 6.7. One reason for a low ∆H is
the substitution of Zr4+ in the Zn-Y crystal. It was reported that the tetravalent ion is able to form
stable bonds with Fe2+ ions [76]. As the Zr concentration increases, Fe2+ content decreases,
therefore reducing magnetic loss in ferrite. The values of HA and ∆H are comparable to those of
Savage et al. [71] and Obol et al. [77] who used Mn to reduce the Fe2+ ion concentration. In the
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former case, the 4πMs dropped from 2800 G to 2350 G, and in the latter case, fairly high ∆H of
140 Oe at 9.56 GHz were obtained. The combination of low ∆H with a high HA in Zr-Zn-Y
(Ba2Zn2ZrxFe12-xO22; x = 0.08) hexaferrite plays an important role for microwave devices that
can operate with a low external biasing field.
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Figure 6.7 Ferrimagnetic resonance linewidth of a Zr-Zn-Y single crystal sample showing the
linewidth of 18 Oe at 9 GHz.
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7.0. MFM studies of magnetic domain patterns in BaM single crystals
7.1. Introduction
Ferromagnetic or ferrimagnetic materials get their magnetic properties not only because
their atoms carry a magnetic moment but also because the material is made up of small regions
known as magnetic domains [8]. In each domain, all of the atomic dipoles are coupled together
in a preferential direction. This alignment develops as the material develops its crystalline
structure during solidification from the molten state. Hexagonal ferrites with their complicated
crystal structures and high crystalline anisotropy exhibit unique magnetic domain patterns when
compared to cubic ferrites [8-9]. The first experimental observation of the magnetic domain
patterns in hexagonal ferrites was done by Kooy and Enz by using the Faraday technique [78].
Bates et al. showed that domain pattern in single crystal of PbFe12O19 consisted of 180° domains
with complex pattern of undulatory walls and closed loops on the basal planes [79]. The
relationship between the domain spacing and crystal thickness has been studied for a number of
crystals of magnetoplumbite by Kaczér et al. [80]. The results showed that the domain width ( )

and thickness of the crystal (T) were related by δ ∝ T 1/2 for crystals with T < 10 µm and δ ∝ T 2/3
for T > 10 µm. Kojima et al. studied domain patterns on BaM and strontium ferrite by the
Faraday technique and determined the thickness dependence of the domain width on sample
ranging from 2 to 25 µm [81]. Later, these results were also verified by Gotō for BaFe12O19 and
SrFe12O19 thin crystal platelets from 2 to 25 µm [82]. The first experimental observations on the
influence of external defects such as nonmagnetic inclusions and grain boundaries on the domain
structures in BaM crystals was observed by Wells et al. [83]. The effect of cationic dopant
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elements of Co and Ti in BaM thin single crystal platelets of 0.8 µm to 300 µm thickness was
studied by Gemperle et al. [84]. It was found that with increasing Co concentration the thickness
for surface wall undulation decreases.
Although the techniques of Faraday and Kerr effect methods have been extensively used
to investigate magnetic domain structures in BaM single crystals, they have a limited resolution
of about 300 nm. Moreover, intensity variations due to the sample’s topography and angle of
rotation of the plane of polarization have been a disadvantage. On the other hand, development
of new imaging technique, such as magnetic force microscopy (MFM), has shown very
promising results in the investigation of magnetic domain structure in thin films [85-86]. Based
on the interaction between the magnetic tip and the sample, the stray field can be imaged with
quite high resolution. Several studies have been reported on magnetic domain observation in thin
polycrystalline BaM films using the MFM technique [87-89]. However, study of magnetic
domain patterns in bulk single crystals of BaM using MFM has not yet been reported. In this
chapter, we report the magnetic domain patterns in bulk BaM single crystals and investigate the
switching properties of domains using the MFM technique. Also, the thickness dependence of
domain width in the BaM crystals was studied.

7.2. Experimental
BaM single crystals were grown from a primary mixture of iron oxide (Fe2O3), barium
carbonate (BaCO3), and sodium carbonate (Na2CO3). The mole ratios of the mixtures were
chosen to be 63.17 mol %, 10.53 mol %, and 26.3 mol %, respectively [48]. The reagents were
blended and ground together thoroughly in a pestle for 1 hour. The finely blended powder is
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filled in a platinum crucible with approximately three-fourths of the volume. The platinum
crucible is then placed in a furnace and fired at the temperature of 1350 °C for 12 hours to
homogenize the melt. After completely homogenizing the melt for 12 hours, it is slowly cooled
at the rate of 2.5 °C/h to 1000 ºC, and then cooled more rapidly in the furnace to room
temperature. The obtained crystals were separated from the platinum crucible by leaching in hot
dilute nitric acid. A complete process flow chart of the process is shown in Figure 7.1.Physical
and magnetic properties of the grown BaM single crystals were characterized by X-ray
diffractometer (XRD), vibrating sample magnetometer (VSM) with a maximum applied field of
10 kOe, and scanning electron microscopy (SEM). Large single crystal BaM sample were chosen
for the MFM measurement to observe the domain structures. The samples were thoroughly
polished by fine micro-polish slurry by using the metallographic technique to make the surfaces
smoother and free from any sharp edges or irregularities to observe the magnetic domain
patterns.

Figure 7.1 Experimental flowchart to grow BaM single crystals
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Figure 7.2 SEM image of a bulk BaM single crystal showing the top view and the crosssectional view.
7.3. Results and discussion
The BaM crystals obtained exhibited the typical hexagonal ferrite growth habit with a
plate-like geometry normal to the crystal plane. Figure 7.2 shows an SEM image of the top view
and the cross-sectional view of a typical BaM crystal obtained. The largest crystal was up to 0.5
g in weight and 3-4 mm in diameter. The crystal structure was confirmed by an X-ray
diffractometer. The crystal reflects all the major planes of (006), (008), (0010), (0012), (0014)
and (0016), which confirm the c-axis orientation of the crystal as shown in Figure 7.3. The static
magnetic properties of the single crystal were measured by a vibrating sample magnetometer
(VSM). The values of saturation magnetization (σs) and coercivity (Hc) at 10 kOe in the easy axis
direction are 69.8 emu/g and 0.8 Oe, respectively, as shown in Figure 7.4. The low coercivity
value indicates that the crystals are free from impurities and voids.
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Figure 7.3 X-ray diffraction pattern of a BaM single crystal showing the (00l) planes of the
crystal.
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Figure 7.4 Magnetic hysteresis loops of BaM single crystal, when external magnetic field is
applied out-of-plane and in-plane of the crystal.
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Figure 7.5 AFM and MFM images of a BaM single crystal on the (a) basal plane and (b) prism
plane.

Figure 7.6 Artist’s sketch showing the domain patterns on the basal plane and the prism plane
of a bulk BaM single crystal.

To observe the magnetic domains of the BaM crystal, several crystals are collected and
leached for a day with mild heating in dilute nitric acid to remove any surface impurities and
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contaminants. The as-cleaned crystals were then polished by using fine micro-polish slurry by
regular metallographic technique to decrease their size and make the surfaces smoother and
shiny. Figure 7.5 (a) and 7.5 (b) show atomic force microscopy (AFM) and MFM images of a
BaM single crystal on the basal planes and the prism planes, respectively. Well-isolated, highly
contrasting flower-like patterns are observed on the basal plane and sharp spike-like domains are
observed on the prism plane. The observed domains showed regions of bright contrasts at the
center of the flower patterns and darker contrast along the edges. This bright (dark) MFM
contrast indicates an upward (downward) vertical field gradient originating from the positive
(negative) magnetic charges along the easy axis of the BaM crystal. It was reported earlier by
other researchers that materials with a uniaxial anisotropy, such as BaM, show patterns on the
surface from simple to complicated, leading to the appearance of corrugation and spike domains,
and also more complicated ‘‘flower’’ domains [83-84]. This complicated configuration of
domain patterns is shown as an explanatory sketch in Figure 7.6.
Thickness (T) dependence of the domain width ( ) for various crystals was observed
from the MFM scans by measuring domain width. Figure 7.7 shows the domain patterns of BaM
single crystals with different thicknesses from 800 µm to 100 µm. It was found that the domain
width decreased from 32 µm to 9 µm. In order to investigate and compare our results to
published data, we plotted log
and T is expressed as

against log T as shown in Figure 7.8. The relationship between

= a T b, where a and b are constants [82]. The constants a = 0.523 and b

= 0.611 were determined from line intercept and slope of Figure 7.8, respectively. These values
are very close to the reported results [80]. In addition, for uniaxial anisotropic crystals, the width
of the domain is expressed as [90]
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δ =

σT
0.85 M s

(1)

2

where Ms is the saturation magnetization and σ is the domain wall energy given as

σ = 4 AK u

(2)

the exchange constant A for BaM is 0.5 × 10-6 erg/cm [91] and the anisotropy constant Ku is 3.2 ×
106 erg/cm3 [92]. The value of Ms is obtained from the VSM loop in Figure 7.4 to be 369
emu/cm3. For 100 µm thick crystal (Figure 7.7 (c)), the

from the MFM image was measured to

be 9 µm. On the other hand, by using the equations (1) and (2), we calculated

to be 6.6 µm,

which is close to the experimental value observed from the MFM images.

Figure 7.7 AFM and MFM images showing the thickness dependence on domain width of (a)
800 µm, (b) 500 µm, and (c) 100 µm thick BaM crystal.
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Figure 7.8 Measured relationship between the domain width ( ) and thickness (T) of BaM
crystals.
Finally, in order to study the dynamic switching process of individual domain, an
identifying area on the crystal surface was chosen as a reference point such that it can be easily
located during the process of successive application of an external applied field to the sample.
After measuring the static magnetic domain pattern in the as-polished state, consecutive increase
of 2 kOe field was applied by an electromagnet. The applied field direction was kept fixed along
the easy direction (c-axis) of the BaM crystal sample as shown in Figure 7.4. After each step has
been completed, the MFM images were taken at the reference point. Figure 7.9 shows the MFM
images of change in domain configuration on the basal plane with an applied field. Figure 7.9 (a)
shows the MFM image of the as-grown crystal in the demagnetized state with a few white
flower-like dendritic patterns surrounded by dark regions throughout the basal plane of the
crystal surface. The dark regions correspond to the domains having a magnetization component
parallel to the crystal easy axis, and the white regions corresponding to the domains with
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magnetization component anti-parallel to the c- axis of the crystal. With the increase in applied
field, the darker domains grow at the expense of the white domains. Therefore, the magnetic
domains, which remain canted from the easy axis, start to disappear and transform by aligning
towards the applied field direction with an increase towards the saturation magnetization. Figure
7.9 (d) shows that, as the value of the applied field approaches the saturation value, only a small
number of anti-parallel domains remain.

Figure 7.9 MFM images of BaM single crystal taken on the basal plane (a) as-grown, (b) after a
2 kOe field was applied, (c) after a 4 kOe field was applied, and (d) after a 6 kOe field was
applied during the initial magnetization process.
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CONCLUSIONS
Part I. Spherical barium ferrite nanoparticles
Spherical shaped barium ferrite (S-BaFe), were successfully synthesized by a unique
adsorption diffusion process and a hydrothermal process. Precursory spherical magnetite (SMag) and cubic hematite nanoparticles were first synthesized and are coated by barium ions on
the surface of the precursory particles which are later heat-treated at elevated temperature to
convert to S-BaFe nanoparticles.
7-30 nm S-Mag nanoparticles were synthesized by a modified organic process where an
iron oleate complex was first prepared by reacting iron chlorides and sodium oleate and later this
complex is reacted in a high boiling point solvent to obtain the S-Mag nanoparticles. The S-Mag
particles had a saturation magnetization (σs) of 70 emu/g and exhibited superparamagnetic
behavior as confirmed by the Mössbauer studies. Well dispersed 20-25 nm sized uniform
hematite nanocubes were synthesized by the decomposition of an ironoleate complex under
hydrothermal conditions, which was prepared from the reaction of iron chloride and sodium
oleate. The process conditions were optimized to scale-up the process and to produce hematite
nanocubes with uniform shape and narrow particle size distribution. The nanocubes had a
saturation magnetization (σs) and coercivity (Hc) values of 0.47 emu/g and 77 Oe respectively.
24-30 nm sized S-BaFe were synthesized from nanosized S-Mag nanoparticles by the
adsorption diffusion process. Room temperature Mössbauer spectra confirm no existence of
superparamagnetic particles. Saturation magnetization and coercivity of the S-BaFe
nanoparticles were found to be 41.4 emu/g and 4075 Oe, respectively. The thermal stability
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factor for the S-BaFe particles was obtained to be KuV/kBT ≈ 107 from the time-dependent
remanent coercivity measurements. S-BaFe particles synthesized from the uniform hematite
nanocubes showed a saturation magnetization (σs) of 45.4 emu/g with an intrinsic coercivity (Hc)
of 3015 Oe at a maximum applied field of 10 kOe. The particle sizes ranged from 20-22 nm.
In order to eliminate the several processing steps used by the adsorption-diffusion
process, an alternative hydrothermal process was developed and optimized to synthesize S-BaFe
nanoparticles. The worm-shaped particles were synthesized by hydrothermally reacting a
mixture of Ba(NO3)2 and Fe(NO3)3•9(H2O in an autoclave. 25-45 nm S-BaFe were obtained from
the heat treatment of the worm-shaped particles. The saturation magnetization and coercivity of
the heat treated S-BaFe nanoparticles were obtained to be 50.7 emu/g and 4311 Oe, respectively.
Thermal stability measured on the particles showed a values KuV/kBT ≈ 81 from time-dependent
remanent coercivity measurements. The table below summarizes the magnetic properties of SBaFe nanoparticles achieved by the three different processes respectively.

Table 8.1 Magnetic properties of S-BaFe nanoparticles achieved by the three different processes.

Part II. Hexaferrite Single Crystals
Liquid phase epitaxy (LPE) technique was used to grow 144 µm thick barium ferrite
(BaFe12O19; BaM) single crystalline films on (111) Gd3Ga5O12 (GGG) substrate. The growth rate
of 72 µm/h was achieved with a flux system of Fe2O3 - BaCO3 - Na2CO3. The grown BaM films
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show single crystalline (000l) orientation that was confirmed by X-ray diffraction pattern and
magnetic torque curves. The saturation magnetization (4πMs) and the anisotropy field (Hk) were
found to be 4.2 kG and 16.0 kOe, respectively. The ferrimagnetic resonance (FMR) linewidth
(∆H) at 35 GHz was measured to be 0.1 kOe.
High purity bulk single crystals of hexaferrites were grown and studied for their magnetic and
microwave properties with respect to different cation dopant elements. M-type samarium doped
strontium ferrite single crystals have been grown with a SrCO3 and Na2CO3 flux system. The
crystals exhibited the typical hexagonal ferrite growth habit with a plate-like geometry, and the
largest crystals obtained are of 10 mm in length and 3-4 mm in thickness, respectively. It was
observed that the saturation magnetization and anisotropy field are significantly affected by the
doping concentration of Sm ions in the hexagonal crystal lattice of BaM. A saturation
magnetization (σs) of 69.8 emu/g and an anisotropy field (HA) of 25 kOe was achieved. Room
temperature FMR measurements show 85 Oe of linewidth (∆H) at 53 GHz.
Magnetic and microwave properties of planar Y-type Sr(2-x)BaxZn2Fe12O22 (x = 0.5) single
crystals were grown from the flux systems of BaCO3, SrCO3, and Na2CO3 by a high-temperature
flux method. The anisotropy field (HA) and the in-plane magnetization (σs) were measured to be
10 kOe and 22.5 emu/g, respectively. Ferrimagnetic resonance (FMR) measurements showed 41
Oe of linewidth (∆H) at 10 GHz. Also, Zr substituted Ba2Zn2Fe12O22 (Zn-Y) were grown from
the flux systems of BaCO3 and B2O3. X-ray diffraction pattern confirmed that the crystal
structure is an extended single crystalline array of Zn-Y composition with an in-plane easy axis
crystallographic orientation. The obtained single crystals were characterized for magnetic and
microwave properties. The anisotropy field (HA) and the in-plane magnetization (σs) were
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measured to be 13 kO and 52.0 emu/g, respectively. Ferrimagnetic resonance (FMR)
measurements showed 18 Oe of linewidth (∆H) at 9 GHz.
Finally, Magnetic domain patterns in bulk BaM single crystals on the basal (000l) and the
prism (1102) plane were studied by magnetic force microscopy (MFM). The surface domain
patterns are in the form of flowers, stars, or saw type on the basal plane and long elongated
spikes or stripe domains on the prism plane. The change in domain structure with an applied
field (Happ) and the thickness (T) dependence on domain width (δ) were observed. The domain
width decreased from 32 µm to 9 µm for the crystals of 800 µm to 100 µm thicknesses,
respectively. The results obtained from domain images and the thickness dependence of domain
wall width agree with the theoretical values.

144

FUTURE WORK
Part I. Spherical Barium Ferrite Nanoparticles
The magnetic tape industry is actively searching for a better performance magnetic media
to meet future storage demands as today’s tapes are fast approaching their thermal limit for
recording capacity by reducing particle size. The produced S-BaFe particles although meet the
required magnetic properties for a high-density particulate recording media the process needs to
be further optimized to obtain scalable quantities. It was observed that increasing the amount of
precursory particles quantity resulted in an increased amount of secondary phase formation such

as α-Fe2O3 and spinel BaFe2O4. The results from those synthesis attempts were not promising
enough, but a further fine tuning of the process needs to be evaluated. For example, changing the
Ba/Fe/solvent concentrations with respect to DI water and ethanol, time for mixing and proper
dispersing the particles needs to be studied and optimized.
The nature of the precursory particles also had a significant role in obtaining good S-BaFe
particles. For example, it was very challenging to retain the spherical morphology of the
synthesized S-BaFe particles by both the absorption diffusion and the hydrothermal process if the
initial precursory particles had any organic surfactants (oleic acid, oleylamine) remained on the
surface of the particles. The individual precursory particles sticked together during the drying stage
of the process and later did not disperse well during the coating process which caused them to
sinter together at high temperatures. Therefore, it is extremely important to use properly cleaned
and dried precursory particles (preferably vacuum dried) with good dispersion mechanism during
the coating process.
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Future work should also involve in understanding the mechanism of phase and crystalline
transformation of the precursor particles to the S-BaFe nanoparticles. The as-synthesized particles
at various temperatures need to be studied for their thermochemical behavior and chemical
bonding by thermal analysis and FTIR (Fourier-transform infrared (FTIR) spectrophotometer
measurements. TEM images of the coated particles should be analyzed and studied for further
understanding of the envisioned coating process.
Efforts to reduce the high sintering temperature and the prolonged holding times at that
temperature need to be minimized. One way to realize this is if we can subject the as-coated
precursory particles to microwave sintering instead of the conventional sintering methods. In
microwave sintering, the heating rate is very rapid and the heat is generated internally within the
particle instead of originating from the external source therefore instantaneous heat and shorter
times for sintering to obtain the barium ferrite phase can be achieved.

Part II. Hexaferrite Single Crystals
The results achieved from the thick films and the single crystals show significant
improvement in magnetic and microwave properties. The next steps would be to get the ferrite
films self-biased completely to avoid the use of permanent magnets to bias the microwave
devices. Unfortunately, single crystal thick films and crystals have no remanence due to the
demagnetization fields. One possible way to achieve this goal is by making a composite substrate
of BaM which can consist of a single crystal hexaferrite slab in a matrix of polycrystalline
hexaferrite.
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