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Abstract: This study is aimed at the manufacture and the magnetic properties of polycrystalline
M-type hexaferrites BaFe ;019 (barium ferrite, or BaM) materials of different magnetic texturing
grades, going from a random distribution of the BaM crystallites to their almost complete stacking.
Our target is to optimize the value of reduced-remanence magnetization Mg /Mg, which is among the
most significant features of the self-polarized materials. In this study, we focus on the role played by
the precursors hematite (isotropic spherical shape) and goethite (anisotropic lath shape). Therefore,
11 samples with a flat cylinder shape are fabricated, with an increasing hematite to goethite ratio.
We demonstrate that this ratio drives the texturization of the samples by producing self-polarized
materials with different M /Mg from the simple green compaction of the precursors, followed
by a heat treatment. Most importantly, our study reveals the orientation of BaM particles after
compaction; therefore, Mg /Ms, is strongly influenced by the aspect ratio of the lath-shaped goethite
crystallites. Additionally, we show that finer goethite crystallites yield higher-value Mg /Mg. We
optimize the aspect ratio of the goethite crystallites for an improved BaM texture. The optimization
of the morphology of the goethite crystallites leads to an increase in the BaM particles” orientation
and stacking. The salient outcome of this work, which distinguishes it significantly from recent
works, is that the particles stacking increases with the value of the shape factor 1 (defined as the
ratio of the diameter of the laths to their length) of the goethite, evidenced by XRD results. The
Rietveld refinements of powder diffractograms and the measured magnetic properties reveal a
particle-stacking enhancement caused by not only the ratio of hematite: goethite but mainly by
an optimal aspect ratio of the goethite crystallites. Based on this study, the BaM materials are
further manufactured with a controlled magnetic texture; thus, they are partly self-polarized. They
show reduced-remanence magnetization Mg /Mg varying from 0.5 and 0.81, while the angular
dispersion of the BaM particles” easy axis of magnetization varies from 60° to 10°. The magnetic
properties of the samples are further studied in microwave experiments, from which the value of the
magnetocrystalline anisotropy field Hx = 16.6 kOe is deduced. The first magnetization curves of each
sample are obtained using a VSM. A law of approach to the saturation suitable for the case of the
uniaxial polycrystalline materials, and for which the particle stacking is only partial, is proposed for
the fitting of the magnetization process. It is suggested that by using the proposed law with a known
magnetocrystalline anisotropy constant Ky, the angular grain-dispersion can be found.

Keywords: barium hexaferrites; self-polarized hexaferrites; cold compaction; controlled magnetic
texturization; magnetocrystalline anisotropy; law of approach to saturation

1. Introduction

In recent years, a revival in the interest in rare-earth-free permanent magnets, such
as M-type hexaferrites [1-3], has been observed. Among this class of materials, strontium
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hexaferrites and barium hexaferrites, BaFe1,019 (BaM), present intermediate performances
between standard ferrite and rare-earth magnets. In addition to a strong magnetocrys-
talline anisotropy, the BaM hexaferrites engineered to have a sufficient magnetic texture
can present the great advantage of possessing high-remanence magnetization. For these
reasons, they have attracted attention for use in microwave and millimeter wave (MMW)
applications [4-6]. The interest of such properties is obvious in the design of the inte-
grated and miniature MMW devices, in which the external permanent magnet would be
eliminated [7-9].

The crystals of BaM grow in a flat hexagonal platelet shape, with an aspect ratio
of about 1/3. Their easy axis of magnetization is perpendicular to the basal plane. The
critical single-domain size is between 0.5 and 1 um [10]. The achievement of stacking these
single-domain particles is desired in order to produce a self-polarized material.

Among the manufacturing techniques used to effectively fabricate these magnets,
those operating with standard ceramic technology and mechanical processes [10] must
be distinguished from those implementing soft chemistry methods [6,10-13]. The latter
fabrication methods involve topotactical reactions. In addition to being inexpensive, unlike
other techniques, soft chemistry methods present the notable advantage of leading to
the spontaneous stacking of particles [6]. It should be made clear, however, that even
if the polycrystalline material has a high-quality magnetic texture, there is always some
misorientation of the easy axes of magnetization, which could hardly be limited only by
applying a strong magnetic field during the compaction process. Recent works [14,15],
showed that the combined use of goethite and hematite crystallites to fabricate strontium
hexaferrites (SrFej019), allowed some degree of alignment of the crystallites after a cold
compaction and a heat treatment with Mr/Ms = 0.71. The magnitude of this value,
indicative of the degree of particle packing, is insufficient for many applications. The
required Mg /Mg value for a self-polarized material used in a circulator, one of the major
applications at present [4,16-19], should be higher than 0.83 [6,20]. In our previous work,
using a coprecipitation technique, we created highly oriented bulk compacts made of BaM
particles with reduced-remanence magnetization Mg /Mg = 0.88, which are suitable for
self-biased applications [6]. In order to increase this value, we optimized several stages of
the fabrication process. In the present work, we focus on the role played by the morphology
of the goethite crystallites (which are used as a precursor) and on the quality of BaM particle
packing. We show that the shape and aspect ratio of the goethite crystallites are critical
parameters for obtaining high Mg /M;g values, and that they were not taken into account
before [14,15].

In the case where the dispersion of the axes of easy magnetization of the material is
random, i.e., when the material has no magnetic texture, the law of approach to saturation
(LAS) is commonly used to describe the first magnetization curve [21]. However, when
used under its most usual formulation, the LAS applies only to the specific case where the
material is constituted of particles dispersed at random, and they consequently show a
random distribution of their easy axes of magnetization. This state defines the lower degree
of the magnetic texture. The LAS is not adapted to the case of a partly or a fully oriented
material and should not be used as is. Consequently, it is desirable to have a LAS that is
applicable to textured materials. Our purpose is to determine the magnetization curve of a
material where the magnetic texture lies between random and perfectly oriented.

The aim of the present work is twofold. Firstly, we present a new method for manu-
facturing BaFe ;019 materials with different magnetic texturing grades. The novelty and
salient point of our method lie in the use of goethite crystallites with an optimized shape
and aspect ratio. The value obtained for the remanent magnetization Mg /Mg of the BaM
material increases from 0.54 to 0.81 when the angular dispersion of the easy axis of mag-
netization varies from 60° to 10° (XRD measurements). The magnetocrystalline field Hy is
measured from microwave experiments. Secondly, we propose a new formulation of the
LAS, partly based on structural characterizations, where the spatial dispersion of the easy
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axis of magnetization in grain-oriented polycrystals of hexagonal materials is considered,
and from which the angular dispersion value of the BaM particles could be inferred.

2. Experimental Details

X-ray diffraction measurements are carried out on a Panalytical Empyrean with Chi-
Phi-Z configuration using Cu K« radiation over a 26 range from 15° to 60°. The parameters
Z, Chi, and Omega are adjusted for each sample.

The microstructures of the samples are imaged by a scanning electron microscope
Hitachi-S-3200N (Japan). The hysteresis loops of the sintered samples are measured at
room temperature using a Vibrating Sample Magnetometer EZ9 from MicroSense (Lowell,
MA, USA), with maximum applied field intensity equal to 1500 kA/m. Each sample
was maintained on a Pyrex sample holder, with its c-axis (this axis being defined by the
direction of the applied pressure during compaction, as explained below) aligned firstly
parallel, and then perpendicular, to the applied field, in order to measure the hysteresis
loops in both directions. The sample oscillated at a frequency of 70 Hz and averaged
for 3 s. The demagnetizing correction is further carried out by applying the relation-
ship H; = H-NM, where H; is the internal filed and H the applied field. The values of
the demagnetizing factor N are tabulated in [22]. The frequency evolution of the imag-
inary part of the magnetic permeability is extracted from S parameters measured by a
ZVAG67 vector network analyzer (Rohde & Schwarz, Munich, Germany) in the frequency
band [10 GHz-60 GHz]. The frequency evolution of the imaginary part of the magnetic
permeability is extracted in using a Rohde and Schwarz ZVA67 vector network analyzer
in the frequency band [10 GHz-60 GHz]. The anisotropy field Hk is deduced from the
resonant frequency fgr determined by the maximum of the imaginary part p” of the in-
trinsic permeability of the sample from the relationship between Hx and fr, which writes
fr = YHg, where 7 is the gyromagnetic ratio (7 = 35.12 x 1073 MHz/A.m™!).

3. Results and Discussion
3.1. Manufacture of a Self-Polarized BaM Sample

The polycrystalline BaFe;,019-oriented samples were made using barium carbonate
BaCOj (Acros-organics, Nidderau, Germany, 99%) and goethite FeO(OH), which was
synthetized in the laboratory from iron III hexahydrate (Sigma-Aldrich, Saint Louis, MS,
USA, 98%). For the sake of confidentiality, the synthesis process is not detailed. These
components were carefully mixed with a manual mortar. The mixtures obtained were
pressed into cylindrical pellets (7 mm diameter and 5 mm thickness) at a pressure of
320 MPa using a uniaxial hydraulic press. The direction of the applied pressure defined the
c-axis, which was normal to the upper side of the pellets. The pellets were further heated
to 1040 °C with zero dwell time and heating and cooling rates of 3 K/min.

During compaction, the applied pressure orients the goethite crystallites along the
compaction axis (Figure 1a). We first considered the synthesized goethite crystallites: they
are lath-shaped, with a crystallographic axis [001] that is oriented perpendicular to the
largest face of the crystallite (Figure 1d). The pressure applied during the molding step
leads to a preferential orientation of the goethite crystallites, the [001] axes of which being
predominantly parallel to the direction of the applied pressure. The X-ray diffraction pattern
of the goethite before and after the pressing process confirm a preferential orientation of
the goethite close to the direction [001]. The direction [101], which is closest to [001]
among these that contribute to the diffraction pattern, is clearly the one that remains,
with a strong intensity (Figure 1a,b), whereas all the others Bragg diffraction peaks are
extinguished. The Rietveld analyses performed (Table 1) using Jana2020 (Institute of
Physics, Prague, Czech Republic) [23] give a preferred orientation axis [001] with an
r-factor of 0.39. This preferential orientation of the [001] axes is maintained during the
various topotactic reactions that occur during the subsequent heat treatment leading to
the formation of BaFe 019 [24-26]. The chemical processes that lead to BaFe ;019 from
oriented goethite crystallites are as follows:
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2 aFeO(OH)[001] — aFe;05[001] + H,O
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Figure 1. (a) Schematic representation of the alignment in the basal plane of goethite crystallites,
observed after uniaxial pressure. (b,c) Rietveld analysis of goethite before and after pressing process,
respectively. (d) TEM images of lath-shaped goethite crystallites.
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Table 1. Rietveld refinement values (self-polarized material).

Goethite before Compaction Goethite after Compaction
a,b,c(A) 9.9734(12), 3.0288(4), 4.6257(7) 9.9740(6), 3.0255(15), 4.6151(8)
Space Group Pnma Pnma
March-Dollase r 1 0.3997
Robs, wRobs, Ran, wRalls 6.15, 6.53, 6.57, 6.54, 13.98, 13.15, 14.36, 13.16,
GOF 1.39 1.39

3.2. The Aspect Ratio of the Goethite Particles: Its Major Role on the Quality of the BaM
Particles Stacking

It was found that the aspect ratio of width to length n of the goethite impacts the
stacking quality of the resulting BaM crystallites. The X-ray patterns of the three samples
obtained with G1, G2, and G3 clearly show an improvement of the stacking quality with
increasing n (Figure 2d), and the intensity ratio 1(008)/I(107) increases with 1 (Table 2).
It is expected that these results might be significantly improved by optimizing the heat
treatment after compaction. Further studies are ongoing.

Table 2. Influence of the aspect ratio of the goethite on BaM particles stacking.

Goethite G1 G2 G3
n 0.06 0.15 0.2
1(008) /1(107) 0.5 0.8 1.2

) Ty
/1"_ /"/'{ /

(c)
N & 400 |
2 .
: g
E 3004 o8
2 '
; |
.é’ 2004
A - T Y 11,0
_— 100 4 108
L 1108
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Figure 2. (a—c) Goethites G1, G2, G3, respectively. (d) X-Ray pattern of oriented BaM samples (1-3)
obtained with G1, G2, G3, respectively.
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3.3. Manufacturing of BaM Samples with Differents Grades of Orientation

The polycrystalline BaFe ;019 samples were synthesized using barium carbonate
BaCOj3 (Acros-organics, 99%), ferric oxide Fe;O3 (Sigma-Aldrich, 99%), and goethite
FeO(OH) synthetized in the laboratory from iron III hexahydrate (Sigma-Aldrich, 98%).
Keeping the 1:12 molar ratio for Ba:Fe and with different molar proportions of Fe;O3 and
FeO(OH), a total of eleven samples were prepared. These components were carefully
mixed with a mortar, with molar ratios ¢ = FepO3:FeO(OH) varying from 0 to 1 (Table 3).
The so-obtained mixtures were pressed into cylindrical pellets (with dimensions of 7 mm
diameter and 5 mm thickness) at a pressure of 320 MPa using a uniaxial hydraulic press.
The direction of the applied pressure defined the c-axis, perpendicular to the upper side of
the pellets. The pellets were further heated to 1040 °C, with zero dwell time and heating
and cooling rates set to 3 °C/min.

Table 3. Details on the prepared samples.

Goethite (% molar) 0 5 10 20
Hematite (% molar) 100 95 90 80
Notation in this paper BaM-0 BaM-5 BaM-10 BaM-20
Goethite (% molar) 30 40 50 60
Hematite (% molar) 70 60 50 40
Notation in this paper BaM-30 BaM-40 BaM-50 BaM-60
Goethite (% molar) 70 80 90 100
Hematite (% molar) 30 20 10 0
Notation in this paper BaM-70 BaM-80 BaM-90 BaM-100

The effect of the applied pressure was different on hematite particles than on goethite
crystallites. This is a key point of the manufacturing process, which we will emphasize.
Now we consider the hematite particles, which have a spherical shape (Figure 3): because
the applied pressure does not have any effect on the orientation of these particles, their
crystallographic axes remain randomly oriented.

Figure 3. TEM images of spherical crystallites of hematite.

The initial ratio of Fe;O3:FeO(OH) drives the amount of randomly oriented or oriented
BaFe1,019 crystals. Figure 4a,b are SEM images evidencing the differences in texture
between randomly oriented crystallites in sample BaM-0 (prepared with hematite only)
and stacked crystallites in sample BaM-100 (prepared with goethite only).
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Intensity (counts)

Figure 4. SEM images show the evolution of the texturization between BaM-0 (a) and BaM-100 (b).

3.4. Crystallographic Study of BaM Samples Manufactured with Different Texturations

X-ray diffraction data were processed with HighScore Plus software (Panalytical,
UK) [27] for phase analysis and Jana2020 for Rietveld analysis. The latter made it pos-
sible to examine the purity of the samples and to characterize the stacking of the crys-
tallites. The crystallographic model used comes from the ICSD 259873 CIF file with cell
parameters a = b = 5.8909 A, ¢ = 23.1882 A and space group symmetry P63/mmc. The
Rietveld analysis shows that all samples are single-phase (Figure 5). After refinement,
the cell parameters and R factors for BaM-0 are a = b = 5.8928 A, ¢ = 23.2295 A and
Robs = 3.67, wRobs = 4.47, Rall = 4.78, wRall = 4.68, GOF = 1.19, whereas and BaM-100,
they are a = b = 5.8921 A, ¢ = 23.2161 A and Robs = 5.41, wRobs = 5.60, Rall = 6.42,
wRall = 5.79, GOF =1.26.
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Figure 5. Diffraction pattern and Rietveld analysis of BaM-0 (left) and of BaM-100 (right).

When comparing the X-Ray diffraction pattern of all the samples from BaM-0 to BaM-
100, it appears that (001) basal reflections become stronger (Figure 5). This is explained
by an increasing orientation of the crystallites [28]. More specifically the (008) reflection
becomes stronger with the increasing goethite to hematite molar ratio, meaning that the
rate of oriented BaM particles increases as well (Figure 6).
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Figure 6. The intensity of XRD (008) reflection increases with the molar ratio between goethite
and hematite.

XRD data make it also possible to obtain information on the distribution of the
orientation of the crystallites. Among the several mathematical models available (e.g.,
Sasa-Uda [29], Capkova, and Valvoda [30]), the March-Dollase approach [31] is used for
the determination of the degree of preferred orientation. The March—Dollase model, devel-
oped to describe the compaction of platelike grains under uniaxial stress [32], states that
the fraction P(0) of crystallites having the inclination angle 6 between the normal to the
diffraction plane and the hkl plane is defined: ,

sin?(0) \ °
P(6) = <r2 cos?(0) + > 1)

r

The March—Dollase factor, denoted r, defines the spread of angular distribution of
the crystallite inclinations. It is extracted from XRD data using Rietveld refinement with
Jana2020. If the maximum of the orientation distribution does not occur for the [001]
direction, which is most often the case, the distribution is shifted so that 8 = 0 represents
the easy axis of magnetization [001]. Thus, for the determination of the factor r with a
direction [hkl] different than [001], the relation P(6) with w the angle between [001] and
[hkl] becomes:

P(0) = (rz cos?(0 — w) + smz(er—w)> B ()

Rietveld analyses are used to extract the r factor for each sample, with the
vector [1 0 16] to define the preferred orientation. The Rocking curve (Figure 7a) shows
a difference of 3.6° between the maximum intensity of (008) reflection and the diffraction
plane. This result confirms that the preferred orientation vector is around [1 0 16] because
the angle between [1 0 16] and [0 0 1] is 3.56°. The r-factor decreases linearly as a function
of the molar percentage of goethite (Figure 7b). This result shows that the preferential
orientation according to [001] is more important, as the initial proportion of goethite is
greater. The variation of the orientation distributions as a function of the molar proportion
of goethite is shown in Figure 8. Obviously, these conclusions might be directly applied to
the spatial distribution of the easy axis of the hexagonal BaM platelets in each sample.
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Figure 7. (a) Rocking curve for the intensity of the (008) Bragg diffraction pic. (b) Evolution of the
March-Dollase factor as a function of mole percentage of goethite.
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Figure 8. Probability density of crystallite orientations, from March—Dollase model.

3.5. Experimental Investigations of the Magnetocrystalline Anisotropy

In the case of a hexagonal crystal, and omitting higher terms than the second order,
the magnetocrystalline anisotropy energy is expressed as [2]:

Ex(6m) = Kj sin?(8mm) + Ky sin* (61m) (3)

where K; and K, are magnetic anisotropy constants and 0y, is the angle between the

magnetization and the c-axis (easy axis of magnetization.)
Then, the anisotropy field Hk is given by [33]:

2Ky +4K3
HoMs

For non-substituted BaM, K, = 0. The value of Kj is positive, equal to 5.4 10° erg/g [34],
meaning that the easy axis of magnetization is parallel to the hexagonal c-axis. The uniaxial
anisotropy field Hg of BaM is typically in the 1320-1360 kA /m or 16.5-17 kOe range [10,35].

H 4)
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3.6. Microwave Measurement Method for Determining Anisotropy

A successful way of determining the magnetocrystalline anisotropy field of a magnetic
material involves the measurement of its dynamic permeability in the high-frequency
range. Thus, it is established that the maximum of the imaginary part p” of the mag-
netic permeability p (n = w'-ju”) occurs at a frequency fr which, in the absence of de-
magnetizing effects, is written fg = yHg, with o and Hk being the gyromagnetic ratio
(v = 2.8 MHz/kOe = 1.7608 x 10'! s7!T~!) and the magnetocrystalline anisotropy
field, respectively.

The broadband complex permeability of the BAM-0 sample was measured in the fre-
quency band [10 GHz-60 GHz] by the transmission/reflection method using a Rohde and
Schwarz ZVA67 vector network analyzer. The demagnetized sample was placed on the
top of a high-frequency microstrip line to measure the transmission S21 and reflection 511
parameters. First, the effective permeability of the structure (microstrip line and sample)
was calculated from the measured S-parameters using a specially written Matlab code based
on the NRW equations [36]. Then, conformal mapping applied to permeability [37,38]
was used to extract the intrinsic permeability of the sample from the effective multilayers
structure. Finally, the anisotropy field Hg of the hexaferrite was deduced from the resonant
frequency determined by the maximum of the imaginary part n” of the intrinsic perme-
ability. The frequency evolution of u”(f) normalized to its maximum is shown in Figure 9.
The maximum of p”(f) occurs for fg = 46.6 GHz, to which corresponds Hx = 1330 kA/m
(i.e., 16.6 kOe). This result agrees with the value of the anisotropy field Hg of BaM ferrites,
which is close to 1360 kA/m (i.e., 17 kOe). However, a distribution of switching fields
inevitably appears in a given assembly of particles with shapes, sizes, morphological, and
structural defects that vary from one particle to another, and then the anisotropy field thus
determined should correspond to the higher value of the anisotropy field distribution f(Hx).

1.2 0.4
\«._n-\&_f\_v/\iw//‘ \.\
< \
\
0.8
& : ”
= ——real part p
= 0.2
g ——imaginary part p"
<
~ 04
0 0
10 20 30 40 £ 50 60
F(GHz) I

Figure 9. Frequency evolution of the normalized intrinsic permeability of sample BAM-0.

3.7. Isothermal Remanence Measurements

In order to clarify this point, we discriminated the anisotropy field distribution f(Hk)
from the switching field distribution. It was established that by measuring the initial
remanence curve Mg (H) a switching field distribution could be calculated [39], from which
the Hg-distribution function f(Hg) could be obtained [39]. The switching field distribution
was similar to the anisotropy field distribution in the situation where the particles diameter
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was below the critical single-domain size D¢c. For BaM, D¢ is about 0.5-1 um [10], which
is much larger than the typical diameter observed in this study. Therefore, it is legitimate
to admit that SFD and f(Hg) are similar. In the present study, the distribution f(H)
was obtained by the isothermal remanence measurement (IRM). The IRM measures the
remanent magnetization as a function of an increasing magnetizing field starting from
a demagnetized state. After demagnetizing the sample, a small field was applied and
subsequently removed, after which the remanent magnetization was measured. This
magnetization is plotted against the previously applied field. Next, a somewhat larger
field was applied and subsequently removed, after which the next remanent magnetization
was measured. The resulting curve Mg(H) looks comparable to the virgin curve. For a
random assembly of particles with uniaxial anisotropy, the anisotropy field distribution
can be obtained by differentiating the reduced IRM curve (mr(H) = Mr(H)/Maoo, where
M is for the maximum remanent magnetization value) after considering the effects of
demagnetizing fields. The distribution function f(Hk) is then obtained by readjusting the
field scale, and where H; is the internal magnetic field:

dmR(Hi)

k) = | ®)

H,
]Hi;

Figure 10 shows f(Hk) for the less-textured sample (BaM-0). In the higher fields,
the distribution decreases slowly until the value ( Hk),,, = 1370 kA/m (i.e. 16.6 kOe)
is reached (triangle symbol in Figure 10). The behavior in the high fields is still unclear;
however, it could be ascribed to dipolar interactions between grains.

1

0.8

a.u.

0.6

40 (GHz)

0.4

f(H,) (normalized)

0.2

0 500 1000 1500
H(kA/m)

Figure 10. Anisotropy field distribution f(HK) of the sample BaM-0. The triangle shows the value of
HK as measured by using microwave experiment (see main text). Inset: the frequency variation of the
imaginary part of permeability (1t”) shows a maximum at frequency fR = 46.6 GHz. To this value of
/R corresponds the maximum value Hy of the anisotropy field distribution (both are marked by a
triangle), the relationship beween fR and HK being fR = yHk.

The anisotropy field value obtained from microstrip experiments, (Hg ), = 16.6 kOe,
is very close to the one for which f(Hk) cancels. While the IRM measurements give the
anisotropy field distribution, the microstrip line measurement method provides the maxi-
mum value of anisotropy field, which corresponds to the field to be applied to complete
the coherent spin rotation in the Stoner and Wolfarth model [40].

3.8. The First Magnetization Curve and the Law of Approach to Saturation

The first magnetization curve of an isotropic polycrystalline material, as it approaches
magnetic saturation, is commonly described using the law of approach to saturation, which
expresses [2,41];

M(H) = Ms (1_;_;> +xpH; ©)

1
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M is the saturation magnetization and H; is the internal field (i.e., the applied field
Hj corrected from the demagnetizing field: H; = Hy-Hj;). The term a/H, which results
from the presence of inclusions and defects, must vanish at high enough magnetic fields.
The last term xp is a small high-field susceptibility, called paraprocess. It is due to high-
field band splitting, and can be neglected below moderately applied fields intensities [2].
The b/H? term arises from the magnetic moments reorientation when the anisotropy
axis is misaligned with the applied field. It is directly related to the magnetocrystalline
anisotropy (even Hy or the first anisotropy constant K). Then, the following relation (1)
is commonly used to derived Mg and the anisotropy field for an isotropic distribution
of magnetic moments which can change direction only by rotating against the magnetic
anisotropy [42,43]:

M(H) = Mg (1 - 132> @)

If such a polycrystalline ferromagnet consists of randomly oriented, single-domain
crystallites having uniaxial anisotropy, the coefficient b writes:
2
_ Hy
15
The variation of M as a function of 1/H? being linear for field values close to saturation
therefore allows to determine both Mg, and H, as well as K; (if the constant K3 is negligible
compared to Kj.)

The LAS can then be used to determine the magnetocrystalline anisotropy constant K;
and the saturation magnetization Mg, for a random distribution of uniaxial crystals, from (7):

4 K* 1
H) = 1— — 1
M(H) M5< 15p0M§H2> ©)

b ®)

However, the LAS as such does not apply when the spatial distribution of the particles
is no longer random. This situation arises in the case of polycrystalline materials intended
for the production of permanent magnets. In order to quantify more precisely the expected
modifications to be applied to the LAS regarding the amount of granular texturization in
the partly oriented hexaferrites used in this study, we propose to introduce in relation (9)
an additional factor, which is intended to take into account the degree of disorientation of
the particles, itself being a function of the initial ratio Fe,O3:FeO(OH).

To the best of our knowledge, the only work published in this area comes from
Celasco et al. [44]. In [44], the saturation approach of polycrystalline magnetic materials
made of randomly oriented, single-domain crystallites with cubic anisotropy and a prefer-
ential orientation was studied theoretically, and an adapted saturation-approach law was
proposed. The orientation of the particles was described by an angular distribution of the
axes of easy magnetization carried by the grains. The authors showed that the LAS writes:

Acub(KHKZrT) % 1 )

— 10
Ho X Mé H? ( )

M = M;g (1 -
where T quantifies the orientation of the axes of easy magnetization. Following [45],
the influence of the grain dispersion on the saturation-approach law is fully contained
in the A.,,(Ky, Ky, 7) factor. In the case of a random dispersion of grains the function

Aqup(Kq, Ky, T) simply reduces to the usual expression for a cubic anisotropy, and to the
first order [45]: g
2

= 105K (11)

However, there is no equivalent expression in the published literature for a LAS that
could be used in the case where the crystallites exhibit uniaxial anisotropy. Therefore,
we have adopted an experimental approach, leading to the determination of a function
Auni(Ky, T) to the case of polycrystalline magnetic materials consisting of BaM grains of

Acub (Klr Ky, T)
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uniaxial anisotropy and with preferential spatial orientation (K; = 0 for unsubstituted BaM).
Hence, we assumed that the LAS can be written in a similar way as in [44]:

A i(KlIP) 1
M=Mg|1- 22 (12)
s < woMZ  H?

Our purpose is to find out the experimental variation of the factor A,,;,;(Ky,p), where
0 is a parameter intended to take the grade of texturization into account. We made the
reasonable assumption that the anisotropy field Hk, as well as the anisotropy constant K3,
are independent of the spatial dispersion of the platelets: the value of Hx was supposed to
be the one given in section IV: Hx = 16.6 kOe. The value of K; will be derived further from
Equation (4), with K = 0.

The direction of the normal 7 to the basal surface of a sample defines its C axis. A
magnetic field Hy is applied parallel to the C axis. The magnetization M is measured
along this direction. The demagnetizing effects were taken into account, the internal field
H; being obtained by the relation H; = Hy-NzM, where Nz is the macroscopic demagne-
tizing field coefficient along the C axis. The value of Ny is fixed by the aspect ratio of
the sample (thickness: diameter), as given in [22]. As the goethite content increases, the
obtained hysteresis cycles evolve steadily from that characteristic of a random dispersion
of uniaxial and monodomain particles for sample BaM-0 to that characteristic of a strongly
self-polarized material for sample BaM-100 (Figure 11). For BaM-0, the hysteresis loops
measured along the basal plane of the sample (ﬁ direction) and perpendicular to 1l are com-
pletely identical due to the isotropy of the sample, whereas for BaM-100, these hysteresis
loops are characteristic of an anisotropic material. The LAS was applied to the first magne-
tization curves using the relation (12) in the range of internal fields between 1384 kA /m
and 1000 kA /m, typically.

ff.
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8
O m.l‘
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Figure 11. Hysteresis cycles measured for samples BaM-0 (left) and BaM-100 (right). Black symbols:

— —
H// Z, open symbols: H J_ﬁ. The dashed lines in red are the first magnetization curves.

The behavior of the measured magnetization M as a function of 1/H;? is strongly linear
in this range (Figure 12), which confirms that both the constant a and the susceptibility x,
of Equation (6) can be neglected in the high-field domain. The data extracted from M(H)
loops and the LAS are reported in Table 4.



Magnetochemistry 2023, 9, 30

14 of 19

305
300 + &P e e .o
P8 e, , s
295 —+ o (@) o) @
o e g
3290 + ©0.0.9.. ._,,_2 _________ e ¢ BaM-30
€285 1 @ @ ... Q Q BaM-SO
< ® BaM-100
S 280 + ®-0.q
.y
275 + °..
270 + @
BaM-0
265 : : : : |
4x103  5x10%  6x103  7x1013  8x10%3
1/H? (A2m?)

Figure 12. Law of approach to saturation of some BaM samples. The determination coefficients R2 in
M vs. 1/Hi2 linear relations are better than 0.999 in any case.

Table 4. Data obtained from hysteresis loops and the law of approach to saturation. Mg is the
saturation magnetization, Mg, and Mg, the remanent magnetizations measured along the easy
axis and perpendicular to the easy axis, respectively. «sy is the full width at half remanence measured
in ARM. For A,,,,;(K1,0), see Equation (12) and main text.

Al A 1\(/{51/%5 M(i’fxﬂ/\fnlil 050 () AuiK1,Q)/Ke*

BaM-0 304 166 0.55 1.06 154 0.33
BaM-5 319 174 0.55 1 150 0.29
BaM-10 308 173 0.56 0.98 128 0.29
BaM-20 319 185 0.58 0.88 125 0.28
BaM-30 317 200 063 083 123 024
BaM-40 308 201 0.65 0.78 118 0.23
BaM-50 308 203 0.66 0.69 105 0.21
BaM-60 311 229 0.74 0.64 101 0.19
BaM-70 313 230 0.73 0.57 93 0.17
BaM-80 312 237 0.76 0.54 89 0.16
BaM-90 303 242 0.8 0.46 87 0.12
BaM-100 299 238 0.81 0.40 70 0.1

3.9. Discussion

The variation of the remanent magnetization Mg, /Mg with the percentage of molar
mass of goethite (Figure 13) attests the evolution of the texture of the samples from a
random structure towards a state of ordered alignment of the easy axes. These results
suggest that the actual angular dispersion of easy axis of magnetization (as described by
Mg/, /Ms in Figure 13) is significantly larger than the angular dispersion of the crystal
grains (Figure 8). This difference could be due to dipolar interactions between grains, which
cannot be detected by XRD measurements.
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Figure 13. Variations of the saturation magnetization (MS) and reduced-remanence magnetization
(MR ///M;) with the molar percentage of goethite.

From these fits, the value of A,,,,;(K1,0)/K1? was determined for each sample (Table 4).
The choice of the parameter for quantifying the spatial dispersion of the axes can be made
among the following quantities: (a) the angular dispersion of the axes of easy magnetization,
as determined in X-ray diffraction; (b) the ratio Mg /Mgy, where Mg, and Mg, are the
remanent magnetization measured perpendicular and parallel to the sample plane (i.e.,
presumably along the easy direction and in the magnetic hard plane, respectively) [4];
(c) the width at half height of the angular remanence measurement (ARM). The ARM
measures the remanent magnetization as a function of the angle. This is achieved by
turning the sample to a certain angle, applying the maximum field, reducing the field to
zero, and measuring the resulting moment. The zero crossing marks the hard axis angle.
The narrower the transition, the better defined the anisotropy direction is. By taking the
derivative of this curve, a spread in the easy axis directions can be obtained (Figure 14). It
is convenient to characterize the data by the full width at half-remanence x5 (see Table 4).

0 50 100 150

Theta(degrees)

Angular dispersion (normalized)

Figure 14. Measured angular dispersion and full width at half-remanence a5y for BaM-0 (open circles)
and BaM-100 (full circles).

In [44], the angle between the cubic axis that forms the smallest angle with the di-
rection of the applied field is chosen as to represent the grain-dispersion parameter T
(Equation (10)). There is a strong correlation between the angular dispersion of the axes of
easy magnetization and both the ratio Mg | /Mg, on one hand, and with the width at half
height a5 of the ARM, on the other hand (Figure 15).
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Figure 15. Correlation between 26, My LMy’ (open symbols) and ARM (full symbols).

Therefore, we admitted that these two parameters have a common significance, and
we chose, as a parameter for quantifying the orientation of the easy axes, the half-height
width of the ARM.

The variation of A,,,;(K1,0)/K;? is shown in Figure 16. Two points are added to the
experimental data: one corresponding to a monocrystal, for which A,,,;; = 0, and the other
corresponding to a polycrystal with an ideal random distribution of easy axes, for which
Auni = 4/15. Interestingly, these variations are not linear and have a maximum. This
behavior is also reported on in [44] with regard to the calculated A, (K1, K2, 7)/K3. This
was presented as a real effect and not due to the particular distribution function used to
describe the dispersion of the grains in the polycrystal. As seen in Figure 16, it is obvious
that the law of approach to saturation for isotropic crystals given by relation (9) is no longer
suitable for textured crystals, even if the texture is weak. Instead, it is necessary to use a
LAS of the same type as in relation (12), where the influence of the grain dispersion on
the law of approach to saturation is fully contained in the A,,,;;(K1,p) factor. In this present
study, we found that once the constant Kj is determined, the angular grain-dispersion can
be deduced from saturation-approach measurements.

0.35 T Isotropic

Polycristal

0.30 T

0.25 +

0.20 +

0.15 +

A,ni(Ky,p) /K

0.10 +

0.05 /

0 o= f f f !
0 50 100 150 200
ARM half-height width (degree)

Figure 16. Variation of A,,;(Ky,p)/K? as a function of the ARM half-height width (the full line is
only a guide for the eyes).
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4. Conclusions

BaM samples with different magnetic texturing grades are manufactured by controlled
topotactical reaction by using hematite and goethite particles. It is demonstrated that the
hematite: goethite ratio drives the texturization of the samples. The novelty of this study
lies in the optimization of the aspect ratio of the goethite crystallites in view of an improved
BaM texturization. We show that the optimization of the morphology of goethite crystallites
improves the BaM particles” orientation and stacking. The salient result of this study is
the demonstration that by using a single cold compression process and a heat treatment,
we can organize BaM particles stacking, which increases with the value of the aspect ratio
of the goethite crystallites. The Rietveld refinements of powder diffractograms clearly
revealed a particles-stacking enhancement, which is dependent not only of the hematite:
goethite ratio but also of the optimal aspect ratio of goethite crystallites. This optimization
resulted in a significant improvement of the remanent magnetization value, increasing it to
0.82 compared with the most recent literature. Additionally, we expect in the near future
to further improve this value by optimizing the heat treatment after compaction. Based
on this study, BaM materials are further manufactured with a controlled magnetic texture;
therefore, they are partly self-polarized. They show a reduced-remanence magnetization
Mg /Mg varying from 0.5 to 0.81, while the angular dispersion of the BaM particles” easy
axis of magnetization varies from 60° to 10°. The magnetocrystalline anisotropy field was
measured: microwave measurements provided its maximum value, while its distribution
function is obtained from IRM experiments. A law of approach to saturation was proposed
and adapted to the case of uniaxial polycrystalline materials for which the particles stacking
is only partial. In this law, the influence of the grain dispersion on the saturation approach
is fully contained in an additional factor A,,,;(K1,0). The experimental values of A,;;;(K1,0)
compare well with numerical data from the single study on this topic. It is suggested that
by using the proposed law once the constant K; is determined, the angular grain-dispersion
can be deduced from saturation-approach measurements.
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