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Abstract

In this work, to modify the magnetic and microwave absorbing properties of barium monoferrite, Mn*"/Ni** co-substitution
barium monoferrite with the nominal composition of Ba ¢St ;Fe,_,,,(Mn,Ni), 0, (0.0 <x < 0.5) have been synthesized via
solid-state reaction method. Rietveld refinement process was carried out to reveal the structural parameters, bond lengths, and
bond angles. The lattice constants showed variation associated to the lattice distortion as evidenced from the fluctuations of
the bond angles and bond lengths, the results also in accordance with phonon modes of Raman spectra. The microstructure
of the samples obtained from scanning electron microscope (SEM) showed spherical particle size with strong tendency
for particles to agglomerate. Magnetic property parameters were obtained from vibrating sample magnetometer (VSM)
measurement. It was found that the sample changed its magnetic behavior from hard to soft ferromagnetic due to the Mn**/
Ni** substitution; the field coercivity value was found to decrease by 80.3% with a slight substitution of x=0.1. Moreover,
it has been explained on the basis of the Stoner-Wohlfarth equation regarding the relation between field coercivity, satura-
tion magnetization, and magneto-crystalline constant (K). In the frequency range of 9-12 GHz, the Mn**/Ni>* substitution
made the reflection loss (RL) curve to have a broad feature with multiple attenuation peaks. The RL bandwidth at higher
microwave attenuation level (RL < —16.5 dB, ~ 97% attenuation) varied at 1.44 GHz to 1.65 GHz, while the original sample
was 0.67 GHz. These features were attributed to the magnetic resonance loss and hysteresis loss which originated from to
the natural ferromagnetic resonance. Moreover, The RL minimum was shifted to a lower frequency due to the decreasing K
value in the substituted samples.

Keywords Barium monoferrite - Tetravalent and divalent substitution - Rietveld refinement - Raman analysis - Magnetic
and microwave properties

1 Introduction

The use of electronic devices employing microwave tech-
nology has been applied in a variety of technology applica-
tions. It is commonly known that in the field of communica-
tion technology, the number of electronic devices working
in high-frequency range has grown rapidly in the last few
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decades, for example, geo-location system, smartphone and
computer with high-frequency compatibility, wave-guide
technology, radio communication, and antenna application
[1]. In contrary to the rapid growth of microwave technol-
ogy applications, electromagnetic wave interference (EMI)
phenomenon occurs when these devices operate in high-
frequency range reducing their effectiveness and causing
failure of the system [2, 3]. One of the solutions to overcome
the barrier is to create microwave absorbing materials which
able to absorb microwave in the designated frequency range
[4, 5]. Morevover, the mechanism of the microwave radia-
tion absorption is also very beneficial for military purposes
in building stealth ship and camouflaging defense equip-
ment against radar detection. These type of materials are
often referred as microwave and radar absorbing materials
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(MRAM). Due to the extensive demand, research on MRAM
materials has become the subject of comprehensive research.

In recent years, the utilization of ferrite-type materials as
MRAM candidate has increased rapidly. Previous studies
have discussed the utilization of the commonly used materi-
als for MRAM candidate such as cubic spinel ferrite [3-8]
and M-type hexaferrite [9]. Different from those typical
ferrite materials, the research regarding the dielectric and
magnetic properties to support the application of barium
monoferrite (BaFe,0,) as MRAM candidate has attracted
considerable interest. Initially, BaFe,O, is only recog-
nized as the co-existing phase along with other metastable
phases during the synthesize process of barium hexaferrite,
BaFe;,0,4 [10]. It was recently reported that BaFe,O, also
possess several distinct characteristics such as a strong-ferro-
magnetic behavior with large field coercivity [2], high Curie
temperature [11], and good physical stability [12]. BaFe,O,
was also mentioned to have a comparable dielectric constant
along with good microwave property parameters of magnetic
permeabillity and electric permittivity[11, 13, 14]. Despite
the fact that it exhibited promising properties to be applied
as MRAM candidate, the large field coercivity restrained the
utilization of BaFe, 0O, in field application due to the require-
ment of large switching fields [2, 11, 15].

The unit cell of orthorombic BaFe,O, (space group
Bb21m) is constructed from 8 Ba®* ions, 16 Fe** ions, and
32 O’ ions. The Ba** ions are located in two different coor-
dinates at 4a site, while the Fe3* ions are located in two
different coordinates at 8b site. Previous literature discussed
structural modifications to improve the magnetic and dielec-
tric properties of BaFe,O, are available, but it only focused
on the Ba?* ion substitution [2, 11, 13, 15]. Despite the
fact that the magnetic properties in the BaFe,0, system are
mainly governed by the super-exchange interaction between
Fe* ions via O%~ ions [11], no previous literature regarding
the structural modification of Fe** ions has been reported.
Furthermore, it was found that the structural modification
by replacing Fe** ions with the combination of tetravalent
and divalent ions was effective to reduce the field coerciv-
ity value of hexaferrite system while maintaining relatively
high magnetization [16, 17]. Therefore, as an attempt to
adjust the coercivity value of BaFe,0, and to study further
the effect of the joint substitution combining tetravalent and
divalent ions, we introduce the Mn**/Ni>* ions to replace
the occupation of Fe** ions in BaFe,0, system. Since the
substantial changes of the structural parameters and physi-
cal properties of the BaFe,O, system are expected, it will
be very interesting and fundamentally important to define a
correlation between the substitution process to the crystal
structure modification, magnetic and microwave property
parameters, and microwave absorbing ability.

From this point of view, the present work examined the
correlation between the ionic substitution process, crystal
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structure, physical traits (magnetic and microwave property
parameters), and microwave absorbing ability. We adopted
the composition of Ba ¢Sr,, ;Fe,O, obtained from our previ-
ous work as the starting composition due to its large field
coercivity value and promising microwave absorbing charac-
teristic result [2, 18]. This composition was further modified
by replacing the occupation of Fe** ions with the joint sub-
stitution of Mn** and Ni** ions, with nominal composition
of Ba ¢Srj 1 Fep_5,(Mn,Ni),04 (0.0 <x<0.5). All composi-
tions were synthesized by using solid-state reaction method
with milling technique due to its simplicity in synthesize
process to obtain the desirable phase.

2 Materials and Methods

A series of the Mn**/Ni** co-substitution barium monoferrite
with the nominal composition of Ba ¢St ;Fe(;_,,,(Mn,Ni), O,
(0.0 <x<0.5) were synthesized by using solid-state reaction
method through milling process. All the compositional series
were prepared from the stoichiometric quantities of barium
carbonate (BaCOj3), strontium carbonate (SrCO3), iron oxide
(Fe,03), manganese oxide (MnO,), and nickel oxide (NiO)
from Sigma Aldrich with purity over than 99.5%. The milling
process was performed using hardened-steel vial and assisted
by hardened-steel balls with ball-to-powder weight ratio 4:1;
it was immersed in ethanol and constantly mixed at basic
rotation speed of 1000 rpm for 5 h. The as-milled samples
were dried in the oven to evaporate the ethanol and sintered
in air atmosphere at 900 °C for 5 h using Advantec KL-600
furnace; it was grinded by using Agate mortar until fine pow-
der was formed. We denote our samples as BSF, BSFMN-01,
BSFMN-03, and BSFMN-05; the alphabet corresponds to the
first letter of the metal elements included in the sample (Ba,
Sr, Fe, Mn, and Ni) and the number indicates the amount of
Mn**/Ni%* substitution (x=0.1, 0.3, and 0.5).

The phase formation of the Ba ¢Sr, ;Fe,_,,,(Mn,Ni), 0,
series was identified by X-ray diffractometer PANalytical
Philips in the 20 range of 10-80°, with step scan 0.0263° per
second (Cu Ka radiation, A=0.15406 nm). Lattice param-
eters and detailed structural analysis were obtained from the
Rietveld refinement analysis using General Structure Analy-
sis System (GSAS) version 1 software. The 3-dimensional
(3D) crystal visualization of the atomic position, bond angles,
and bond lengths were collected by using VESTA software.
In order to study the lattice distortion and emphasize the
phase formation due to the substitution process, Raman
spectroscopy analysis was performed at room temperature
by using Bruker Senterra Raman spectroscopy (A =785 nm)
over the range of 200-1600 cm™. The surface morphology
of all series was analyzed using scanning electron microscope
(SEM, JEOL JSM 6510-LA) coupled with the energy disper-
sive spectroscopy (EDS); it was operated at an accelerating
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voltage of 20 kV with 10,000 times magnification. The
magnetic hysteresis (M-H) loops were measured by using
vibrating sample magnetometer (VSM) Oxford with 1-T
magnetization at room temperature to obtain magnetic prop-
erty parameters such as saturation magnetization, remanence
magnetization, and field coercivity. The detailed microwave
absorbing properties such as permeability, permittivity, and
reflection loss (RL) values were carried out by using vector
network analysis (VNA, Advantest type R3770) in the fre-
quency range of 9 to 12 GHz.

3 Results
3.1 Phase Formation and Structural Analysis

The X-ray diffraction profiles of Ba, ¢Sty ;Fe(,_,,(Mn,Ni),O,
(0.0 £ x £0.5) series are depicted in Fig. 1. All the dif-
fraction peaks were indexed by comparing the results of
experimental data and the Crystallography Open Database
(COD). The phase formation of BaFe,O, refers to the COD
No. 4107896. The results of the matching process revealed
that the main phase of BaFe,O, was formed in all sam-
ples. The impurity phase was observed in the composition
with the Mn**/Ni** substitution larger than 0.1 (x> 0.1).
The enlarged view of the diffraction profiles in the range
of 20=30-35° is shown in the right side of the Fig. 1 for
the clarity of the Mn**/Ni>* substitution at the Fe>* site. It
shows that the diffraction peaks that correspond to the (610)
and (020) planes relatively remained on the same position
with a broader intensity due to the substitution process. In
addition, the impurity phase was formed in the position of
20 =~ 31.2° in both composition of BSFMN-03 (x=0.3) and
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Fig.1 The X-ray diffraction profiles of Ba, oSty Fe,_,, (Mn,Ni) O,
(0.0 <x £0.5); the enlarge view is shown in the right side

BSFMN-05 (x=0.5). It belongs to the BaMnO; phase with
the COD No. 1524992. Due to a broadening intensity phe-
nomenon of the diffraction peaks, we calculated the crystal-
lite size (D) of all samples by using the Williamson-Hall
(W-H) method. This method acknowledges that the broad-
ening diffraction peak as the combination effect of strain and
crystallite size [19, 20]. The equation is shown as follows:

ﬂhklcose =

+ 4¢ sind 1)
W-H

where f,, is the full-width at half-maximum (FWHM)
obtained from the Lorentzian fitting function of the diffrac-
tion peaks, Dy,_y is the crystallite size obtained from W-H
method, K is the dimensionless shape factor equals to 0.89,
A is the wavelength of Cu-Ka radiation (A=0.15406 nm), £
is the coefficient related to the strain effect and lattice distor-
tion, and @ is the diffraction angle. We plotted the W—H plots
of 4sinf (X axis) vs fcosé (Y axis) and made linear fitted
line, the characteristic of W—H plots can be seen in sup-
plementary figure of Fig. S1. The Dy,_j was extracted from
the intercept with vertical axis while the strain was obtained
from the slope; the results are shown in Table 1. The Dy,_g
was increased from 42.00 nm (BSF) to 69.30 nm (BSFMN-
01); further substitution resulted in the decrease of Dy,_ to
49.50 nm (BSFMN-03) and 55.44 nm (BSFMN-05). It can
be observed that the substitution of Mn** (0.53 A) and Ni**
(0.69 A) replacing Fe** (0.64 A) will also induce the lattice
strain. In the samples that exhibited a single-phase formation
of BaFe,0,, the lattice strain was found to increase from
1.80 to 3.00 and later changed to 2.80 and 3.20 for samples
with impurity phase. The trend of the lattice strain produced
in all samples was found proportional to the Dy,_j values.
The detailed structural analysis to study the effect of
the Mn**/Ni** substitution was carried out by Rietveld
refinement using GSAS software; the result of the refine-
ment process is shown in Fig. 2, and the extracted data are
summarized in the Table 1. In Fig. 2, we can see that the
refinement results possess a good and reliable match from
the agreement between the calculated profiles (red line)
and the experimental diffraction profiles (black diamond
symbol) resulting small difference (blue line) over all the
26 range. We can assure the good quality of the refinement
process also from the small number of the chi square (Xz),
and the small difference between R,,, and R, where the dif-
ference is less than 2% in all samples [21], see the top side
of Table 1. According to the refinement results, we confirm
that the BSF and BSFMN-01 are only crystallized into an
orthorhombic structure of BaFe,O, (space group Bb21m).
In the single-phase compositions, the Mn**/Ni** co-substi-
tution increases the lattice parameters (a, b, and c) and sub-
sequently followed by the increase of the unit cell volume
and the decrease of the density. The ionic radii of the Fe>*
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Table 1 The results of Williamson-Hall analysis and refined struc-
tural parameters of Bay oSty ;Fe(;_,,,(Mn,Ni), O, (0.0 <x<0.5) series

Sample BSF BSFMN-  BSFMN-03 BSFMN-05
01
substitution (x) 0 0.1 0.3 0.5
R, (%) 3.04 3.65 3.24 3.35
R,, (%) 3.91 4.60 4.18 435
chi-square (x»)  1.30 1.15 1.43 1.62
Phase 1 (BaFe,0,), Bb21m (orthorombic)
Dy_y (nm) 42.00 69.30 49.50 55.44
Strain (x 107%) 1.80 3.00 2.80 3.10
a(A) 18.9523  18.9688 18.9381 18.9342
b(A) 5.3748 5.3772 5.3736 5.3754
c(A) 8.4576 8.4599 8.4529 8.4580
Volume (A%) 861.5300 862.8940  860.2100 866.0450
Density (g cm™) 5.138 4.742 4.834 4.830
wt. ratio (%) 100 100 95.22 87.14
Phase 2 (BaMnO3), P63/mmc (hexagonal)
a(A) 5.6939 5.6938
b (A) 5.6939 5.6938
c(A) 4.8208 4.5355
Volume (10\3) 135.354 127.340
Density (g cm™) 12.637 13.429
wt. ratio (%) - - 478 12.86

(0.64 1&) is higher than the average of the co-substitution
ionic radii, Mn** (0.53 A) and Ni* (0.69 A), so that the lat-
tice parameters and unit cell volume are basically expected
to decrease. In the contrary, the Mn**/Ni** co-substitution in
BSFMN-01 (x=0.1) led to an increase in the lattice param-
eters and volume. The lattice constants of the BSF sample
are a=18.9523 A, h=5.3748 A, and ¢ =8.4576 A; mean-
while in the BSFMN-01 are a=18.9688 A, h=5.3772 A,
and c=8.4599 A. This phenomenon may attribute to the lat-
tice distortion caused by the substitution process. The more
detailed explanation regarding the lattice distortion and the
relations with the bond length and bond distance in the sys-
tem will be discussed in Sect. 4. A higher Mn**/Ni** substi-
tution (x> 0.1) apparently cannot be contained in the barium
monoferrite cell unit and finally form the impurity phase that
belongs to the anti-ferromagnetic BaMnO; phase (hexago-
nal, space group P63/mmc). The weight percentage ratio (wt.
ratio) of BaMnO; in those compositions were found to be
4.78% and 12.86%, respectively. Because the presence of the
anti-ferromagnetic fraction in our sample is inevitable, our
study is limited to the proposed constituent compositions. In
the dual-phase compositions of BSFMN-03 and BSFMN-05,
the volume of unit cell and lattice parameters of BaFe,O,
were found to decrease compared to the single-phase
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compositions particularly for the lattice constant of a. This
result may arise due the aggregate formed by BaMnOj at the
grain boundaries and causing lattice distortion that finally
made the lattice parameter and volume to shrink. Other
reason may relate to the difference of the solubility limit
between the co-substitution of Mn** and Ni** ions owing
to the difference of ionic mass and ionic radii [17, 22-24].

3.2 Microstructure

The microstructure and surface morphology of the sam-
ples were obtained from the scanning electron microscope
(SEM) coupled with the energy dispersive spectroscopy
(EDS) for the elemental analysis. The SEM images of the
Bay ¢Sty ;Fe(;_,,,(Mn,Ni),0, (0.0 < x < 0.5) samples are
shown in Fig. 3. It can be observed from the figures that the
particles are roughly spherical and uniformly distributed with
strong tendency for the particles to agglomerate. The average
particle size of all samples was estimated from the line inter-
cept method of the SEM images [14, 24, 25]. The particle size
distribution in the BSF sample is known ranging from 200 to
650 nm with the average particle size is 560 nm. However,
in the BSFMN-01 sample the particle size distribution was
increased in the range size of 300 to 750 nm with the aver-
age of particle size that is 610 nm. These micrographs also
showed an agreement with previous works who also men-
tioned the agglomeration of their BaFe,O, nanoparticle sam-
ples [10, 15]. In the single-phase compositions, the agglom-
eration may arise from the long-range magnetic dipole—dipole
particle interaction [26]. In the dual-phase compositions, we
can observe that the particle size decreased with the higher
degree of agglomeration compared to that of the single-phase
compositions. The average particle size of the BSFMN-03
and BSFMN-05 was found to be 450 nm and 390 nm. The
agglomeration in those samples is due to the aggregate formed
by secondary particles from the smaller primary particle at the
grain boundaries [27]. Especially in the BSFMN-05 sample
which contained 12.86 wt.% of BaMnO,, we can see the for-
mation of a smaller secondary particle at the surface of the
micrograph as marked by the red circle. In general, the aver-
age particle sizes for all samples are bigger than the crystal-
lite size obtained from the W—H method which indicates that
the particle sizes in our samples are polycrystalline. Figure 4
shows the EDS spectra of all Ba 4Sr,, ;Fe(,_,,(Mn,Ni),0, (0.0
<x<0.5) samples. The spectra only show peaks belong to the
element of Ba, Sr, Fe, Mn, Ni, and O with no impurity peak.
The extracted data of the mass percentage and atomic percent-
age are summarized in Table 2. Based on the atomic percent-
age of the metal elements, we found the good-stoichiometric
proportions of BaFe,O, phase with an error 2-3% especially
in those single-phase compositions.
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Fig.2 Rietveld refinement of T T T T
X-ray diffraction profiles of
Bay ¢Sty | Fep_s,)(Mn,Ni),Oy4
series with (a) x=0, (b) x=0.1,
c¢x=0.3, and (d) x=0.5
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4 Discussion
4.1 3D-Crystal Visualization and Raman Analysis

In order to explain better regarding the lattice distortion in
the BaFe,0, system due to the Mn**/Ni** co-substitution,
the 3-dimensional (3D) crystal structure and atomic posi-
tion of barium monoferrite is drawn in Fig. 5. The sketch
was illustrated by using the VESTA software. The unit cell
of BaFe,0, is constructed from 8 Ba** ions, 16 Fe** ions,
and 32 O*~ ions. The Ba®* ions are located in two different
coordinates (Ba; and Ba,) at 4a site; the Ba; and Ba, are
surrounded by 7 and 11 O~ ions, respectively. The Fe** ions
are also located in two different coordinates (Fe, and Fe,) at
8b site; each Fe* ion is placed in the center of four 0% ions
to form a tetrahedral. The atomic position and polyhedral
form of each ion are shown the right side of Fig. 5 for a
clearer perspective of the BaFe,O, crystal structure.

For a comparison of the ionic positions between the origi-
nal and the highest substitution compositions, the refined
ionic positions that belong to the BSF and BSFMN-05 com-
positions are shown in Tables 3, 4. From the tables, we can
notice that the Mn**/Ni** co-substitution affected the lattice
distortion of all sites in the BaFe,O, system. Therefore, we
tried to summarize other important information such as bond
lengths and bond angles in the orthorhombic system of all
compositions to study further the effect of the Mn**/Ni**

10 20 30 40 50 60 70 80
20 (degree)

substitution; the representative results are summarized in
Table 5. Reminiscing the increasing lattice constants and
cell volume of BaFe,0O, in the BSFMN-01 sample compared
to the BSF sample, we can see this phenomenon is highly
attributed to the lattice distortion induced by the Mn**/
Ni2* co-substitution as evidenced from the fluctuations
of the bond angles and bond lengths. The sharp increase
of the bond angle (O4-Fe;-0,) and bond lengths (Fe,-O,
and Fe,-O5) in BSFMN-01 sample are responsible for the
increase of the lattice constants and cell volume relative to
the BSF sample; the representative bond lengths and bond
angles in BSF and BSFMN-01 are illustrated in the top side
of Fig. 6. The same mechanism also happened in the dual-
phase compositions of BSFMN-03 and BSFMN-05. The
proportional results of the lattice constants and cell volume
with the bond angles and bond lengths are resulted from
the fluctuations of the O5-Fe,-O, angle, Fe,-O5 bond, and
Fe,-O, bond in those compositions. Another example of
the lattice distortion occurring at 8b site between the BSF
and BSFMN-03 sample was depicted in the bottom side of
Fig. 6.

Raman spectroscopy is a powerful tool to study the
change of the atomic structure since vibrational modes
are very sensitive to detect ordering in the sample due to
the atomic vibration, lattice distortion, or substitution pro-
cess [28-30]. To support the results of the refinement from
XRD measurement, Raman spectroscopy was carried out
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Fig.3 The SEM images of the Ba, ¢St ;Fe(,_,,,(Mn,Ni), O, (0.0 < x < 0.5) series with (a) x=0, (b) x=0.1, (¢) x=0.3, and (d) x=0.5

in the range of 200-1600 cm™'. The Raman spectra of all
Bay ¢Sty 1Fe(p_5,)(Mn,Ni), O, (0.0 <x <0.5) series together
with the Lorentzian fitting (blue lines) are depicted in Fig. 7.
The unit cell of BaFe,0, (space group: Bb21m) is con-
sisted of 56 ions located in two different sites of 4a and 8b.
According to the group theory analysis obtained from the
Bilbao crystallographic server, there are 63 Raman active
phonon modes at the I" points in the orthorhombic system
of BaFe,0,. The I" corresponds to the center of the Brillouin
zone. The detailed Raman active phonon modes of the sys-
tem are predicted as follows:

T roman = 194, + 134, + 12B, + 19B, )

As seen in Fig. 7, the number of peaks was less than pre-
dicted from group theory analysis due to the overlapping
peaks and the low intensity of Raman phonon modes [31, 32].
The lattice distortions due to the Mn*/Ni** co-substitution
observed by XRD measurement are now confirmed from the
results of Raman spectra. In the single-phase compositions
of BSF and BSFMN-01, the most prominent peak and the
spectra below the range of 400 cm™! are slightly shifted to the
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lower wavenumber with the increase of the Mn**/Ni** substi-
tution in BaFe,O,. In addition, the peaks at 573 and 600 cm ™'
joined to become one peak in the BSFMN-01 sample. The
most prominent peak in BSF sample at around 450—-550 cm ™!
is consisted of at least three deconvoluted Raman spectra.
Referring to our previous study [2], this peak was associ-
ated to the vibration of the Ba** and the stretching of the
0~ ion in the 4a site of BaFe,0,. In BSFMN-01 sample,
the decreasing number of deconvoluted Raman spectra in the
most prominent peak shows that the 4a site was also affected
by the Mn**/Ni** substitution in the system. The changes of
Raman spectra below 400 cm™! and at around 600 cm ™! were
associated to the stretch of phonon active modes of the tet-
rahedral structure as evidenced from the results of the bond
lengths and bond angle in the early part of the discussion.
In BSFMN-01 (x=0.1) and BSFMN-03 (x=0.3) samples,
the Raman scattering formation of both compositions did not
show drastic changes, but we can notice the decreasing num-
ber of the deconvoluted peak in the most prominent peak at
496 cm™! and the emergence of a new peak at 375 cm™! which
associated to the formation of the BaMnO; phase. This result
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Fig.4 The EDS spectra of BaOBSrO.]Fe:(z_Zx)(Mn,Ni)XO4 (0.0 <x<0.5) series with (a) x=0, (b) x=0.1, (¢) x=0.3, and (d) x=0.5

showed an accordance with the refinement results where the
initial impurity phase of BaMnO; was formed in the BSFMN-
03 sample. As we increased the Mn**/Ni** substitution in
BSFMN-05 sample, the Raman spectra changed drastically
since the wt.% fraction of BaMnOj; phase was also increased.
The Raman spectra at 375 cm™! became the most prominent
peak along with the appearance of the new peaks at 258 and
413 cm™. In general, the lattice distortion due to the presence
of BaMnOj; phase causes the peaks associated with the Ba**
and Fe** ions at 4a and 8b sites to change, so we hypothesize
that it also affects the magnetic properties of the system.

4.2 Magnetic Properties

The magnetic hysteresis (M-H) loops of the Ba, ¢Sty ;Fe(,_5,
(Mn,Ni), 0, (0.0 <£x<0.5) series are plotted in Fig. 8a. The

extracted data of saturation magnetization (#/,), remanence
magnetization (M,), and field coercivity (H,) are shown in
Table 6 and plotted into graphic in Fig. 8b. The M-H meas-
urements for all samples were measured at ambient tempera-
ture with maximum external field (uyH) of 1 T. The large
width of the hysteresis loop in BSF sample indicates that the
parent sample possesses a hard-ferromagnetic characteristic
with the H_ value of 3.54 kOe. The M, and M, values are
found to be 0.97 A m* kg~! and 0.61 A m? kg™!, respectively.
The nature of the BSF sample and the values of the magnetic
parameters are in accordance with the reported values of
similar material [11, 15]. The increase of the M value in
BSFMN-01 sample (M,=2.50 A m” kg™") is consistent with
the Mn**/Ni** co-substitution in the 8b site which may be
resulted from the increase of the crystallite size relative to
the parent sample and also the formation of the local strain

Table 2 Elemental mapping of Sample Mass (%) Atomic (%)

Bay oSry | Fe_,,(Mn,Ni),O,4

(0.0<x<0.5) series Ba Sr Fe Mn Ni (0] Ba Sr Fe Mn Ni (0]
BSF 41.58 3.17 36.83 - - 1842 14.08 1.68 30.68 - - 53.55
BSFMN-01 4296 3.30 37.53 0.12 088 1149 15.13 1.82 3251 0.11 0.62 3475
BSFMN-03 4346 290 34.17 3.12 1.14 1003 1510 1.58 29.19 271 0.92 29.92
BSFMN-05 46.75 2.67 33.14 348 34 8.04 1893 1.69 3300 352 322 2795
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Fig.5 Crystal structure and
ionic positions of barium mono-
ferrite (BaFe,0,)

giving the re-arrangement of the FM collinearity in the sys-
tem [33-37]. The decrease of the M value was observed as
we further increased the Mn**/Ni** substitution in BSFMN-
03 and BSFMN-05 samples. This result can be attributed to
the excessive substitution of Mn** and Ni** ions to replace
Fe* ion in 8b site that led to the formation of the impurity
phase and less amount of super-exchange interaction in the
system [11, 38]. It also shows a consistency with the results
of the refinement process mentioning that the formation of
the AFM BaMnO; was found to be 4.78 and 12.86 wt.% in
BSFMN-03 and BSFMN-05 samples, respectively.

We found that the Mn**/Ni** substitution affected the
nature of the magnetic characteristic from hard to soft fer-
romagnetic behavior with low substitution level. In single-
phase compositions, the coercivity (H,) value was dropped
drastically from 3.30 kOe in BSF sample to 0.65 kOe in
BSFMN-01 sample. In dual-phase compositions, the
H_ value was decreased from 1.00 kOe and 0.70 kOe in
BSFMN-03 and BSFMN-05, respectively. The Wasp-Waist
formation phenomenon found in the samples is due to the
exchange of the magnetic coupling interaction between two

Table 3 Refined ionic positions of BSF (x=0, Ba ¢Sr, ;Fe,0,) sam-
ple

Atom Site X/a Y/b Zlc

Ba,; 4a 0.127112 0.27154 0

Ba, 4a 0.618114 0.2473 0

Fe, 8b 0.039046 0.736963 0.274075
Fe, 8b 0.208984 0.76041 0.289546
0, 8b 0.03051 0.404273 0.23531
0, 8b 0.123 0.917 0.225

0O, 4a 0.212408 0.407998 0.280604
(O 4a 0.456109 0.293859 0

Os 4a 0.286453 0.283464 0

@ Springer

different magnetically ordered system of ferromagnetic and
anti-ferromagnetic [39, 40]. Similar phenomenon was also
found in other research by Heiba et al. [15] and Dimri et al.
[11]; they mentioned that this phenomenon is related to the
pinning domains and magneto-crystalline anisotropy. In
fact, magnetic anisotropy is also considered to be one of the
important factors to determine the magnetic and microwave
properties of ferromagnetic materials [17, 41-44]. Accord-
ingly, we decided to calculate magneto-crystalline anisot-
ropy constant (K) using the Stoner-Wohlfarth equation [45]:

2K
He= o 3)

where 1, is the permeability in vacuum (47X 10’ H/m), H._is
the field coercivity, and M, is the saturation magnetization.
From the results in Table 6, we noticed that the substitution

Table4 Refined ionic positions of BSFMN-05 (x=0.5,
Bay ¢Sty ;Fe(Mny 5,Nij 5)O,) sample

Atom Site X/a Y/b Zlc
Phase 1 (BaFe,0,), s.g: Bb21m (orthorombic)

Ba, 4a 0.130948 0.281959 0

Ba, 4a 0.618766 0.250362 0

Fe, 8b 0.040816 0.736351 0.28042
Fe, 8b 0.210785 0.749661 0.286289
0, 8b 0.024415 0.406808 0.207379
0, 8b 0.147863 0.879206 0.222807
(O3 4a 0.205293 0.413406 0.261696
0O, 4a 0.453 0.226 0

Os 4a 0.28 0.226 0

Phase 2 (BaMnO;), s.g: P63/mmc (hexagonal)

Ba 2d 0.333 0.667 0.75

Mn 2a 0 0 0

(0} 6h 0.158 0.316 0.25
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Table 5 Representative data of bond lengths and bond angles at different site in Ba oSty ;Fe_,,(Mn,Ni),0,4 (0.0 <x<0.5) series

Site 8b 8b-Fe, 8b-Fe,

Angle (°) Fe,-O,-Fe, 0,-Fe -0, O,-Fe,-0,, 0O,-Fe -0, 05-Fe,-0, 05-Fe,-03 0,-Fe,-0,
BSF 115.15 122.12 115.65 95.45 114.80 113.64 117.19
BSFMN-01 113.80 117.61 106.70 104.86 113.24 113.03 113.24
BSFMN-03 119.51 114.06 105.79 99.88 112.71 119.52 112.27
BSFMN-05 115.03 115.02 104.72 110.90 120.81 109.25 120.81
Length (A) Fe,-Fe, Fe,-O, Fe,-O, Fe,-O, Fe,-O, Fe,-O5 Fe,-O5
BSF 3.2258 1.8251 1.6291 1.9079 1.9136 1.7891 1.7863
BSFMN-01 3.1375 1.8847 1.7194 2.0602 1.6766 1.8550 1.7747
BSFMN-03 3.2270 1.9049 1.6607 2.2270 1.4839 1.8256 1.8230
BSFMN-05 3.2183 2.0113 1.9296 2.1040 1.7027 1.3208 1.9162

of Mn**/Ni>* ions was also responsible for the change in the
anisotropy field which was confirmed by a decrease in the
magneto-crystalline (K) constant. The correlation between
K constant and microwave properties of the samples will be
discussed in the following section.

4.3 Microwave Properties and Microwave
Absorbing Ability

Microwave and radar absorbing materials (MRAM) are
supposed to be able to absorb the electromagnetic wave in
the designated frequency range by converting the energy
into thermal energy [9, 43, 46]. The quality of the MRAM

BSFMN-01

L X BSF » \1i
a .'\ ',\-~/‘ ‘
. ~ — — BSFMN-03 ', ,

Fig.6 top Variations of bond lengths and bond angles in BSF sample
(x=0) and BSFMN-01 (x=0.1) sample. bottom Structural distortions
in BSF sample (x=0) compared to the BSFMN-01 (x=0.3) sample

materials generally depends on several factors: complex
permittivity (g,,&, =€ —je’’), complex permeability
(4, u, = 4 —ju’), impedance matching characteristic,
and microstructure [3, 4, 8]. The € represents the real part
of the complex permittivity while €” is the imaginary part
of the complex permittivity. In the same manner, the 4 and
” represent the real and imaginary parts of the complex
permeability.

The real parts of the £ and 4 are related to the ability
to store electric and magnetic energy, while the imagi-
nary parts of the £’ and u’’ are related to the attenuation

BSFMN-05

BSFMN-03

BSFMN-01

Intensity (a.u)

T+ T 1
600 800 1000 1200

Raman shift (cm™)

1400 1600

Fig.7 Raman spectra of Bay¢Sr; Fe_p,)(Mn,Ni),0, (0.0 < x <0.5)
series together with the Lorentzian fitting (blue lines) for all samples
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Fig.8 (a) The magnetic 3 — . . T 3 3.5 1.5
hysteresis (M-H) loops of ®
Bay ¢Sty | Fep_s,)(Mn,Ni),O4 T ol | L 30
(0.0 <x<0.5) series; the M-H ;?
loop of BSF sample is from £ < 2.5 =
: 1+ 1 o2 L1.0%
our previous work (ref. [2]). < g = 2
(b) Variations of the mag- = NE -2.0 9 NE
. N >0 - ~
netic property parameters of g < (15 o b
BaO'QSrO.lFe(z_Z,C)(Mn,Nl)XO4 = §"’ ‘_ 55 ;;
0.0 <x<0.5) series Nt —m—BSF . 14 L 05
( ) ® —=— BSFMN-01 \o__Ln_.
5 —=— BSFMN-03
St —=— BSFMN-05 -| ‘ o5
-3 4 . L L L 0 T T T T 0.0 - 0.0
-1.0 -0.5 0.0 0.5 1.0 0 0.1 0.3 0.5
HoH (T) Mn,Ni substitution (x)

ability of the electric and magnetic energy [47]. The
results of the abovementioned parameters from VNA
measurement in the frequency range of 9-12 GHz for all
Ba ¢Sty 1Fep_5,(Mn,Ni),0, (0.0 < x < 0.5) series are
shown in Fig. 9a—d. In complex permittivity, it can be seen
in Fig. 9a, b that the £ fluctuates in the range of 1.80-2.10
while the £” shows notable resonance peaks in different
positions with the value between 0-0.25. Since the £’ cor-
responds to the attenuation ability of electric energy, the for-
mation of resonance peaks indicates the change of dielectric
loss over the frequency range. Referring to the electromag-
netic theory, the dielectric loss is influenced by the polari-
zation relaxation mechanisms in the system. The relation
between parameters which affected the €’ is shown below:

,, (&, — e ot
£ = —— 4
(1+ (wr) ©@
where €, refers to the static dielectric constant, €, is the

optical frequency permittivity, w is the angular frequency,
and 7 is the relaxation time. When we introduced the Mn**/
Ni* to replace Fe*™ in BaFe,0,, it changed the intensity of
the electron relaxation polarization in the system. In addi-
tion, particle size also affected the polarization of dipoles
by changing the amount of dipole content. The effect of the

Table 6 Saturation magnetization (M), remanence magnetization
(M,), field coercivity (H_.), and magneto-crystalline anisotropy con-
stant (K) of Bay ¢Sty Fep_p,(Mn,Ni), O, (0.0<x<0.5) series. The
experimental data of BSF sample are from our previous work (ref.

(2D

Sample BSF BSFMN-01 BSFMN-03 BSFMN-05
Mn,Ni substitution 0 0.1 0.3 0.5

(x)

M, (Am*kg™h) 0.97 2.50 1.13 1.05

M, (Am’kg™h) 0.61 1.09 0.51 0.42

H, (kOe) 330 0.65 1.00 0.70

K (HA%kg™) 0.16 0.08 0.06 0.04

@ Springer

particle size to the polarization dipoles was also mentioned
in other research who studied the ferrite material [23, 42,
47, 48]. Therefore, these two types of polarization factors
are likely responsible to explain the relaxation mechanisms
which influence the dielectric loss in the sample.

In complex permeability, we can notice in Fig. 9c, d that
the 4 gradually increase until near 10 GHz then fluctuates in
a relatively constant value between 0.80 and 1.10 in higher
frequency range. The observed constant value of u is actu-
ally a common feature appearing in ferrite-type materials
due to the relaxation mechanism of the magnetic dipole
alignment [3, 49]. In case of y’’, it fluctuates in the range
of 0.20 to 0.60 with different peak positions of magnetic
loss over the frequency range of 9—12 GHz. Several factors
related to the magnetic effect are considered to be responsi-
ble for the magnetic loss: hysteresis loss, eddy-current loss,
and magnetic resonance loss. Hysteresis loss might contrib-
ute to the magnetic loss considering to the drastic changes of
the magnetic parameters due to the substitution process such
as field coercivity, magneto-crystalline anisotropy constant,
and saturation magnetization as we mentioned in Sect. 4. In
order to confirm the contribution of the eddy-current loss in
magnetic loss, we performed the calculation of C,, constant
using the Maxwell equation as follows:

= %ﬂ'ﬂodz()' 5)

Co=f"w)"u”
where y, is the permeability in vacuum (4xx 10’ H/m), ¢
is the electric conductivity, and d is the size of the mate-
rial. Based on Eq. 5, we can notice that the C,, is a constant
related to the electric conductivity and size of the material
but independent of the frequency. By thus, if eddy-current
loss is the main cause of the magnetic loss, the C;, constant
must form a straight line with a constant value throughout
the frequency range. Figure 10 shows the results of C;, con-
stant as the function of frequency. Apparently, the C, con-
stant value of every sample decreased drastically in lower
frequency range then fluctuated in the frequency range of
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Fig.9 Frequency dependence of 3.0 1.0
the permittivity and permeabil- (a) (b)
ity complex parameters of (a) €, —e—BSF — e BSF
) e”, (¢) i, and (d) u” 2.5 —e— BSFMNO-01 —e— BSFMNO-01
—e— BSFMNO-03 —e— BSFMNO-03
= —=— BSFMNO-05 = —=— BSFMNO-05
E Eos
w w
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9.5-12 GHz. The results confirmed that the eddy current Z, -
. s . . . RL(dB) = 20log 6)
was not the main contribution of magnetic loss in this fre- Z, +1

quency range. The fluctuation of the C, constant value also
gave us the hint that the magnetic loss was due to the mag-
netic resonance loss, which originated from the natural fer-
romagnetic resonance. According to Almessiere et al., the
natural ferromagnetic resonance arises from the peculiarities
of the magnetic structure due to the ordering of Fe** ion, the
change of Fe-O bond length, and local anion environment
[33]. Those indications fitted really well with our work as
we found that the Mn**/Ni** co-substitution has been proven
to change the Fe—O bond lengths and bond angles and also
induced the charge ordering of Fe** ions in BaFe,0, sys-
tem. Consequently, it can be inferred that the hysteresis
loss and magnetic resonance loss originated from natural
ferromagnetic resonance are the main contribution of the
magnetic loss. Since the €’ and i’ values directly reflect
the attenuation ability of the material and it showed different
peak positions in the frequency range of 9-12 GHz, distinct
characteristic and microwave absorbing ability due to the
substitution process are expected.

The ability of materials to attenuate microwave is com-
monly determined by measuring the reflection loss (RL) in
the designated frequency. In this work, the RL measurement
was measured by Advantest type R3770 at ambient tem-
perature and in the frequency range of 9-12 GHz. The RL
calculation of materials was carried out using the following
equation:

where Z,, is the normalized input impedance. The detailed
definition of Z,, is given by

7z

2xfd
in = \/%tanh [J”Tf \/urer] @)

—e—BSF
—e— BSFMN-01
—e— BSFMN-03
—=— BSFMN-05
2
5
3
“
3
O
T T 1
9 10 11 12
Frequency (GHz)

Fig. 10 Frequency

dependence of the

constant  of

Bay oSty Fep_,,)(Mn,Ni),0, (0.0 < x < 0.5) series
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Fig. 11 Microwave absorbing ability of all

Bay ¢Srg 1Fep_p,y(Mn,Ni),0, (0.0 < x < 0.5) series in the frequency
range of 9-12 GHz. The RL curve of BSF sample is from our previ-
ous work (ref. [2])

where c is the speed of light in vacuum and j is the imagi-
nary unit. From Eq. 7, it can be seen that Z;, and RL values
depend on to the complex permeability (4,), complex per-
mittivity (g,), frequency of the microwave (f), and thickness
of the sample (d=2 mm). It should be noted that the MRAM
materials supposed to have minimum RL value with wide
bandwidth of frequency range. In field application, materi-
als which possess of at least RL=— 10 dB (equals to 90%
attenuation of the incident microwave energy) can be con-
sidered as effective MRAM materials [8].

The microwave attenuation for all
Bay ¢Sty ;Fe,_,,)(Mn,Ni) O, (0.0 < x < 0.5) series in the
frequency range of 9-12 GHz are depicted in Fig. 11; the
extracted data are summarized in Table 7. The BSF sample
(x=0) exhibited a characteristic sharp RL curve with single
attenuation peak. The effective RL bandwidth (RL<—10 dB)
was 2.12 GHz, and the minimum RL value reached — 38.25 dB
(~ 99.98% attenuation) at 11.16 GHz. In the substituted sam-
ples, the minimum RL value was shifted to lower frequency

with lower RL values. The minimum RL values of each
BSFMN-01, BSFMN-03, and BSFMN-05 are —29.76 dB
(11.28 GHz),—-29.67 dB (10.68 GHz), and —23.58 dB
(10.08 GHz), which, respectively, are equivalent to 99.89%,
99.88%, and 99.56% microwave attenuation. Eventhough the
depth of the RL curves in substituted samples was found lower
compared to the original BSF sample, we can clearly see that
the Mn**/Ni** co-substitution made the RL curves remained
broad at higher attenuation level. In the same Fig. 11, the
RL bandwidth in BSF sample was changed drastically. At the
effective RL bandwidth equals to 97% of microwave attenu-
ation (RL <—16.5 dB) as marked by the red-dashed line, the
bandwidth decreased 35% to 0.76 GHz. In the BSFMN-01
sample, the effective RL bandwidth (RL < — 10 dB) equals to
90% was 2.00 GHz and the RL bandwidth (RL<—16.5 dB)
was decreased only 17.5% to 1.65 GHz. Surprisingly, the
BSFMN-03 that contains 4.78 wt.% BaMnO; phase still
showed a relatively same characteristic RL curve; the RL
bandwidth (RL <—16.5 dB) was only decrease 16% to
1.60 GHz. The weakening effect due to the excessive Mn**/
Ni?* substitution become obvious in BSFMN-05; the 12.86
wt.% of BaMnOj; phase apparently decreased the magnetic
loss and microwave absorbing ability of the sample with the
RL bandwidth (RL <—16.5 dB) was 1.44 GHz.

The magnetic resonance loss due to the natural ferro-
magnetic resonance played important role in tuning the
characteristic RL curve of the substituted samples to have
a remaining broad bandwidth at higher attenuation level
(RL < —16.5 dB); the natural ferromagnetic resonance phe-
nomenon in the system is originated from the charge order-
ing Fe** ion, the change of bond lengths, and bond angles
between Fe-O in BaFe,O, system as we mentioned in the
magnetic loss discussion section. The shift of the minimum
RL value to lower frequency with the increase of the Mn**/
Ni** substitution in BaFe,0, system was probably attributed
to the hysteresis loss due to the change in field coercivity and
saturation magnetization which caused the decrease of the
magneto-crystalline anisotropy constant (K), see the number
of these parameters in Table 6. According to the Larmor
equation, the relation between frequency and anisotropy
field is given by

Table 7 Important parameters reflecting the microwave absorbing ability of Ba, oSty ;Fe,_,,)(Mn,Ni),O, (0.0 <x<0.5) series. The experimental

data of BSF sample are from our previous work (ref. [2])

Sample RL min (dB) fRL (GHz) Bandwidth RL<—10 dB Bandwidth
RL<-16.5dB
BSF —38.25 11.16 2.12 0.76
BSFMN-01 —29.76 11.28 2.00 1.65
BSFMN-03 —29.67 10.68 1.92 1.60
BSFMN-05 —23.58 10.08 1.82 1.44
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where f, is the resonance frequency, y refers to the gyro-
magnetic ratio, and H,, is the anisotropic field obtained from
the equation of H, = 2K /Ms [50]. As we mentioned earlier
in the Sect. 4, the substitution of the Mn**/Ni** changed
the characteristic of the materials from hard to soft ferro-
magnetic behavior owing to the re-arrangement of the fer-
romagnetic collinearity in the system which made the value
of the field coercivity (H,) decreased sharply. Since the H,
proportionally correspond to the anisotropic field (H,) fol-
lowing the Stoner-Wohlfarth equation (Eq. 3), the decrease
of the H_ due to the substitution process will decrease the
H,. By thus, the decrease of the H, subsequently shifted the
resonance frequency (f,) to lower frequency due to the linear
relation between H, and f, as shown in Eq. 8. This results
showed an agreement with previous work who mentioned
the same phenomenon in hexaferrite system [9, 51]. Thus,
in this current work we can generally infer that the shift of
the minimum RL value is due to the hyteresis loss related to
the magneto-crystalline anisotropy constant.

5 Conclusions

The Mn**/Ni** co-substitution barium monoferrite with the
nominal composition of Ba ¢St ;Fe,_,,(Mn,Ni),0, (0.0 <
x <0.5) have been successfully synthesized by using solid-
state reaction method with milling technique. Structural
analysis based on the Rietveld refinement process in com-
plementary with Raman analysis was studied. We found the
phase formation and the fluctuation of bond angles and bond
lengths due to the substitution process in all samples closely
matched the phonon mode of the deconvoluted Raman spec-
tra. We also demonstrated the correlation between the effect
of the substitution process relative to the lattice distortion,
magnetic properties, and microwave properties of the sam-
ple. Our results indicate that the substitution of Mn**/Ni**
ions is responsible not only to the sharp decrease of the field
coercivity but also for the change in the anisotropy field
which is confirmed by the decrease in the magneto-crystal-
line constant (K).

Microwave properties and microwave absorbing ability of
all compositional series were investigated in the frequency
range of 9—12 GHz. It was noticed that the Mn**/Ni** co-
substitution induced a reduction in the minimum RL value,
but the substitution process made the RL curves remained
broad at higher attenuation level (RL< —16.5 dB, = 97%
microwave attenuation) compared to the parent composition.
The broad feature of the RL curve with multiple attenua-
tion peaks are associated with the magnetic resonance loss
and hysteresis loss, which originated from to the natural

ferromagnetic resonance due to the peculiarity of the charge
ordering Fe’* ions and the fluctuation of bond lengths and
bond angles in the substituted system. The shift in the mini-
mum RL value to a lower frequency with an increase in
Mn**/Ni?* ions is also associated with a decrease in the
K value; we find this result in accordance with the Larmor
equation. It is confirmed that characteristic feature of the
RL curves of barium monoferrite can also be controlled by
adjusting the occupation Fe** ions in the system. If this pro-
gress continues apace, we can expect a promising prospect
for the application of barium monoferrite as high-frequency
materials or radar absorbing material in particular.
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