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Saturation magnetization, magneto-crystalline anisotropy field, and dielectric properties are closely related to mi-
crowave devices applied at different frequencies. For regulating the magnetic and dielectric properties of W-type bar-
ium ferrites, single-phase BaMe,Fe 027 (Me = Fe, Mn, Zn, Ni, Co) with different Me ions were synthesized by the
high-temperature solid-state method. The saturation magnetization (M) range from 47.77 emu/g to 95.34 emu/g and the
magnetic anisotropy field (Hy) range from 10700.60 Oe (1 Oe=79.5775 A-m~!) to 13739.57 Qe, depending on the type of
cation substitution in the hexagonal lattice. The dielectric permittivity and dielectric loss decrease with increasing frequency
of the AC electric field in the low-frequency region, while they almost remain constant in the high-frequency region. The
characteristics of easy regulation and preparation make it a potential candidate for use in microwave device applications.

Keywords: W-type hexaferrite, Raman spectra, magnetic properties, dielectric properties

PACS: 68.55.Ln, 75.30.Gw, 75.47.Lx, 87.64.kp

1. Introduction

Hexagonal ferrites, discovered in the 1950s,!!! have been
classified into M, W, X, Y, Z, and U types based on the crys-
tal structure.'?! These kinds of materials were found with ex-
cellent properties of low electrical conductivity, large satura-
tion magnetization, and outstanding chemical stability, mak-
ing them an ideal material for applications such as permanent
magnets, high-density vertical magnetic recording media, mi-
crowave devices and absorption, stealth technology, and multi-
ferroic materials.>~7] Furthermore, their unique structure and
magnetic anisotropy outperform other materials in self-bias
high-frequency applications. ¥ M-type ferrite has been widely
studied due to its simple crystal structure and easy phase for-
mation characteristics. It has become the most well-known
and commercially used hard magnet ferrite and is used in mi-
crowave devices.[?! However, the regulation of the magnetic
performance of M-type ferrite has nearly reached its limitation
and makes further rapid improvement very challenging. In
contrast, W-type ferrite has almost the same saturation magne-
tization Mg, more lattice sites than M-type and widely tunable
magnetic properties, demonstrating the advantages of W-type
hexagonal ferrite in microwave applications.!!%-12]

The chemical formula of W-type ferrite is AMeyFe 6027
(where A = Sr or Ba, Me = Fe, Mg, Mn, Co, Ni, Cu, Zn).
Its crystal structure is similar to that of M-type ferrite. It is
composed of spinel blocks (S-blocks) and hexagonal blocks
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(R-blocks), stacking along the ¢ axis and with the order of
RSSR*S*S*. Here * indicates a 180° rotation of the block
around the c axis. Figure 1 shows the schematic diagram of the
W-type barium ferrite unit cell. The cations occupy seven dif-
ferent lattice sites, including four octahedral sites (12k, 4 fyi,
4f, and 6g), two tetrahedral sites (4e and 4 f1v), and one trigo-
nal bipyramidal site (2d). Magnetic moments on the 12k, 6g,
4f, and 2d lattice sites align parallel to the c axis (121), while
those on the 4e, 4fiv, and 4 fyp sites align antiparallel to it
(64).17)

TR
N &
- 4

# 2d
Vil 69
1 12k

‘ 4 fvi
& 45
' 4e
B

Fig. 1. Crystal structure and spin state of W-type barium hexaferrite.

Ion substitution is considered an effective method for reg-
ulating the magnetic properties of materials and expanding
their applications.!!*13] Compared with the M-type ferrites,
the crystal sites for cations are more abundant in W-type fer-

rites, increasing the flexibility of ions occupying appropriate
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crystal positions. To meet the requirements of various ap-
plications, many researchers have attempted to use divalent
metal cations to enhance the performance of W-type hexafer-
rite. Yang et al.l'! prepared Co—Zn co-doped BaW ferrite
using the sol-gel method and investigated the microwave ab-
sorption, and a maximum loss of —18 dB at 5.5 GHz was re-
ported. SrZn,Fe,_ Fe;5027 (0 < x < 1.5) were synthesized
by the solid-phase method under low oxygen pressure by You
et al.,l'"! and the results showed that the saturation magne-
tization was significantly improved. For the x = 1.0 sample
that sintered at 1250 °C, the highest M value of 87.7 emu/g is
obtained. BaZn,Co;_,Fe 40,7 (x =0, 0.3, 0.5, 0.7, 0.9, 1.2)
was successfully synthesized by chemical co-precipitation by
Sun et al.,!'8 and the complex permittivity and permeability of
the samples were calculated for the determination of the sam-
ples in the frequency range of 1 GHz-18 GHz based on the
measured data of the microwave vector network analyzer. Ali
et al.'" synthesized Bag 5Srg 5Cos_Me,Fe15027 (x =0, 0.5,
Me = Mn, Mg, Zn, Ni) by sol—gel auto-combustion method,
and the high saturated magnetization and low coercivity make
them promising candidates for microwave absorbing materi-
als. Attia et al.”®! reported the conduction mechanism of
BaZn;_Mg,Fe 40727 (x =0.0, 0.4, 0.8, 1.2, and 1.6) prepared
by the conventional ceramic method. It is found that these fer-
rites are n-type semiconductors and their conduction process
is mainly a multiple hopping conduction mechanism.
However, current research on the substitution of Fe ions is
relatively scattered and not systematic enough, and the prepa-
ration of samples containing Fe>* ions must be carried out
under low oxygen pressure or complex heat treatment, which
limits its widespread application. Therefore, in this study, the
solid-phase reaction method was used to prepare divalent ion-
substituted BaMe,Fe 50, (Me = Fe, Mn, Zn, Ni, Co) W-type
hexagonal ferrite. The effects of different divalent cation sub-
stitutions on the magnetic and dielectric properties were an-
alyzed using x-ray diffractometer (XRD), scanning electron
microscopy (SEM), Raman, VSM, and LCR meter.

2. Experiment
2.1. Preparation of W-type ferrite

BaMe,Fe 14027 (Me = Fe, Mn, Zn, Ni, Co) polycrys-
talline samples were synthesized using the solid-phase re-
action method. The starting materials are BaCO3 (Aladdin
99.0% purity), Fe,O3 (Macklin 99.0% purity), ZnO (Alfa
Aesar 99.999% purity), MnO (Macklin 99.0% purity), NiO
(Macklin 99.0% purity), and Co304 (Macklin 99.0% purity).
The starting materials were accurately weighted according to
stoichiometric ratios, and well mixed in a planetary ball mill
(Nanjing Boyuntong Instrument, XGB2) with deionized wa-
ter at 200 rpm for 2 hours. All the samples were sintered in

a regular muffle furnace at 1300 °C for 3 hours, except for
the BaFe 3Oy sample was sintered in a tube furnace under
the protection of a nitrogen atmosphere that can maintain the

valence state of Fe2T ions.[2!]

2.2. Characterization

The x-ray diffractometer (XRD, Bruker D2 Phaser)
equipped with Cu Ko radiation was employed to analyze the
phase structure of the synthesized samples, with step size of
0.02° and angular range of 20°-80° (30 kV, 10 mA, A =
1.54184 A). The microstructure analysis of the powder was
performed using scanning electron microscopy (SEM, Tes-
can Vega Compact). Raman scattering spectra of all samples
were recorded at room temperature using a confocal micro-
Raman spectrometer, with laser wavelength of 532 nm and the
wavenumber range of 50 cm~'-900 cm~! (Renishaw inVia
Reflex Raman Microscope). The magnetization of the sam-
ple was measured at 300 K with the scanning magnetic field
range of 430 kOe (1 Oe =79.5775 A-m~ '), by using the vibra-
tion sample magnetometer option of physical properties mea-
surement system (Quantum Design, DynaCool Cryogen-free
System). The saturation magnetization (M) and the magnetic
anisotropy field (H,) were calculated according to the law of
approach to saturation. The dielectric properties of the sam-
ples were characterized with the Agilent 4980 LCR meter.

3. Results and discussion
3.1. X-ray diffraction

Figure 2 depicts the XRD patterns of all BaMe,Fe 6027
(Me = Fe, Mn, Zn, Ni, Co) powder samples collected at room
temperature, in which the red lines are the standard BaW fer-
rite PDF card (PDF#75-0406). The excellent agreement be-
tween the observed peaks and the standard patterns indicates
that all the samples prepared by the high-temperature solid-
state method have single-phase W-type structures. The rela-
tive variation of (00/) peak intensity observed in BaFe;gO»7
sample can attributed to the big size plate-shaped crystalline
grain as shown in Fig. 3(a), that can introduce the texture.

w
h=]
]
5 Bzh\hl_)l‘i(‘m()')?
= | |il|\u.|. Y A
8
B | e
il ¢
=
I 1 1 Ll.. " b Bale1sOu
PDF#75-0406
I”.l...l.ll. LI||;|. |#”| .
20 30 40 50 60 70 80
26 (%)

Fig. 2. XRD patterns of BaMeyFe 50,7 (Me = Fe, Mn, Zn, Ni, Co)
powders.
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3.2. SEM study

The magnetic and dielectric properties of W-type hexafer-
rite are closely related to the microstructure. Figure 3 shows
the micrograph of the obtained BaMe,Fe 027 (Me = Fe, Mn,
Zn, Ni, Co) powder sample by using scanning electron mi-
croscopy (SEM). All samples have hexagonal plate-shaped
grains, consistent with XRD predictions. The images show
that the substitution of Fe ions by Me ions leads to significant
changes in the grain microstructure, especially for the crystal
grain size and the ratio of radius to axis. All samples show
large average grain size, that may be due to high sinter tem-
perature and long sinter time. The specific plate-shape struc-
ture and larger grain size are favorable for higher frequency

application. [#!
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Fig. 3. SEM micrographs and grain size distribution of BaMe;Fe 6027
(Me = Fe, Mn, Zn, Ni, Co) powder samples.

3.3. Raman spectra

The crystal structure was further characterized using Ra-
man spectroscopy, which can provide information on the sym-
metric vibration modes of the crystal and is highly sensi-
tive to the vibrations of atomic bonds. The W-type fer-
rite exhibits a hexagonal crystal structure with the space
group of D6h (P63/mmc).
cate 42 Raman active modes in hexagonal ferrites named as
11A1g+14E 3 +17Ey,.[?>> Here, A and E represent symbols
for one-dimensional and two-dimensional vibration modes,

Group theory principles indi-

while g denotes symmetry concerning the center of symme-
try.

The room temperature Raman spectra of BaMe;Fe 6057
(Me = Fe, Mn, Zn, Ni, Co) samples are shown in Fig. 4, which
were recorded in the range of 50 cm™! to 900 cm~!. Tt is ev-
ident that the shape and position of the Raman peaks are af-
fected by the variation of the substituent ion Me>*. In our
experiment, Raman spectra analysis revealed ten active modes
and these modes with their respective symmetries and asso-
ciated sites are listed in Table 1. The peaks shown in the
figure are all feature Raman peaks of W-type hexagonal fer-
rite, which are contributed by the vibration of metal-oxygen
bonds at different interstitial positions (tetrahedral, octahedral,

bipyramidal). >
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Fig. 4. Raman spectra of BaMe,Fe 60,7 (Me = Fe, Mn, Zn, Ni, Co).

Table 1. Raman peaks of BaMe,Fe 4027 (Me = Fe, Mn, Zn, Ni, Co)
in powder form.

Fe Mn Co Ni Zn Symmetry Assigned polyhedra
84 8 84 85 86 - -

176 176 176 176 174 Eig spinel block
199 199 199 199 208 Ay octahedral

280 282 280 280 281 Egg octahedral (2a)
328 324 324 325 328 Eig octahedral (12k)

octahedral (12k) dominated
octahedral (2a + 12k)
octahedral (12k)
octahedral (4 fy1)
bipyramidal (2b)

409 407 405 402 407 Ay
473 472 458 465 451 Ay
529 514 527 525 527 Eig
614 605 613 612 612 Ay
672 665 676 665 667 Ajg

The main peak at 665 cm '-672 cm™! of the Ra-

man spectra, is caused by the vibrations of the bipyramidal
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(FeOS, 2b site) with Ay, symmetry. The vibration modes
at 280 cm—'-281 cm~!, 451 ecm~ 1473 cm™!, 514 cm—!-
529 cm~ !, and 605 cm—'-614 cm ™! are associated with oc-
tahedral (2a, 2a + 12k, 12k, and 4 fyy sites), respectively, and
all exhibit A, symmetry. The active mode at 174 cm™ -
176 cm™! is due to the entire spinel block vibrations, which
have Ei, symmetry. The vibrational modes at 324 ecm -
328 cm~! and 402 cm~'-409 cm~! can be associated with
the octahedra (12k site) and are attributed to Eo, and E1g sym-
metry. In the Me>" substituted samples, considerable shifts in
the Raman characteristic peaks can be found. The substituted
ions Mn2T (0.80 A), Zn%* (0.74 A), Ni2*+ (0.72 A), and Co*t
(0.74 A) have different ionic radius compares with the host
ions Fe3* (0.64 A) and Fe** (0.76 A). It can be observed that
the peak positions at 672 cm~! (bipyramidal, FeO5, 2b site)
shifted slightly to lower wavelength due to the substitution of
Mn2t, Zn?t, and Ni2t. The modes are all reduced in inten-
sity and accompanied by peak broadening. This may be due
to the change in ion mass and force constants (based on ion
valence states, bond lengths, lattice parameters, etc.) due to
substitution.*®] The Raman peak at 614 cm™! shows a more
significant shift and amplitude change in the samples substi-
tuted with Me”>*, the Mn>* and Ni>* substituted samples re-
sult in a sharper band. The Raman peak widths are highly sen-
sitive to the substitution of magnetic structures. The maximum
change in both substitutions occurs at the octahedral 4 fy site,
which may be the factor responsible for these band changes.
As the substitution occurs, the peak intensity at 529 cm™! de-
creases while the width increases. This is likely due to the
local octahedral FeOg aberration caused by the occupation of
the 12k site by the ion with larger radius. These results in-
dicate that the Me”>* ions have successfully entered the BaW
sublattice, which may affect the magnetic and dielectric prop-

erties.

3.4. Magnetic properties

The magnetic hysteresis loops measured for all
BaMeyFe 60,7 (Me = Fe, Mn, Zn, Ni, Co) samples at room
temperature are depicted in Fig. 5(a). It can be seen that the
hysteresis loops exhibit essentially symmetrical “S” shapes.
Table 2 summarizes various magnetic parameters extracted
from these loops, including saturation magnetization (My),
coercivity (H,), and magnetocrystalline anisotropy field (H,).
Values of Mg and H, are obtained by the M—H curve using the
law of approaching saturation.?”] The general expression of

this law is

M=m(1-2_8 +xH (1)
= M; g gz ) TH,

where M represents saturation magnetization, A is the
magnetic hardness coefficient, B is the magnetocrystalline
anisotropy constant, H denotes the applied magnetic field, and
x is the high-field magnetization susceptibility. In the high
field region, the M—1/H? relationship exhibits linearity, with
parameters A and ¥ becoming very small and negligible. Con-
sequently, the above equation can be simplified to

B
> . 2)

For the hexagonal crystal structure with uniaxial anisotropy, B
can be expressed as

_Hp 4K}
15 15M?

3

M and B are calculated from a linear fit to the law of approach-
ing saturation, as shown in Figs. 5(b)-5(f). The magnetocrys-
talline anisotropy field (H,) can be derived from Eq. (3). Com-
pared with BaFe 30,7, the magnetic measurements reveal that
the M and H, decrease with other Me>* ion doping. This
variation in M results from the choice of substituent ions in
the insertion structure and the occupation of specific cationic
sites by Me?*. In W-type hexagonal ferrites, 32 Fe>* ions and
4 Me** ions occupy seven different magnetic sublattices in
the unit cell. The distribution and valence states of ions in the
lattice contribute differently to the total magnetization inten-
sity, which is determined by the difference between the mag-
netization intensity at octahedral sites and that at tetrahedral
sites. Both Co?" and Ni** ions show a preference for octahe-
dral sites (2a and 12k sites) with spin directions aligned with
the overall magnetic moment, [*3?%! corresponding to a change
in the Raman peak of 521 cm™! (12k sites). Furthermore,
their preference energy for these sites surpasses that of Fe3*+
ions. However, since the magnetic moments of the dopant ions
Ni?*, Co?*, and Mn** (3.0 ug, 4.0 ug, and 2.7 ug, respec-
tively) are smaller than Fe3* ions (5 ug), the substitution of
spin-up Fe** ions leads to a decrease in the net magnetiza-
tion, resulting in a lower saturation magnetization of the sam-
ple. The dope of Mn>* to the W-type hexaferrite weakens
the Fe—O-Fe super-exchange interactions, resulting in a de-
crease in the magnetic properties.”) Zn>* is a non-magnetic
ion that tends to occupy tetrahedral sites (4e and 4 fiy) with

n.[1331 Its substitution leads to a weakening of the

spin dow
alignment between the magnetic ions and tilting of the antipar-
allel alignment of the spins, which results in a reduction of the
net magnetic moment. This difference may be due to varia-
tions in the evaluation method for the M value. The observed
low coercivity can be attributed to the overgrowth of crystals
at high sintering temperature, which induces a multi-domain
character, leading to the disappearance of H..3?! Except for

the Cop, W sample, the variation of the coercivity is in general
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agreement with the results of the grain size variation derived
from the SEM images. In addition, the coercivity is also af-

fected by the anisotropic field. Co,W has planar anisotropy

tion method, along with an improvement in coercivity.

Table 2. Room temperature magnetic parameters of BaMe,Fe 6027
(Me = Fe, Mn, Zn, Ni, Co) with different divalent ion substitutions.

and doping with Co** can change the anisotropy of Me, W Me M; (emu/g) Hej (Oe) H, (Ge)
from ¢ axis to ¢ planar,!?*! significantly reducing coercivity. Fe 95.34 375 13739.57
. . o ) Co 74.90 71 10750.90
Table 3 lists the properties of similar materials prepared by Ni 69.49 457 10700.60
other researchers, and it can be seen that we have successfully Zn 72.90 439 12206.23
synthesized BaMe;Fe 5027 using a simpler solid-phase reac- Mn 4777 429 11301.48
Table 3. Findings of different researchers.
Sample Hj (Oe) Preparation method References
BaZn,Fe 6027 365.85 chemical co-precipitation [34]
BaZn,Fe 6027 62 co-precipitation route [35]
BaCo;,Fe 6077 130 solid-state method [36]
BaNi,Fe 6027 186 conventional ceramic method [37]
Bay 5Srg.5Co; sMng sFe 14027 72.53 sol—gel autocombustion [38]
() ] (968 YR ()70 M=
100f — Fe T R?=0.99995 705} R?=0.99992
= Experimental data ' = Experimental data
—~ 50k —— 1 - 46.4 — Linear fit —~ 70.0} —Linear fit
o0 F_f ) o0
~ / N ~
) ‘ g 2 69.5¢
g o0 ‘ £ 46.0f §
) ~
= =50t i { = 68.5
/ | 45.6
2 1/ 0/7 1 2 68.01
L 009, ] 45.2—— : : 67.5 : : : :
—-30 —-20-10 0 10 20 30 ’ 3.0 4.0 5.0 6.0 3.0 4.0 5.0 6.0 7.0
H (kOe) 1/H? (1079 Oe~2) 1/H? (10 Oe~2)
b . 73.6
(b) Mo — Fo (d) 68.0 Me = Ni () Me = Co
93.0} R?=0.99998 R?=0.99997 R?=0.99432
» Experimental data 67.5F = Experimental data s 73.2F = Experimental data
Linear fit o~ — Linear fit ) — Linear fit
= 925} > T 72.8}
) 2 67.0 g
= ) L
g 92.0} ~ 72.4¢
8 S 66.5F =
= 72.0F
91.5¢ 66.0 1
71.6f
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2.0 2.5 3.0 3.5 65.5 3.0 4.0 5.0 6.0 7.0 3.0 4.0 5.0 6.0

1/H? (10~° Oe~2)

1/H2 (10-° Oe~2)

1/H? (10-° Oe—2)

Fig. 5. (a) The M-H loops for all substituted BaMe,Fe 60,7 hexaferrite samples. (b)—(f) Fitted curves of M for BaMe,Fe 6027 hexaferrite samples

calculated from the law of approaching saturation.

3.5. Dielectric measurements

Figure 6 draws the frequency dependence of the dielectric
constant and dielectric loss for the prepared ferrite compounds
at room temperature. For all the samples, the dielectric con-
stant and dielectric loss decrease accompanying the frequency
range from 100 Hz to 1 MHz. Above 1 MHz, the dielectric
permittivity almost remains unchanged. For this phenomenon,
it can be attributed to that at low frequencies all the dipole
relaxation can well follow the frequency of ac electric field.
Therefore, a higher dielectric constant can result. At higher
frequencies, however, the electron hopping between Fe’* and
Fe?" ions lags, and part of the dipoles cannot follow the re-

versal of field, the samples only present a lower dielectric per-
mittivity finally.[*”) By comparing the different compositions
of ferrite, it is also found that the Fe, W-ferrite possesses the
highest dielectric permittivity, which is similar to Rehman’s
report!“? based on Koop’s theory. This could be ascribed to
the fact that the Fe cations usually have mixed valence states.
It increases the probability of hopping conduction and results
in a high value of the dielectric constant. Higher dielectric
constants lead to an enhanced skinning effect, which reduces
the depth of electromagnetic wave penetration. Therefore, by
replacing Fe with other divalent ions, the hopping conduc-
tion can be well suppressed. Correspondingly, the dielectric
permittivity reduces dramatically, helping their application at

066801-5



Chin. Phys. B 33, 066801 (2024)

high frequencies. Dielectric loss is an important part of the
total loss in ferrite cores.[*!] Therefore, low dielectric loss is
necessary for low core losses. Figure 6(b) shows the dielectric
loss as a function of frequency for different compositions. The
dielectric loss curve is similar to the real part of the dielectric
constant as a function of frequency, which implies that the di-
electric properties of ferrite can be adjusted by changing the
divalent ions.

103 -

102k

Dielectric constant

101f

102 103 104 10° 106 107
Frequency (Hz)

102

10!

100

Dielectric loss

102 103 104 105 106 107
Frequency (Hz)

Fig. 6. (a) Variation of the real part of the dielectric constant (¢’) with
frequency for BaMe,Fe0y7 (Me = Fe, Mn, Zn, Ni, Co) BaW fer-
rites. (b) Variation of dielectric loss versus frequency of BaMe,;Fe 16027
(Me = Fe, Mn, Zn, Ni, Co) BaW ferrites.

4. Conclusions

High purity W-type hexagonal ferrite BaMe,Fe 027
(Me = Fe, Mn, Zn, Ni, Co) samples with divalent ion substi-
tution were prepared by high-temperature solid-state method,
and the structure, magnetic and dielectric properties were sys-
tematically investigated. The materials exhibited hexagonal
symmetry and belonged to the P63/mmc space group. Ra-
man analysis demonstrated the existence of ten active vibra-
tion modes in the wavenumber range of 50 cm~'-900 cm™!.
The variations in peak intensity and width of Raman spectra
were attributed to changes in ion substitution due to their occu-
pancy. The variations in magnetic properties can be attributed
to the magnetic moment and occupancy tendency of the sub-
stitute ion itself, and the size of the crystal grain. The dielec-
tric constant and dielectric loss decrease as the frequency in-
creases in the low-frequency region and it becomes a constant
in the high-frequency region. Frequency hopping conduction

can be well suppressed to achieve dielectric property adjust-
ment by replacing Fe?>* with divalent ions. The magnetic and
dielectric properties of BaMe,Fe 40,7 are diverse and easily
tunable. Therefore, BaW hexaferrite synthesized by substitut-
ing Me ions is more conducive to achieve a wider frequency
range of applications.
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