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Structural and magnetic properties of W-type hexa-ferrite Ba,.Sm,Mg,Fe;5C0¢40:;
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Jinsong Li*, Siyuan Li*, Xiubin Zhao® and Ailin Xia"*
Advanced Ceramics Research Center, School of Materials Science and Engineering, Anhui University of Technology, Maanshan,
243032, China

Sm?**-substituted W-type Ba,.Sm Mg, Fe;scC0040,7 (x=0.00 to 0.30 with steps of 0.06) ferrites were prepared by a solid-state
method. The XRD results indicated that the single W-type ferrite structure can be obtained for the specimens with x<0.18,
while the impurity phases appeared for x<0.18. The lattice parameters a and c, the cell volume (V..) and the average grain
size (D,) decrease with the increase of x. From the FE-SEM images, it can be found that all the samples exhibited a hexagonal
plate shape. The saturation magnetization and the initial magnetic permeability first increased with x from 0.0 to 0.12, but
then decreased with x>0.12. The coercivity kept increasing with the increase of x gradually.
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Introduction most widely studied. Rare earth elements may contribute

to the modification of magnetic interactions and thus

Hexagonal ferrite has attracted increasing attention in improve magnetic properties [10]. Wang et al. [11]
many technical fields due to its excellent performance. prepared Co,W type ferrite with a chemical formula Ba,.
It is widely used in the fields of communication, new Sm,Co,Fe 4027 (x=0.00, 0.05, 0.10, 0.15 and 0.20) via a
energy, automobiles, cloud computing, lighting, IT, home solid-state reaction method. With the increasing doping
appliances, industrial automation, medical, military and amount of Sm*" ions, the real (¢') and imaginary parts
so on [1-6]. (e") of the dielectric constant also gradually increases,
Generally, magnetic ferrites can be divided into M, and the maximum value of ¢” moves towards the low

W, Y, X, Z and U types according to their crystalline frequency band. When x=0.15, the magnetic complex
structure [4], in which M and W types are widely studied permeability (imaginary part) u" improved significantly,
and used. W-type hexagonal ferrite has a chemical and the peak value was about 1.75 at 18 GHz. 1. Sadiq et
formula of AMeFe 0., (A=Ba, Sr, Me=Fe, Mg, Zn, al. [12] prepared W type ferrite with a chemical formula
Co, Cu, Mn and so on). Their crystal structure can Sr;.,.CeFeic0,7 (x=0.00, 0.02, 0.04, 0.06, 0.08 and 0.10)
be seen as an R block and an S block stacked along by a sol-gel method. All the samples obtained are single-
the c-axis of hexagonal crystal system in the order of phase W-type structure. With the doping of rare earth Ce**
RSSR*S*S* [7]. R block contains three oxygen ion ions, both the coercivity (H.) and the electrical resistivity

layers, with an A®" layer in the middle layer, which increase first and then decrease, while the saturation
is the mirror plane of crystal, and S block is another magnetization (M) increases in a wavy manner. Yang et
oxygen ion layers without A*", stacked as spinels. In the al. [13] prepared Sry..Pr.ZngsCo;.Feis0,7 (0.00<x<0.40)
W-type hexaferrites, the Fe’* ions exist at seven different W-type hexagonal ferrite using a traditional ceramic
positions, namely 12k, 4fy;, 6g, 4f, 4e, 4fiv and 2d [8]. technology. With the increase of x, the M, the residual
The space group of W-type hexaferrites is Pg/mme magnetization (M,) and the magneton number (7;) first

(194). The lattice parameters a of W-type and M-type increase for x from 0.00 to 0.16, and then decrease for
hexagonal ferrite is about 0.588 nm, while the lattice x higher than 0.16. F. Aen et al. [14] synthesized Co, W

parameters c is different [9]. type ferrite Ba,..Ho,Co,Fe;cO,7 by a sol-gel method. They

For a long time, many attempts have been made to found that the grain size decreased from 44 nm to 34
improve the magnetic properties of W type ferrites in nm with increasing Ho’* concentration, accompanying
hexagonal crystal system, in which ion substitution is the with the decrease of dielectric constant and loss angle.

In summary, the substitution of rare earth elements
significantly improves the magnetic properties. The

* i N . . . . .
ggﬁ;ﬁg?ﬂggngsasugggrl'ls7o substitution of Sm* is expected to reduce the dielectric
E-mail: alxia@126.com constant and enhance the magnetic permeability. There-
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fore, in this study, the W-type Ba,.SmMgyFe;sC0040,7
(x=0.00, 0.06, 0.12, 0.18, 0.24 and 0.30) magnetic
powders were prepared by a solid-state method. The
effects of the Sm® content (x) on their structure and
the magnetic properties are systematically studied.

Experimental Procedures

Materials

The raw materials used in this experiment were as
follows: Fe,Os (99.2% purity), BaCO; (99.5% purity),
Sm,0; (99.9% purity), MgO (99% purity) and CoO
(99% purity) powders etc. All selected materials were
analytical purity, no further purification treatment was
required.

Preparation of W-type ferrites Ba,.Sm,Mg, Fe;56C040»
powders

The solid-state method was used for preparation, and
the approximate process was as follows: the ingredients
are prepared according to the molar percentage of the
main formula, and the ball: material: water ratio is 4:1:1
by mass, and milled for 2 hours using a ball mill; After
ball milling, the slurry was taken out and dried in a
vacuum drying oven, crushed into small pieces, and then
calcined in air at 1300 °C for 2 hours in a muffle furnace.
Then, used a vibrator to crush the calcined block and
prepare sample powder through a 100 mesh sieve. Add
10% mass fraction PVA solution for granulation and
pass through 60 mesh and 150 mesh sieves respectively
to obtain qualified materials with particle sizes ranging
from 150 to 60 mesh. Pressed into a circular sample
(inner diameter 22 mm, outer diameter 7 mm, thickness
5 mm) under a pressure of 100 MPa. Finally, the ring
sample was sintered in air at 1200 °C for 2 hours to
obtain the final test sample.

Characterization

A Philips X'Pert MPD diffractometer was used to
identify the phase composition of specimens (Cuk,
radiation, 1=1.5406 A). The morphology of all samples
was obtained by a field emission scanning electron
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Fig. 1. The XRD results of W-type Ba,..Sm.Mg>Fe56C00407
ferrites.

20000 Oe. An Agilent 4284A LCR meter was used to
measure the magnetic permeability of specimens at a
frequency of 1IMHz at room temperature.

Results and Discussion

Structure and morphology

Fig. 1 shows the XRD patterns of W-type ferrites
Ba;.SmMgFe;s6C0040,7 (x=0.00, 0.06, 0.12, 0.18, 0.24
and 0.30) powders. Comparing all the peaks in Fig. 1
with standard card (JCPDS PDF#75-0406), impurity
peaks from Sm,0O; emerged for the specimens with
x>0.18. When x<0.18, no impurity peak can be found
in the XRD patterns, indicating the single W-type
hexagonal structure of specimens. Therefore, Sm** ions
were completely dissolved in the crystalline lattice for
the specimens with x<0.18. The magnetic properties
of the specimen may be affected by the second phase
Sm203.

The lattice parameters @ and ¢ of specimens were
calculated according to the characteristic peaks (116)
and (1010) by the following formula [15, 16]:

1

microscope (FESEM, Hitachi 574800). A vibrating H i (g _ h?+hk+k? ” * )‘Z 0
sample Magnetometer (VSM, MicroSense EZ7) was ARL:™ \3 a? c2
to measure the room-temperature (RT) magneti .
;i(e)ger;)ies, earsidl ihe ema?((i)muri el;)xetertrlllale e(lectz'ic ﬁ%lllcf i(s: Veeu = a’c sin 120 2)
Table 1. Different parameters calculated for all specimens.
Sm (x) a (A) ¢ (A) cla .y (g/c) Vea (A%) D (nm)
0.00 5.9060 329152 5.5732 5.0482 994.263 53.77
0.06 5.8990 32.8162 5.5630 5.0822 988.9241 44.71
0.12 5.8998 32.8068 5.5607 5.0848 988.9090 41.13
0.18 5.8965 32.7857 5.5602 5.0966 987.1677 35.17
0.24 5.8962 32.7742 5.5585 5.1016 986.7211 33.72
0.30 5.8992 32.7703 5.5550 5.0995 987.6079 31.52
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Fig. 2. The change of lattice constants a and ¢ of specimens x (Sm content)

with different x from 0.00 to 0.30.
Fig. 3. The change c/a of specimens with different x from 0.00

to 0.30.
where (4, k, [), dw and V. are the Miller indices, the
crystal face spacing and the cell volume, respectively.
The X-ray density (dx..y) and the average grain size (D) Ki
are obtained by the following two equations [17, 18]: D= B cos6 )
2M
Bitiray = 3) Here, M, N, K, A,  and @ are the molar mass,

NaVeceu 6.02x10%, 0.89, 1.5406 A, the full-width at half-

Fig. 4. Typical SEM images of Ba,.Sm.Mg,Fe 5C0040,; specimens with different x. (a-f): x is from 0.00 to 0.30 with steps of 0.06,
respectively.
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maximum and the Bragg diffraction angle, respectively.
All the values calculated using the above four formulas
are listed in Table 1.

Fig. 2 shows the change of lattice constants a and
¢ of specimens. The a changes slightly. However, the
c decreases significantly from 32.9152 A (x=0.00) to
32.7703 A (x=0.30). As is known, the ionic radius of Ba**
and Sm* are 1.35 A and 1.05 A [13, 19], respectively.
Therefore, when Sm** replaces Ba*', the distance between
crystal planes decreases and the lattice volume shrinks.
It is consistent with the changes in lattice parameters
caused by ion substitution reported in early literature [20-
23]. The ¢ has a significant change compared to the a
because the c-axis is the easy magnetized axis in W-type
hexagonal ferrite [19]. The anomalous increase in Ve
when x is 0.3 may be due to the excessive addition of
Sm*", which leads to an increase in the lattice constant
a. The ratio c/a listed in Table 1 is between 5.5572 and
5.5630. As shown in Fig. 3, with the increase of x, the
change in ¢/a ratio is not significant.

The typical SEM images of Ba,.SmMg,Fe;sC004027
(x=0.00, 0.06, 0.12, 0.18, 0.24 and 0.30) are shown in
Fig. 4. All the specimens exhibit a hexagonal plate
shape.The particle size decreases with the increase of x,
which may be attributed to the deposition of Sm*" on
the grain boundaries [11].

Magnetic properties

Figure 5 shows the RT magnetic hysteresis loops
of specimens. Under a magnetic field of 20 kOe, the
hysteresis loops of the specimens approach saturation.
The values of M, H. remanent magnetization (M)
and square ratio (M,/M;) were obtained through the RT
hysteresis loops and listed in Table 2.

Typical hysteresis loops of W-type ferrite Ba;..Sm,.
Mg,Fei56C00402; specimens (x=0.0~0.30) are shown
in Fig. 5. The saturation magnetization (M) and
coercivity (H.) of magnetic powders with different
Sm’* concentrations (x) can be determined from the
hysteresis loops, as shown in Table 2. From Fig. 6, it
can be seen that when x=0.12, the peak value of M
reaches 55.566 emu/g, which enhanced the M, compared
with the unsubstituted specimen (x=0). However, when
x>0.12, the M; decreases with the increase of x. The
M; of ferrite is mainly influenced by the chemical
composition and the crystal structure. When x<0.12, the
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Fig. 5. RT magnetic hysteresis loops of Ba,..Sm.Mg,Fe;s4C0040»7
specimens with different x.
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Fig. 6. The variation of M, and M, of Ba,..SmMg>Fe56C0040,7
specimens with different x.

M increases with the increase of x since the trivalent
Sm’* replaces the divalent Ba*. In order to achieve the
electronic balance, some Fe** ions in the ferrite structure
will be converted into Fe** ions [24]. The migration of
electrons enhances the electron leaps between the iron
ions at the octahedral positions in the lattice, resulting
in an enhanced hyperfinement field at the 12k position
in the lattice, which strengthens the superexchange

Table 2. Magnetic properties of specimens with different Sm content (x).

Sm (x) M; (emu/g) M, (emu/g) M/M; H. (Oe) L
0.00 54.705 10.952 0.200 3345 8.65
0.06 55.537 10.872 0.196 333.0 8.73
0.12 55.566 16.084 0.289 456.9 9.13
0.18 54.637 16.154 0.296 527.6 8.97
0.24 52.682 19.557 0.371 883.5 8.83
0.30 51.842 22.531 0.435 1401.9 8.64
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interaction between Fe*-O-Fe’ [25]. As a result, the
superexchange between Fe*-O-Fe®* decreases, which
leads to the increase of the M; . When x>0.12, the M,
decreases with x mainly because too much Sm** entered
into the crystalline lattice, which can cause the decrease
of M; due to the weakening the superexchange between
Fe’*-O-Fe*" resulting from the formation of a spin
canting structure [26].

As shown in Fig. 7(a), the increase of H, in specimens
after the substitution of rare earth ion Sm can be ascribed
to the following reasons. On the one hand, the greater
magnetocrystalline anisotropy of specimens caused the
greater energy required for the rotation of magnetic
domains, that is, the greater H.. When Sm’" replaces
Ba*, there will be a transition of Fe** to Fe’'in the
ferrite, and the appearance of strong Fe*" ions anisotropy
will lead to the increase of magnetocrystalline anisotropy.
Therefore, the H, will increase after the replacement of
rare earth ions [27]. On the other hand, the larger grains
are conducive to the formation of domain walls. In large
grains, more domain walls move during magnetization,
and the energy consumed by domain wall movement
is less than that of domain rotation, resulting in a
smaller amount of energy required for magnetization.
Therefore, the H, in specimens with larger grains is
smaller, that is, the grain size is inversely proportional
to the H.. According to the microstructure in Fig. 4, the
specimens after the replacement of Sm** have smaller
grains, resulting in their high H, [28].

Fig. 7(b) illustrates the initial magnetic permeability
(u;) of specimens with different x. As the x increases
from 0.00 to 0.12, the u; increases from 8.65 to 9.13.
When x>0.12, the u; decreases from 9.13 to 8.64. The
main influencing factors on the u; of ferrite are the M
and the magnetic crystal anisotropy constant (K;), as
shown in the following equation [29]:

MZD
Ki+Aso

Hi < Q)

Where Zs and o are the magnetostriction coefficient
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and the internal stress, respectively. Generally, the
internal stress in ferrite materials is so low that the As and
o can be ignored [30]. As described above, the replacing
of Ba** by Sm*" will result in the transition of Fe* to
Fe*". The ion magnetic moment of Fe*" (4u) is smaller
than that of Fe’" (Suz) [13]. Therefore, this transition
reduces the total ion magnetic moment in specimens,
which reduces their u; correspondingly.

Conclusions

Sm* substituted W-type barium ferrites Ba,.Sm Mg,
Fei56C00402 (x=0.00 to 0.30 with steps of 0.06) were
obtained by a solid-state method. The XRD results
indicate that the specimens with x<0.18 were single
W-type hexagonal crystal structure. When x>0.18, the
impurities Sm,O; phases emerged. As the x increases,
both the lattice parameters @ and ¢ decrease, but ¢
changes more significantly than a. When x<0.12, the
M; increases with the increase of x, while when x>0.12,
it begins to decrease. However, the H, keeps increasing
with the increase of x. The initial magnetic permeability
of specimens exhibits the same variation as M,. When
x=0.12, it reaches a maximum.
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Fig. 7. The H. (a) and the u; (b) of specimens with different x from 0.0 to 0.3.
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in this paper.
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