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M-type hexaferrites with nominal composition of CaySr¢<(LasPro,)Fe;yCo,Op (0.00 <x<0.50, 0.00<y<0.40) were
prepared by the solid-state reaction method. X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM)
and a permanent magnetic measuring system were used to investigate the microstructural and magnetic properties of the M-
type hexaferrites. All the LaPr-Co substituted M-type hexaferrites are in single-phase with hexagonal structure and no
impurity phase is observed in the structure. The FE-SEM images of the magnets show that the grains are hexagonal platelet-
like, and the grain size of the magnets basically keeps unchanged with increasing LaPr-Co content. The remanence (B,), first
decreases, and reaches to the minimum value at x =0.20, y = (.16, and then increases with the increasing substitution content
of LaPr (0.20 <x < 0.50) and Co (0.16 <y < 0.40). The intrinsic coercivity (H,;) increases with the increase of LaPr-Co content
(0.00<x<0.40, 0.00 <y <0.32), and then decreases with the increasing substitution content of LaPr (0.40 <x <0.50) and Co
(0.32 <y <0.40). Magnetic induction coercivity (H,,) and maximum energy product [(BH),,,| increase with increasing LaPr-
Co content (0.00 <x<0.50, 0.00 <y <0.40).
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Introduction ceramic process and found that with increasingla®"
substitution, o, and H; first increase and then decrease
In 1950s, M-type hexagonal ferrites were discovered gradually, while the Curie temperature of Sr;., La,Fe;,019

by Philips’ laboratories [1]. M-type hexaferrites have hexaferrites linearly decreases with the increase of La’"
attracted extensive studies in the past decades because substitution. Wang et al. [6] have synthesized the Pr
of their chemical stability, moderate magnetic properties, doped strontium hexaferrites by hydrothermal synthesis
low cost compared to rare earth magnetic materials and subsequent calcinations and found that Pr
[1]. M-type hexaferrites have been used as permanent substitution increase the coercivity by 14% without
magnets, plastic magnets, microwave devices and causing any significant deterioration in either the
magnetic recording media [2]. magnetization or the remanence. Vizhi et al. [7] have

The magnetic properties of M-type hexaferrites studied the influence of Co substitution on magnetic
depend on the synthesis conditions and the ion site properties of nanocrystalline Bag sSrqsFe;;.,Co,019 (X
occupation of the substituted ions in five different Fe** =0, 0.5, 0.7 and 0.9), with increasing Co ion content,
sublattices, such as three octahedral (2a, 12k and 4f,), M, first increases and then decreases, while H
one bipyramidal (2b) and one tetrahedral (4f}) [3]. The decreases with the increase of Co ion content. Yang et
intrinsic magnetic properties of M-type hexaferrites can al. [15] have synthesized the Al substituted M-type Ca-
be modified through the ion substitution of Sr** or Ba** Sr hexaferrites, with composion CageSrg;LagsFes
ions or Fe** ions [4, 5]. It has been reported that rare AlLOp (0<x<14) by the conventional ceramic
earth metal ions, such as La**, Pr’*, Dy*, Nd**, Sm**and techniques and found that M, and M, linearly decrease
Ce*', prefer to substitute partly Sr** or Ba*" ions [4, 6- with x from 0 to 1.4, while H, first increases with x
10], and transition metal ions, such as Co**, Zn*", Cu*', from 0 to 0.8 and then decreases when x>0.8. Ion
Bi**, Cr’*, A" and Mn®*', prefer to substitute Fe*" ions combination substitutions, such as La**-Zn?*, La**-

[5,11-16]. Liu et al. [4] have prepared the La*" Co*, La**-Cu*, Mn*"-Zn*", Pr'-Ni**, Ce**-Co*",
substituted M-type strontium hexaferrites with the Nd**-Ni*', and Tb**-Zn*", have been reported [17-24].
composition SrjLaFe;;019 (0.00<x<1.00) by the Yang et al. [18] have prepared the hexagonal ferrite
Sr0_7_xcao_3LaXFelz_yC0yO19 (X = 005'050, y= 0.04-
0.40) magnetic powders and magnets by the solid state

*ffolnefgg%‘g?% 2‘?{110;1 reaction method and found that the remanence
el - - . . . . .
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coercivity and maximum energy product for the magnets
first increases and then decreases with the increase of
La-Co contents. Zi et al. [22] have synthesized the Ce-
Co doped M-type barium hexaferrites Ba;.Ce.Fe;,Coy
Oy (0.0 <x<0.3) by the sample chemical coprecipitation
method and found that with the increase of Ce-Co
content, the saturation magnetization (M) decreases
monotonically with increasing x, while the coercivity
(H.) increases at low substitution (x <0.1), and then
decreases at x> 0.1.

In the present work, La*" and Pr’" are selected to
dope the Sr** ions and Co*" ions are selected to dope the
Fe’" ions. The solid-state reaction method was used to
prepare the LaPr-Co substituted M-type CaSr hexaferrites.
We have carefully investigated the influence of LaPr-Co
content on the microstructure and magnetic properties
of M-type CaSr hexaferrites.

Experimental Procedure

The solid-state reaction method was used to synthesize
the M-type hexaferrites with nominal composition of
Ca()_4SI‘().G_X(LaOAgPI'O.z)XFe12_yC0yO19 (Where XZO.OO, 010,
0.20, 0.30, 0.40, 0.50; y=0.00, 0.08, 0.16, 0.24, 0.32,
0.40). The starting powders of CaCOs, SrCO;, La,0;,
Prs041, Fe;,0; and CoO, all 99% pure, were weighted
in accordance with the ratios of the nominal
composition. The starting powders were wet-mixed in
a ball mill at a rotate speed of 80 rpm for 8 hrs. After
that, the mixed powders were dried in a drying oven in
the air, and then calcined in a muffle furnace at
1250 °C for 2.0 hrs in air. Next, the calcined powders
were shattered to particles by a vibration mill, and then
wet-milled with suitable additives (0.6 wt% CaCOs,
0.3 wt % SrCOs, 0.2 wt % SiO,, 0.2 wt% Ca(CgH;,07),)
for 16 hrs in a ball-mill. At the final step, the finely milled
slurry was pressed into cylindrical pellets (®30 mm
x 16 mm) under 310 MPa in the magnetic field of 800
kA/m, which was parallel to the pressing direction. The
compacted pellets were sintered in a muffle furnace at
1185°C for 1.5hrs in air. In order to measure the
magnetic properties, the sintered pellets were polished
in the faces perpendicular to the pressing direction.

The phase compositions and structure of the prepared
magnetic powders were identified by using a PANalytical
X’Pert Pro diffractometer in continuous mode with Cu K,
radiation in the range of 260=20-80 °. The images of the
surface of the sintered pellets were observed by a
HITACHI S-4800 field emission scanning electron
microscopy (FE-SEM). A permanent magnetic measuring
system (NIM-2000HF, made by the National Institute of
Metrology of China) was used to measure the magnetic
properties of the sintered pellets at room temperature.

Results and Discussion

Fig. 1 shows the XRD patterns of the M-type
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Fig. 1. XRD patterns of the M-type hexaferrite Cag4Sroex
(LaosPro2)xFe;r.,CoyO19 (0.00 <x<0.50, 0.00 <y <0.40) magnetic
powders.

y (Co content)
0.00 0.10 0.20 0.30 0.40 0.50

23.00 5.92
| |

s I | 5.90

22.96 - R

| |
.%:H.,,...-o | 5.88 ;E

o——®

&)E 22.94
(=] (=]
z z
o 22.924 \ -5.86 L]
—a—c
22.904 —8—a \. -5.84
22.88 -

5.82

0.0 0.1 0.2 0.3 0.4 0.5
x (LaPr content)

Fig. 2. The variation of lattice constants (c and a) as a function of
LaPr-Co content for the M-type hexaferrite CagsSrgex
(La gPrg»)<Fej2yCo,O19 magnetic powders.

hexaferrite Ca0_4Sr0,6_X(La0,8Pr0,2)xFe1 2—yC0y019 (OOO <x<
0.50, 0.00<y<0.40) magnetic powders. All the
diffraction peaks are matched with the standard patterns
(space group P6s/mmc, JCPDS card no. 80-1198). This
reveals that all the LaPr-Co substituted M-type
hexaferrites are in single-phase with hexagonal structure
and no impurity phase is observed in the structure.

The lattice parameters (¢ and a) are calculated from
the XRD data by using the following relation [25]:



Effect of LaPr-Co co-substitution on microstructure and magnetic properties for Cay 45ty s-(LagsPry ). e 2,Co,0,9 hexaferrites 545

2 2 2
L3 Wthkrk D (1)
du’ 3 a c
where dj; is the inter-planer spacing value, and A, &
and / are the Miller indices. Fig. 2 shows the variation of
lattice parameters for as a function of LaPr-Co content for
the M-type hexaferrite Cag 4Sro ¢.x (Lag sPro2)<Fe12.yCoyOrg
magnetic powders. The lattice parameter @ remains
almost constant, while the lattice parameter ¢ decreases
with the increase of LaPr-Co content. Hexaferrites are
anisotropic as c-axis is the easy axis and it is easier to
orient the spin directions along c-axis which is
perpendicular to the hexagonal based plane [26]. Thus,
the variation of lattice parameter c is sizeable rather than
lattice parameter a. The decrease of lattice parameter ¢
with the increase of LaPr-Co content can be due to the
difference in the ionic radii (Ar) of the metal ions and the
number of ionic substitutions of each species. Substitution
of Sr** (=1.180 A) by La** (r=1.061 A) and Pr* (=
1.013 A) makes a negative difference in the ionic radii of
Ar=-0.1286 A. Thus, substitution of Fe’ (r=0.645 A)
by Co** (r=0. 745 A) makes a positive difference in the
ionic radii of Ar=+10.100 A. In the LaPr-Co substituted
M-type hexaferrites, in order to keep the electroneutrality,
some Fe’* ions (r = 0.645 A) will change into Fe** ions
(r=0.780 A) at 2a or 4f, site, this makes a positive
difference in the ionic radii of Ar =+0.135 A. As in the
case of substitution of LaPr (x=10.40) and Co (x=
0.32), the total content of both Co**and Fe** ions is
equal to that of La’* and Pr’* ions, and the lattice
parameter c¢ is decreased.
The variation of c/a ratios as a function of LaPr-Co
content for the M-type hexaferrite Cag4Stoex (Lags

Pry,)<Fei2.,Co,019 magnetic powders is shown in Fig.
3. The c/a ratios of the magnetic powers decrease with
the increase of LaPr-Co content. The c¢/a ratio may be
used to quantify the structure type, and an M-type
hexagonal structure may be assumed if the ratio is
lower than 3.98 [27]. It is seen from Fig. 3 that the c/a
ratio is in the range from 3.8912 to 3.9100, which
indicates the formation of M-type hexagonal structure.

Fig. 4 shows the representative FE-SEM micrographs
of the M-type hexaferrite Cag4Sroex(LaosPros)<Feiny
CoyOy9 magnets for x=0.00, y=0.00; x=0.20,
y=0.16; x =0.40, y = 0.32. It is clear that most of the
grains have well-defined shape and boundaries. The
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Fig. 3. The variation of c/a ratios as a function of LaPr-Co content
for the M-type hexaferrite Cag4Stoex(LagsPro2)FenyCoyOig
magnetic powders.
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Fig. 5. Demagnetizing curves for the M-type hexaferrite Cag4Sr ¢.«(LagsPro2)Fer.yCoyOp9 (0.00 <x<0.50, 0.00 <y <0.40) magnets

measured at room temperature.

grains are hexagonal platelet-like, and the grain size of
the magnets basically keeps unchanged with increasing
LaPr-Co content.

Fig. 5 shows the demagnetizing curves for the M-
type hexaferrite  Cag4Srg6x(LagsPros)<FeiyCoyOrg
(0.00 <x<0.50, 0.00 <y <0.40) magnets measured at
room temperature. The values of the remanence (B,),
intrinsic coercivity (H,), magnetic induction coercivity
(Hy) and maximum energy product [(BH)u.] were
calculated from the demagnetizing curves. The variation
behavior of the remanence (B;) of the M-type hexaferrite
Cay 4519 6.x(Lag sPro2)<Fer,.,Co,O19 magnets as a function
of LaPr-Co content is shown in Fig. 6. With increasing
LaPr-Co content, the value of B, first decreases, and
reaches to the minimum value at x = 0.20, y = 0.16, then
increases. In the M-type hexaferrite, the Fe’" ions are
distributed on five different interstitial sites: one
tetrahedral site 4f; (downward spin), one bipyramidal
site 2b (upward spin), three octahedral sites 2a (upward
spin), 4f, (downward spin), 12k (upward spin). The
magnetic moments of Fe*" ions in the hexagonal ferrite
are arranged collinearly because of super-exchange

y (Co content)
000 0.08 0.16 024 032 040

380 . : : T : :
0.0 01 0.2 0.3 0.4 0.5
x (LaPr content)

Fig. 6. The variation behavior of the remanence (B;) of the M-type
hexaferrite Cay4St) 6.(Lag gPro2)xFeinyCoyOr9 magnets as a
function of LaPr-Co content.

interaction. It has been reported that Co®" ions are
substituted for Fe*" ions in the octahedral 4f, (mainly)
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Fig. 7. The intrinsic coercivity (H) and magnetic induction

coercivity (Hy) as a function of LaPr-Co content for the M-type
hexaferrite Ca 45ty 6.«(Lag sPro 2)<Feir.,CoyO19 magnets.
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Fig. 8. The H\/Hratios as a function of LaPr-Co content for the
M-type hexaferrite Cag 4St ¢.<(Lao sPro2)<Fei2.yCo,O19 magnets.

and 2a sites [28,29]. In the LaPr-Co substituted M-
type hexaferrites, in order to keep the electroneutrality,
some Fe’* ions will change into Fe*" ions at 2a or 4f,
site. Thus, the decrease of remanence (B;) with the
increase of LaPr-Co content (0.00 <x<0.20, 0.00<y
<0.16) can be attributed to increase in the number of
Fe*" ions on the 2a octahedral site. Some Fe** (5pg) ions
will change into Fe*" (4p) ions at 2a site, which causes
the magnetic dilution. The increase of remanence (B,)
with the increase of LaPr-Co content (0.20 < x < 0.50,
0.16 <y < 0.40) can be explained by the site preference
of Co** (3.7ug) ions in the octahedral 4f, sites. This
decreases the negative magnetic moment of Fe** ions,
and increases the whole magnetic moment, which leads
to the increase of remanence (B,).

The intrinsic coercivity (/) and magnetic induction
coercivity (H) as a function of LaPr-Co content for the
M-type hexaferrite Cag4Sro6(LagsPros)Fein,CoyO1g
magnets are shown in Fig. 8. It is noted that /7 ; increases
with the increase of LaPr-Co content (0.00 <x <0.40,
0.00<y<0.32), and then decreases with increasing

substitution content of LaPr (0.40<x<0.50) and Co
(0.32 <y <£0.40). The coercivity of the ferrite magnets lies
on the microstructure and magnetocrystalline anisotropy.
The coercivity of the hexaferrites is expressed as the
following equation [30]:

N(B,+J,)

Ho

H,=aoH,—~ 2
where H, represents the magnetocrystalline anisotropy
field, N represents the grain demagnetization factor, J,°
represents the saturation polarization, and o represents
the microstructure factor of the magnet. N can be
regulated by the grain shape, and increase as the grain-
shape is more platelet-shaped. o enlarges with the
decrease of grain size, revealing the well-known H, and
grain size depency. The FE-SEM images shown in Fig. 4
exhibit that the grain size and grain morphology of the
magnets remain unchanged with the increase of LaPr-
Co content. So the values of N and «a keep constant.
For the low symmetry of crystal, the stronger uniaxial
magnetic anisotropy of M-type hexaferrite is more
sensitive to the low symmertry of trigonal bipyramidal
site 2b [31]. Therefore, the increase of H with the
increase of LaPr-Co content (0.00 <x <0.40, 0.00 <y
<0.32) can be due to the following two factors. Firstly,
the substitution of Sr** (»=1.180 A) ions by La’" (r=
1.061 A) and Pr’* (r=1.013 A) ions results in greater
lattice distortion, and the lower symmertry of trigonal
bipyramidal 2b site, which leads to the increase of
magnetocrystalline anisotropy [32]. Secondly, it has
been reported that the magnetocrystalline anisotropy
field increases with the increase of La-Co content (z) in
the Sry_La,Fe,,C0,019 (0 <z<0.4) hexaferrites [33].
The number of Fe®" ions on the octahedral 2a site
increases with the increase of LaPr-Co content. The
Fe?* ions can enhance the coercivity due to strong
magnetocrystalline anisotropy of Fe? on 2a sites
[34, 35]. For the magnetic powders containing LaPr (x
>0.40) and Co (y > 0.32), the decrease of H; with the
increase of LaPr-Co content can be attributed to the
below reason. The increase in the number of Co*" ions
at octahedral 2a site, increases with increasing LaPr-Co
content, which will destroy the regular arrangement of
the Fe’ ions. This leads to the decrease of the
magnetocrystalline anisotropy field. As seen from Fig.
6, for the magnetic powders with LaPr-Co content
(0.00 <x<0.40, 0.00 <y <0.32), the varying trend of
Hg, is in agreement with that of H, while for the
magnetic powders with LaPr (x >0.40) and Co (y >
0.32), the varying trend of H,, is different from that of
Hg, Hg decreases and Hg, increases. Fig. 8 shows the
variation of H/H,;ratios as a function of LaPr-Co content
for the M-type hexaferrite Cag4Srosx (LaggPros)<Fers.
yC0,019 magnets. The H/H, ratio is one of the
important indicators of the magnetic properties for the
ferrite magnets, and could indicate the rectangularity of
the demagnetizing curves for the magnets [36]. As seen
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Fig. 9. The maximum energy product [(BH)max] as a function of
LaPr-Co content for the M-type hexaferrite Cag 4Srg ¢.<(LaggPro2)x
Fey,.,CoyO19 magnets.

from Fig. 8, the H\/H,;ratio increases with the increase
of LaPr-Co content (0.00<x<0.10, 0.00 <y <0.08),
and keeps constant with the substitution content of
LaPr (0.10<x<0.20) and Co (0.08<y<0.16), and
then decreases with increasing substitution content of
LaPr (0.20 <x <0.40) and Co (0.16 <y <0.32), while
for the magnetic powders with LaPr (x > 0.40) and Co
(y=0.32), H/H ratio increases. This should be the
reason that the change of H., for the magnetic powders
with LaPr (x > 0.40) and Co (y > 0.32) is different from
that of Hy;.

Fig. 9 shows the variation of the maximum energy
product [(BH)max] as a function of LaPr-Co content for
the M-type hexaferrite Cayg 4Sr) ¢.x(Lag sPro2)Fei24yCo,O19
magnets. The value of (BH).x increases with increasing
LaPr-Co content. The maximum energy product is the
maximum area in the second quadrant of the hysteresis
loop, and thus the values of the remanence (B,) and
magnetic induction coercivity (Hy,) will have their
influence on it. The changing trend of (BH). for the
hexaferrite Cag4Sry ¢.x(LagsPros)FeiyCoyOr9 magnets
is in agreement with that of the magnetic induction
coercivity (H,) shown in Fig. 7.

Conclusions

The solid-state reaction method was used to
synthesize a series of M-type hexaferrites with nominal
composition of Cay 4S8t ¢.x(Lag sPro2)Fei2.,Co,049 (0.00 <
x<0.50, 0.00 <y <0.40). XRD patterns show that all
the LaPr-Co substituted M-type hexaferrites are in
single-phase with hexagonal structure and no impurity
phase is observed in the structure. The FESEM images
of the magnets show that the grains are hexagonal
platelet-like, and the grain size of the magnets basically
keeps unchanged with increasing LaPr-Co content.

The magnetic properties of the magnets were measured
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at room temperature by a permanent magnetic measuring
system. B,, first decreases, and reaches to the minimum
value at x=0.20, y=0.16, and then increases with
increasing substitution content of LaPr (0.20 <x <
0.50) and Co (0.16 <y <0.40). H increases with the
increase of LaPr-Co content (0.00 <x <0.40, 0.00 <y
<0.32), and then decreases with increasing substitution
content of LaPr (0.40 <x<0.50) and Co (0.32<y<
0.40). H,, and (BH)u.x increase with increasing LaPr-
Co content (0.00 <x <0.50, 0.00 <y < 0.40).
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