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ABSTRACT

Z-type hexaferrites doped with Nd3*, Bas_yNd,Co,Fe;4041 (x=0,0.05,0.10,0.15, and 0.25), were prepared
by solid-state reaction. The effect of the Nd3* ions substitution for Ba%* ions on the microstructure and
electromagnetic properties of the samples was investigated. The results reveal that an important mod-
ification of microstructure, complex permeability, complex permittivity, and static magnetic properties
can be obtained by introducing a relatively small amount of Nd3* instead of Ba?*. SEM image shows that
the grains of the ferrites doped with Nd3* were smaller, more perfect and homogeneous than that of the
pure ferrite. The real part (&¢') of complex permittivity and imaginary part (¢”) increase at first, and then
decrease with increasing Nd content. At low frequency, the imaginary part " of complex permeabil-
ity decreases with Nd content and then increases when frequency is above 7.0 GHz. The magnetization
(M) and the coercivity (H.) are 79.38 emu g~' and 36.94 Oe for Bay 75Ndg25CoaFe2404;. The data of mag-
netism show that the ferrite doped with Nd3* ions is a better soft magnetic material due to the higher

magnetization and lower coercivity.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Z-type hexaferrite BazCo,Fep4047 has recently attracted great
attention because of its high ferromagnetic resonance frequency,
and high permeability and high thermal stability in the GHz region
[1]. This material is one of the most widely used soft materi-
als, instead of spinel ferrite, for high-frequency application, such
as chip inductors, LC filters and megahertz-gigahertz (MHz-GHz)
antenna [2]. From the crystallographic point of view, Z-type ferrite
is among the most complex compounds in the families of hexa-
ferrites with planar hexagonal structure [3]. This structure may
be described as a stack of six kinds of blocks, R, S, T, R*, S* and
T* where R, S, and T are independent and the asterisk indicates
the same stack but rotated 180° around the c-axis. The stack-
ing order is RSTSR*S*T*S* [4]. Z-type hexaferrite can be treated
as a sum of two simple hexaferrites, namely, M-(BaFe{,019) and
Y-(Ba;Me,Fe12047) types [3]. The dielectric and magnetic proper-
ties of hexaferrites such as, permittivity, permeability, coercivity
and saturation magnetization can be controlled by substitution of
divalent or trivalent ions. It is reported that ions substitution may
improve their properties and characteristics [5-10]. Rare-earth
elements (R) have typical relaxation characteristics, which can
affect the electromagnetic properties of ferrite strongly [11-15].
Latest breakthrough is based on the partial substitution of rare-
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earth elements at Ba and Fe site, as Ba3(Cog4Znge)2YxFeos_xO04q
[16], 3(BagsSrps)-2C00-0.05Tb407-10.8Fe;03 and 3(BagsSros)-
2C00-0.05Gd;03-10.8Fe;05 [17]. However, the microstructure and
electromagnetic properties of Bas_yNdyCo,Fe;404; have not been
given much attention.

We seek to provide valuable information about structural,
dielectric and magnetic properties of Nd-substituted Co,Z-type
hexaferrites. In the present work, the Bas_yNdxCoyFe; 4041 (x=0,
0.05, 0.10, 0.15, and 0.25) ferrites were synthesized and the effect
of the substitution of Nd3* for Ba2* on the microstructures and
electromagnetic properties of the hexaferrites was investigated. In
addition, the relationship between electromagnetic properties and
microstructure for Bas_,Co,NdyFe;404; was investigated.

2. Experimental details

Bas_xNdyCo,Fe;4041 (x=0,0.05,0.10, 0.15, and 0.25) were prepared by the con-
ventional ceramic process. The starting materials, Fe;03, Co,03, BaCO3 and Nd;03
were stoichiometrically weighed and milled in an agate mortar for 5h. Then the
mixed powders were calcined at 1250 °C for 5 h in air.

The crystalline phases were characterized by X-ray diffraction (XRD, BRUKER D8,
Germany). These data were recorded using Cu Ko radiation at 40.0kV and 40.0 mAin
the region of 260 =10-80° with a scanning speed of 2°/min. The particle morphology
was examined by field emission scanning electron microscopy (FE-SEM, FEI XL30,
USA). The magnetic properties were measured by vibrating sample magnetometer
(VSM, VSM7300, USA). The frequency dependence of permeability and permittivity
was measured by vector network analysis measurement (VNA, Agilent PNA 8363B,
USA). The magnitude of external magnetic field applied is —9750-9750 Oe. The sam-
ples were prepared as follows: the ferrite-paraffin wax compositions with 75 wt% of
ferrite prepared by homogeneously mixing the ferrite powder and toroidal-shaped
samples of 3.04 mm inner diameter, 7.00 mm outer diameter and 3.00-3.50 mm
length. ¢, ¢”, u’" and n” were detected at the frequency range of 0-18 GHz.
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Fig. 1. XRD patterns of Bas_yNdxCo,Fe,404; as a function of x at 1250°C for 5h.

3. Results and discussion
3.1. Structure and microstructure

X-ray diffraction patterns of the sintered samples with x=0,
0.05, 0.10, 0.15, 0.25, and 0.30 are shown in Fig. 1. It can be seen
that all the samples are mainly Z-type phase when x <0.25. When
x>0.25, the position of the strongest peaks changed and Nd,03
phase appeared. It is shown that the maximum substitution content
of Ba2* by Nd3* is 0.25 under our experimental condition. The lattice
constants (a, ¢ and a/c), cell volume (V,.y), X-ray density (px), bulk
density (pm) and the porosity (P) are calculated by the following
equations [18]:

dpig = L W
VA2 + hk + k2)/3a + 2/

Veen = ?azc ?

Px= NfVMcen 7

o — % (4)
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Fig. 2. The variation of lattice parameter (a and c) as a function of x.

p—1-Pm (5)

Px
where dp, is the d-spacing values of the lines in the XRD pattern
and h, k and [ are the corresponding Miller indices. M is the molar
mass, m is mass of pellet, r is radius of the pellet, N4 is Avogadro’s
number, Z is the number of molecules per unit cell (Z=2 for Z-
type hexaferrite). As shown in Table 1, the calculated values of the
lattice parameters a (5.883-5.992 A), ¢ (52.331-52.569 A) and cell
volume (1568.46-1633.62 A3) are closer to the reported literature
values [3]. Variation of lattice parameters (a, c) as a function of
Nd content is shown in Fig. 2. It is evident that the a, c and the
ratio of c/a increase with increasing Nd content. This is expected
because the charge density of Nd3* is stronger than that of the
Ba2*, the repulsions of Nd3* with the surrounding ions in the lattice
would be increased. In order to minimize the repulsion and main-
tain overall stability of the structure, the crystal structure expands
and that leads to the increasing of the values a and c. This suggests
that the substitution ions, which have been placed on the crys-
tal sites of barium ferrite, affect the electromagnetic properties of
this material. Fig. 3 shows the variation of the bulk density (om),
X-ray density (px) and the porosity (P) as a function of Nd con-
tent x. With increasing Nd content, the bulk density decreases and
the porosity increases slightly. This behavior may be attributed to
the fact that the introduction of Nd ions in hexaferrite affects the
grain size development during sintering. The elemental composi-
tions of the synthesized Bas_yNdxCo,Fe;4047 (x=0.00-0.25) were

Lattice constants (a, ¢ and a/c), cell volume (Vy), X-ray density (px), bulk density (o), porosity (P), magnetization (M;), coercivity (H.) and elemental compositions of

BE[3,XNC|XC02F624O41 .

Parameters Nd content, x

x=0 x=0.05 x=0.10 x=0.15 x=025
Lattice constant, a (A) 5.883 5.887 5.938 5.992 5.981
Lattice constant, ¢ (A) 52.331 52.533 52.542 52.540 52.569
Aspect ratio, a/c 0.1124 0.1121 0.1130 0.1140 0.1138
Cell volume, V¢ (A%) 1568.46 1576.66 1604.37 1633.62 1628.53
Bulk density, pm (gcm—3) 4.06 3.99 3.92 3.80 3.77
X-ray density, py (gcm=3) 5.35 5.32 5.23 5.14 5.16
Porosity, P (%) 0.24 0.25 0.25 0.26 0.27
Magnetization, Ms (emug!) 61.36 70.00 73.82 76.24 79.38
Coercivity, Hc (Oe) 47.22 40.23 41.79 41.97 36.94
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Fig. 3. Variation of X-ray density (px), bulk density (pm), and porosity (P) with a
variation in the Nd content x of the Bas_yNd,Co;Fe4041 (x=0.00-0.25).

shown in Table 1. Chemical analysis data indicate that the molec-
ular percentage ratio is in good agreement with theoretic value
(Table 2).

Fig. 4 shows SEM images of Bas_yNdyCoyFe;404; (x=0, 0.05,
0.10, 0.15, and 0.25) samples. All the ferrites show well crystalline
nature with an almost uniform grain size distribution. The grain
size of the pure sample (average grain size: about 15 wm) appears
to be bigger than that of the doped samples (average grain size:
5-10 pm). This is probably caused by the Nd3* doping which could
inhibit the development of grain size. This result agrees well with

Table 2
Elemental compositions of Baz_yNdxCo,Fe;404;.

Parameters Nd content, x

x=0 x=0.05 x=0.10 x=0.15 x=0.25
Ratio, Ba/mol 3.07 2.95 2.86 2.84 2.76
Ratio, Fe/mol 24.40 24.12 24.20 2422 24.36
Ratio, Co/mol 2.00 2.00 2.00 2.00 2.00
Ratio, Nd/mol 0 0.05 0.11 0.14 0.26

X-ray data, where the values of the lattice parameters increase
gradually with increasing Nd content, which leads to the crystalline
deformation and inner stress.

3.2. Permittivity and permeability

In order to estimate the dielectric and dynamic magnetic prop-
erties of the samples, the complex permittivity (¢ =¢’+je”) and
complex permeability (u,=u’+ju’”) were studied. The frequency
dependence of ¢, ¢”, i/, and p” for Nd substituted barium ferrites
with different Nd content are shown in Figs. 5 and 6.

Fig. 5(a and b) shows frequency spectra of complex permit-
tivity of the Bas_yNdxCo,Fe,404; samples over frequency range
0-18.0GHz. It is obvious that the ¢ and &” increase firstly with
Nd doping when x<0.15 and then decrease sharply at higher dop-
ing content. In general, the dielectric properties of polycrystalline
ferrite arise mainly due to the interfacial polarization and intrinsic
electric dipole polarization [19]. The substitution of Nd3* for Ba2*
leads to a change in Fe3* ions to Fe2* in order to balance the elec-
trical valence, and this replacement contribute to the increment
of interfacial polarization with the increase of Fe2* jons because
Fe2* jons are easily polarized. On the other hand, the mechanism
of intrinsic electric dipole polarization is due to electronic trans-
fer between Fe2* and Fe3* on the octahedral sites [20]. With the
increase of Fe2*, the chance of electron hopping increases, this could
lead to higher permittivity. However, permittivity decreases for
x=0.15 and 0.25, due to the variation of microstructure (porosity,
grain boundary, etc.). In the samples with less density, more poros-

Fig. 4. SEM micrographs of the samples in series Bas_yNd,Co;Fe;404; (x=0.00-0.25).
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Fig. 5. Frequency dependence of complex permittivity (¢’ and ¢”) of the
Ba3,XNdxC02F624O41 (X = 000—025)

ity and grain boundary will reduce the permittivity dramatically
[21]. The porosity and grain boundary increase with the increasing
Nd content as shown in Figs. 1 and 4.

The frequency spectra of complex permeability of the
Ba;_xNdyxCo,Fe;4041 samples over frequency range 0-18.0 GHz is
shown in Fig. 6(a and b). In Fig. 6(a), the values of the i’ decrease
monotonously with frequency, which can be ascribed to relaxation
phenomena of domain magnetization rotation or domain wall dis-
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Fig. 6. Frequency dependence of complex permeability (#' and w@”) of the
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Fig. 7. Hysteresis loops of the Bas_yNdxCo,Fe,404; (x=0.00-0.25).

placement occurring in the GHz region [22]. There is no obvious
change of ' for different Nd contents. It can be seen in Fig. 6(b)
that each ferrite has a peak value in the imaginary part u”. The
peak value of ©” is caused by natural resonance and domain wall
resonance phenomena. According to electromagnetic theory, the
" is influenced by Ms and H, according to the equation [10],

” Ms

K= oha (6)

where M, Hy and « are saturation magnetization, magneto-
crystal anisotropy field, and extinction coefficient, respectively.
VSM results show that the saturation magnetization Mg almost
increases with the Nd content (Table 1). In addition, the presence
of FeZ* at 2a site could positively contribute to the enhancement of
the magneto-crystalline anisotropy Hy [23]. As shown in Fig. 6(b),
it is believed that the main effect on u”” comes from the increase of
the magneto-crystal anisotropy field when frequency is less than
7.0 GHz. Therefore, ;" decreases after Nd3* is doped. At high fre-
quency (above 7.0GHz), u” increases when the magnetization is
regarded as dominant source.

3.3. Magnetic parameters

The hysteresis loops for the Bas_yNdxCoFe;404; (x=0-0.3)
samples are shown in Fig. 7 and the values of saturation magnetiza-
tion (M;), remanence (M;), and coercivity (H;) are listed in Table 1.
All the samples exhibit typical soft magnetic character with low
coercivity. It is clear that the saturation magnetization increases
with the Nd doping. As mentioned above, the substitution of Nd3*
for Ba2* led to the change of Fe3* to Fe2* at 2a sites. As a result,
the enhancement of the Fe3*-0-Fe3* super-exchange interaction
increased in the hyperfine field at 12k and 2b sites, which led to
the increase of Mg [24]. The coercivity H, slightly decreases after
Nd3* is doped because the aspect ratio (a/c) increases as shown in
Table 1. In that case the coercivity could be expressed as follows:

He = 0.48 [KJ - NdMs} (7)
Mg

where C is a constant, K; is the magneto-crystalline anisotropy
constant, M; is the saturation magnetization and N is the demagne-
tizing coefficient relating to the shape anisotropy. The aspect ratio
could enhance the demagnetizing factor and thus reduce H. [25].
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4. Conclusions

Minor Nd doping (x=0.05-0.25) will not destroy the phase
formation of Z-type hexaferrite. Nd doping suppressed the grain
growth and decreased the grain size. The novel Nd-doped Z-type
ferrites exhibit excellent static magnetic properties such as high
saturation magnetization up to 79.38emug-! and low coercivity
under 40 Oe. With increasing Nd content, the ¢ and ¢” increase
at first, and then decrease. At low frequency (below 7.0 GHz), the
imaginary part i of complex permeability decreases with Nd con-
tent and then increases when frequency is above 7.0 GHz. Domain
wall resonance and natural resonance phenomena are observed in
W spectra for all the samples.
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