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Abstract. The influence of Cu modification of physical characteristics of Co,Z hexaferrites, which have sto-
ichiometric compositions of BazCoy(j_x)CuyFe 041 (x < 0.50), was investigated. The results show that the
microstructure of modified hexaferrites is improved greatly. In the range of solid solubility of Cu, the cell parame-
ters (a and c) of Co,Z hexaferrites with Cu modification show a reverse change, a of hexagonal parameter decreases
and c of axial parameter increases. The saturation magnetization, remnant magnetization, hysteresis behavior, initial
permeability and quality factor as well as its possible affecting factors of Cu modified Co,Z hexaferrites are also

discussed in this paper.
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1. Introduction

There is an increasing interest in Co,Z ferrite
(BazCoyFe 4041), which is considered an ideal can-
didate material for multi-layer chip inductors (MLCI),
because Co,Z ferrite has high performance in hyper-
frequencies of 200-1000 MHz [1, 2]. Especially its
high cut-off frequencies up to the 3 GHz region, com-
pared with the 300 MHz ceiling encountered with the
spinel ferrites, bring Co,Z into the hyper-frequency re-
gion useful for chip inductors. Due to its special hexa-
gonal structure, pure Co,Zis very complicated and only
formed at above 1300°C. However, for MLCI fabrica-
tion, it requires Co,Z be sintered at a relatively low
temperature of 850-900°C. How to drop the sinter-
ing temperature of Z-type ferrite becomes a key prob-
lem. Furthermore, the purity and stability of Z-type
phase during sintering at low temperature is also a key
problem.

From the crystallographic point of view, Co,Z fer-
rite is among the most complex compounds in the
family of hexaferrites with planar hexagonal structure.

*To whom all correspondence should be addressed.

The unit cell of a Co,Z ferrite contains 140 atoms
and belongs to the P63/mmc space group. The hexag-
onal cell parameters a and ¢ are 0.59 and 5.23 nm
respectively [3]. The complexity of the structure
mainly results from large Ba®*. Since the radius of
Ba2" ion is comparable to the 02~ radius, it prefers
the oxygen position rather than the interstitial site.
Metal ions (Fe3t, Fe?t, Co** and Cu®*), however,
are located in non-equivalent interstitial sites. The-
oretically, the Co,Z ferrite, BazCo,Fe,4Oy4;, can be
treated as a sum of two simple ferrites, namely M
type (BaFe;019) and Y type (BayCo,Fe,0,,) fer-
rites. The extremely large elementary cell and the
presence of “strongly anisotropic” Co?* ion also
lead to the complexity of its magnetic properties
[4].

By now, there have been few literatures on low tem-
perature sintering of Co,Z reported. In this paper, Cu is
incorporated into the pure Ba;Co,Fe,404; as an effec-
tive constituent. Consequently, a compromise among
various properties and low temperature sintering is
expected to achieve. Furthermore, the possible micro
mechanisminvolved in generating these changes in per-
formance was discussed.



74 Zhang et al.

2. Experimental Procedure

2.1.  Powder Synthesis and Sample Preparation

The stoichiometric composition of the Ba3Coy(j_y)-
Cuy,Fe 4041, where 0.00 <x <0.50, were prepared
by the solid-state reaction method. The raw materi-
als, BaCO3, Co0304, CuO and Fe,03, of AR grade
(=>99.5%), were mixed in a stainless steel ball mill
under anhydrous ethanol for 4-6 hours. The mixed
powders were first calcined at 1000-1050°C for 6 h
in air. The calcined powders were ground and then
pressed in a stainless-steel die under a pressure of
about 40000-60000 N/m? with 5%wt PVA as lubri-
cant. All pellet and toroidal samples were sintered
at 1100-1150°C. Ag-Pd alloy was coated in both
surfaces of the sintered pellets (10 mm diameter,
0.5-1.5 mm thickness) to measure the electrical prop-
erties. The toroidal samples (20 mm outside diameter,
10 mm inside diameter, about 3 mm thickness) were
used to measure magnetic properties.

2.2.  Microstructure Characterization
The phase structure of all samples were investigated by

means of X-ray diffraction (XRD), using FeK, radia-
tion at 35 KV and 25 mA in the range of 26 = 35-70°
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with a scanning speed of 0.5°/min. Scanning electron
micrograph (SEM) was used to observe the microstruc-
ture of fracture surface of the sintered samples.

2.3.  Property Characterization

The DC resistivity of the pellet samples was measured
at room temperature with a HP4140A Meter. The di-
electric constant, initial permeability and quality factor
of toroidal samples were measured from 1-1000 MHz
at room temperature by a HP4194A impedance an-
alyzer. The other magnetic parameters of the cor-
responding Ba3Coy(j—y)Cuy,FeysOy; ferrite powders
were detected by LDJ9600 VSM (Vibration Sample
Magnetometer).

3. Results and Discussion
3.1. Phase Characterization and Variation
of Cell Parameters

Figure 1 shows typical Z-type (BazCo,Fe,4O4; planar
hexagonal structure) of the sintered hexaferrites having
BazCoy(1—x)CuyFepsO41 composition. However, with
the increase of Cu content, a little traced Y phase
(BayCo,Fe,0,, planar hexagonal structure) can be
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Fig. 1. XRD spectra of modified Co,Z hexaferrites with different Cu contents, * means Y type phase.
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Fig. 2. Compositional variation of cell parameters (a and c¢) of Co,Z
hexaferrites with different Cu contents.

detected, and this is in accordance with Pullar’s re-
port [5]. The variation of cell parameters of samples
with different Cu contents calculated using the crys-
tallographic X-Ray Diffraction and Data Acquisition
software accompanied by the Rigaku DMax A X-ray
diffractometer is plotted in Fig. 2. It can be seen that,
with the increase of Cu, the planar parameter of “a”
gradually decreases whereas axial parameter of “c” in-
creases. This mainly resulted from the different pref-
erence to the interstitials (A site: octahedral interstice;
B site: tetrahedral interstice), which leads to the crys-
talline deformation and inner stress. When the inner
stress of ferrites becomes saturated, the both parame-
ters become stable [2].

3.2.  Microstructure Characterization

Compared with pure Ba;Co,Fe 4Oy [6], the com-
pact and homogeneous microstructure of Ba3Coy(j_y)-

Cu,, Fe,404; can be observed at relatively low sintering
temperatures, seen in Fig. 3. This should be attributed
to the formation of a new solid solution BazCoy(j_y)-
Cu;,,Fey404;, which has lower melting point than
BazCo,Fe,4 041 due to the incorporation of Cu. Mean-
while, the intergranular pores in BazCoy(j—,)Cup, Feos-
Oy, hexaferrites also greatly decrease. The 10-15 um
(length) of slim grain for Ba3Cos(j—y)CuyFez40y is
much smaller than 20 um of platelet grain sizes of
Bas;Co,Fe;40y4;. This indicates that grain growth is suf-
ficiently suppressed by the Cu incorporation and pref-
erence position, because the low temperature sintering
can only lead to small grain size in all directions. Fur-
thermore, since the melting point of CuO is 1026°C,
appropriate segregation and volatilization of Cu may
occur, which not only improves grain morphology and
distribution of inner pores [7], but also inhibits the gen-
eration of Fe?* (Fe?* was not detected by wet chemical
analysis), this also implies that the Cu content x is pos-
sibly nominal in our paper.

Due to the incorporation of Cu?t, the relative
changes of magnetocrystalline anisotropy in Z-type
hexaferrite occur due to different preference to in-
terstitials of metal ions [2]. This can be not only
observed from the variation of magnetic param-
eters (saturation magnetization, coerce force and
remnant magnetization et al.) of the corresponding
Ba3Coy(j—x)CuyFepu Oy ferrites listed in Table 1, but
also implied from the variation of cell parameters and
grain growth mainly proceeding in a three-dimensional
manner. As to the process of atom transportation and
variation of crystalline structure (from single oxide,
spinel to M, Y and finally Z type hexaferrites) it has
not been known well by far [3].

3.3.  Properties Characterization

Figure 4 shows the frequency dependence of the initial
permeability and quality factor for Cu modified sam-
ples. Although the initial permeability of about 9-10.3
is a little bit lower than 11.5 of pure Co,Z, the qual-
ity factor of modified hexaferrites is much higher than
that of pure Co,Z, especially in hyper frequency of
100-800 MHz [6]. It also can be observed that it is in
basic accordance with Snoek law [8]. Just like spinel
ferrite, the magnetism of hexaferrites mainly results
from the combination of spin rotation and domain wall
motion, and is determined by the grain size, densi-
fication, saturation magnetization, and internal stress
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Fig. 3. SEM micrographs of the different samples sintered at different temperatures for 4 hours: (a) x = 0.00, 1270°C; (b) x = 0.05, 1180°C;
(¢) x =0.10, 1125°C and (d) x = 0.20, 1100°C.

et al. However, suppressed grain growth, which com- Z-type hexaferrite is one of the most complex com-
monly takes place in polycrystalline isotropic ferrites, pounds in the family of ferrites. The complexity mainly
should be the main reason for the decrease of initial results from large Ba’*. Since the radius of Ba>*
permeability. is comparable to the O>~ radius, Ba ions prefer the

Table 1. Compositional variation of key magnetic characteristic parameters, densities, DC resistivity, dielectric constant in Ba3Cos(j_x)
Cupy Fer404; system.?

D (sintered) p
D (X-ray) (£0.05) o5 (£1.0) o (£0.5) H. T. (*107 Qcm) € (£0.5)
(g/cm3) (g/cm3) Ton moment () (emu/g) (emu/g) (£50.) (£5K) (25°C) (at 400 MHz)
x =0.00° 531 4.54 Fe’* Fe?* Co’*t Cu?* 68.34 2.66 2528 670 261 39
x=0.10 5.31 4.59 5 4 2 1 52.14 4.63 45.28 610 342 23
x =020 531 4.65 50.82 9.79 110.89 575 3.71 21
x =030 531 471 49.59 8.90 111.73 530 3.77 21
x =040 531 473 48.11 7.65 140.86 505 3.67 19

4 D-density; os-saturation magnetization; o-remnant magnetization; Hc-coercive force; T.-Curie temperature; p-DC resistivity; e-dielectric
constant.
by =0.00, pure CoZ, sintered at 1290°C/4 h.
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Fig. 4. Frequency dependence of initial permeability and quality factor for the modified samples.

oxygen positions to the interstitial sites. Metal ions
(Fe3t, Co** and Cu?"), however, are located in non-
equivalent interstitial sites and, Co?* belongs to the
strongly magnetocrystalline anisotropic element. All
these can lead to the complexity of its magnetic prop-
erties [4].

When Cu’* enters the lattice interstitial, strong
Fe-Fe interactions that dominate in saturation mag-
netization are partially replaced by weak Cu-Fe
interactions, indicated in Table 1. This weak ferro-

magnetic interaction degrades saturation magnetiza-
tion. Moreover, Cu?t prefers B site and this will
modify the distribution of the Fe’* ions on the two
sublattices (A site: octahedral interstice; B site; tetra-
hedral interstice). As is known, the hexagonal ferrite
consists of basic spinel blocks with certain alignments
[2], due to its electronic configuration, ion radius differ-
ence and different electron affinity, Cu?>* will change
the distribution of Co and Fe ions, and thus distort
the lattice or crystalline field, and then generate an
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Fig. 5. Hysteresis behavior of the Cu-modified hexaferrite samples.

internal stress that will hinder the domain wall motion
or spin rotation, this is just like the Ni-Zn-Cu spinel
ferrites. Consequently, the permeability decreases
[9, 10].

The variation of Curie temperature (7;) for the sam-
ples is listed in Table 1. It can be seen that 7, decreases
for the BazCoy(j_y)Cuy,Fer4Oy4; with the increase of
Cu. As stated in references 1 and 2, 7; is determined
by the strong magnetic interaction among various ions.
So, the decrease of number of Fe-Fe or Co-Fe strong
magnetic interaction results in the reduction of 7, ac-
cording to Smit’s report [1, 2].

Figure 5 shows the hysteresis behavior of Cu mod-
ified hexagonal ferrites. It can be seen that the areas
of the hysteresis curves of three samples are all very
small. This indicates that the typical soft magnetic crys-
talline phase exists in the samples, when low melting
point Cu was incorporated, no hard magnetic phase oc-
curred, this will be beneficial for future application in
the MLCI production.

The DC resistivity is more than 3.40 x 107 Qcm
and, dielectric constant is measured to be about 20
at 400 MHz, seen in Table 1. However, the resis-
tivity values are essential for the bulk and the elec-
trode resistance is negligible [11]. As to the varia-
tion of DC resistivity and dielectric constant, it is
mainly correlated to the hopping probability of Fe’*
and the opportunity of Fe** formation [12]. The de-

2000 2000

H(Oe)

tailed investigation will be reported in the forthcoming
paper.

4. Conclusions

The proper incorporation of Cu with low melting point
into BazCo,Fe,404; can form typical Z-type hexago-
nal phase at relatively low sintering temperatures, not
only improve densification and microstructure by the
formation of compounds with low melting points, but
also obtain excellent compromise magnetic properties:
average 9.5 of initial permeability, over 20 of quality
factor and about 1 GHz of cut-off frequency, compared
with the pure Co,Z hexaferrites. Due to the forma-
tion of Z-type hexaferrites at temperature ranging from
1050to 1130°C, itis expected to have great potentiality
to meet requirements for low temperature sintering of
MLCIL
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