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Abstract A novel composed W-type hexaferrite
Ba;_,La,CoyFe 6027 was rapidly synthesized via a sol-
gel self-combustion reaction. The effects of lanthanum ions
on the oxidation state of iron ions and cobalt ions in hexa-
ferrite were explored by X-ray photoelectron spectroscopy.
The changes of the Fe 2p X-ray absorption spectra indi-
cated that the nonequivalent substitution can lead to the tran-
sition Fe’t — Fe?t in Ba;_,La,CosFec027. However,
the oxidation state of cobalt ions was maintained as Co®™.
Moreover, the effects of La content on the phase composi-
tion, structural parameters, morphology, and static magnetic
properties were also investigated in detail by using the X-ray
diffractometer, scanning electron microscope, and vibrating
sample magnetometer. The results indicated that the struc-
tural parameters decreased regularly with increasing the La
content, and the magnetic properties were enhanced after
substitution, which is beneficial for their application in var-
ious electrical devices employed for industrial and military
applications.
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1 Introduction

W-type hexaferrites were an important soft magnetic ma-
terial in the field of electronic and automatic devices, es-
pecially in the application field of microwave absorbing
agents, based on their fascinating magnetic and electromag-
netic properties. Rare-earth elements have been doped into
ferrites due to their typical magneto-crystalline anisotropy
and high coercivity, which may affect the electromagnetic
properties of ferrite magically [1-3]. Therefore, many meth-
ods for the synthesis of rare-earth doped hexaferrite have
been intensively developed. However, the classical ceramic
method for preparing W-type hexaferrite requires a high cal-
cination temperature (usually about 1300-1400 °C) to cause
the solid reaction, which often results in the formation of
coarse aggregate, and the resulting particle’s magnetic prop-
erties easily decreased due to the large particle size [4]. Im-
purity phases will accompany with target ferrites when us-
ing flux to decrease the sintering temperature [5, 6]. The
chemical coprecipitation method has the same problem of
impurity phases as the method of using flux [7]. Ldszlé
Trif [8] has synthesized nickel-zinc doped W-type hexafer-
rite using the sol-gel self-combustion method at a low tem-
perature of 1200 °C, however, the sintering time was up to
4 h. Hence, low calcination temperature and short calcina-
tion time were still the significant direction of research in
synthetic methods of hexaferrites. Furthermore, it is well
known that the Fe 2p3,2 component with the binding energy
of 710.8-711.0 eV was assigned to the Fe3* state while that
with 709.5-710.0 eV, to the Fe2* state [9]. A number of
works have been made to investigate the oxidation state of
iron in various compounds based on the shape of Fe 2p X-
ray photoelectron spectra. Marina V. Bukhtiyarova [10] has
prepared Sr-hexaferrites StMn,Fej>_,O19 and confirmed
that the main components on the surface are in oxidized

@ Springer


mailto:zoulianchun@126.com
mailto:gansc@jlu.edu.cn

412

J Supercond Nov Magn (2014) 27:411-420

states: Mn3*+ and Fe’T based on XPS data. A.T. Kozakov
[9] has measured the Fe 2p, Fe 3p, and Fe 3s X-ray pho-
toelectron spectra to determine the Fe3t/Fe? ratio in the
BaFe;/,Nby,203 sample. One of the problems which has
not yet been resolved was the question of whether rare-earth
substituted W-type hexaferrites contain not only Fe3*, but
also Fe?* ions.

Therefore, in the present work, systematically research
and analysis on the synthesis, microstructure, magnetic
properties, and charge equilibrium problem were taken on
the W-type hexaferrite Ba;_,La,CosFe;6027. The materi-
als are synthesized by the modified sol-gel self-combustion
method and the synthesized temperature and time dramat-
ically decreased, which reduced energy consumption ef-
fectively. Due to the substitution of rare-earth element La,
the microstructure and magnetic properties were improved,
which are beneficial for their application in various elec-
trical devices employed for industrial and military applica-
tions. Furthermore, the confused problem of charge equi-
librium in the nonequivalent substitution process has been
explained rationally via analyzing the X-ray photoelectron
spectroscopy of iron and cobalt ions.

2 Experimental Section
2.1 Powder Preparation

Rare-earth doped W-type hexaferrite Baj_,La,CosFe 6027
powders with x = 0, 0.05, 0.10, 0.15, and 0.20 were syn-
thesized by the sol—gel self-combustion method. The raw
materials in this work, such as Fe(NO3)3-9H;0 (Aladdin,
>98.5 %), Ba(NO3), (Aladdin, >99.0 %), Co(NO3),-6H,0
(Aladdin, >99.0 %), La(NO3)3-6H,0 (Aladdin, >98.0 %),
and citric acid monohydrate (Aladdin, >99.5 %) were
used as received without further purification. The synthetic
process can be described as follows: The stoichiometric
amounts of barium, ferric, lanthanum, and cobalt nitrate
were dissolved together in distilled water, stirring until they
were completely dissolved to form a transparent mixture so-
lution. The citric acid was added into the mixture solution to
form a homogeneous transparent solution. The molar ratio
of citric acid to metals equal to 2. Then the ammonia was
added dropwise to the solution to adjust the pH value to 7.0.
After continuous stirring for 6 h at room temperature, the
solution was evaporated at 80 °C until a transparent sol was
obtained, and then the resulting sol was heated at 110 °C for
24 h in an oven to get the dried gel. The dried gel ignited by
a little amount of ethanol and burned in a self-propagation
combustion manner to form a dark-gray loose powder. The
as-burned powders were calcined at various temperatures
(1100 °C, 1150 °C, 1200 °C, 1250 °C, and 1300 °C) for 3 h
and also calcined for various times (1 h, 2 h, 3 h, 4 h, and
5 h) at 1200 °C in air atmosphere in a muffle furnace.
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2.2 Characterization

The thermal decomposition behavior of the dried gel was
examined by means of thermogravimetry (TG) and dif-
ferential scanning calorimetry (DSC) with a heating rate
of 10 °C/min under synthetic air atmosphere (80 % Nj,
20 % 0O) flow of 60 mL/min on the TGA/DSC 1600
LF (METTLER TOLEDO, Switzerland). The phase iden-
tification was carried out using D/max 2500 PC (Rigaku,
Japan) X-ray powder diffraction (XRD) with Cu Ko radi-
ation (A = 1.54056 A). Fourier transform infrared spectra
(FT-IR) were recorded on an IR-Affinity-1 (Rigaku, Japan)
spectrophotometer from 400 to 4000 cm™! by using the KBr
disk method. The Scanning electron microscope (SEM) ex-
amination of the synthesized hexaferrite powders was per-
formed using a XL 30ESEM (Philips, Netherlands) scan-
ning electron microscope. The magnetic measurement for
synthesized hexaferrite powders was taken on a MPMS
SQUID VSM (Quantum Design, America) vibrating sam-
ple magnetometer (VSM) in the applied field from O to
410000 Oe at room temperature. The X-ray photoelectron
spectroscopy (XPS) was performed with an EscalLab 250Xi
(Thermo Scientific, England) spectrometer using monochro-
matic Al Ko radiation.

3 Results and Discussion
3.1 Phase Analysis

Figure 1 shows the XRD patterns of powders calcined at
1100 °C, 1150 °C, 1200 °C, 1250 °C, and 1300 °C for 3 hin
the air, respectively. The obtained powders do not have a W-
type hexaferrite crystalline phase, which calcined at 1100 °C
and 1150 °C. Four characteristic peaks for M-type ferrite
BaFe 2019 (20 =30.307°, 32.250°, 34.144°, and 37.134°)
marked by their indices (110), (107), (114), and (203)
are observed for samples. These peaks are consistent with
the database in JCPDS file (JCPDS# 27-1029). However, a
spinel ferrite CoFe;O4 (JCPDS# 22-1086) phase is also ob-
served as an impurity, as indicated by the reflections mainly
at 260 = 35.539°, 43.264°, 56.544°, and 62.674°. When rais-
ing the calcination temperature to 1200 °C, the XRD pat-
tern of powder shows a pure crystalline phase of W-type
hexaferrite Baj_,La,CosFe16027 according to the standard
card of JCPDS# 78-0135, and the characteristic peaks at
260 = 30.307°, 32.375°, 34.468°, and 62.973° are corre-
spondent with (1 10), (1010), (116), and (220) crystal in-
dices, respectively. Furthermore, no impurity phases are ob-
served. The powders calcined at 1250 °C and 1300 °C show
identical pure phase of W-type hexaferrite. The XRD re-
sults indicate that when the calcination temperature is lower
than 1200 °C, the main phases in powders are the mixture
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Fig. 1 XRD patterns of powders calcined at different temperatures for
3h

of BaFe 7019 and CoFe;04. Pure W-type phase can be ob-
tained at a relative low calcination temperature of 1200 °C
by using the sol-gel self-combustion method, which low-
ers 100 °C than using the traditional solid-state reaction
method. This method has obvious advantages in reducing
the calcination time and saving the energy effectively.

XRD patterns of powders calcined at 1200 °C for 1 h, 2 h,
and 3 h, respectively, are provided in Fig. 2. As shown in the
figure, the powder calcined for 1 h presents a pure phase of
W-type hexaferrite. The diffraction peaks at 26 = 30.307°,
32.375°, 34.568°, and 63.023° are the characteristic peaks
for W-type hexaferrite BaCoyFe1¢027 (JCPDS# 78-0135),
and the corresponding crystal indices are (110), (1010),
(116), and (220). Impurity peaks are not detected in the
powder calcined for 1 h. When extending the calcination
time to 2 h and 3 h, the position and relative intensity of
all diffraction peaks match well with the standard powder
diffraction data (JCPDS# 78-0135), which indicates that the
synthesized powders all have pure crystalline phase of W-
type hexaferrite. The results of XRD patterns illustrate that
the pure W-type crystalline phase of Baj_,La,CosFe;¢027
could be easily synthesized in a shorter calcination time of
1 h at a relatively low calcination temperature of 1200 °C
by using sol-gel self-combustion method. The investiga-
tion suggests that the as-burnt powders obtained by sol-gel
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Fig. 2 XRD patterns of powders calcined at 1200 °C for different
times

self-combustion method have an excellent sintering activ-
ity, which can rapidly develop into pure W-type hexaferrite
at low calcination temperature. The sol-gel self-combustion
method effectively shortens the calcination time and reduces
the energy losses under our experimental conditions. The
calcination time of pure W-type hexaferrite used in our study
is much lower than that of Laszl6 Trif et al., who synthe-
sized nickel-zinc doped W-type hexaferrite using sol-gel
self-combustion method at 1200 °C for 4 h.

XRD patterns of Baj_,La,CoyFe;cOs7 (where x =
0.00, 0.05, 0.10, 0.15, 0.20, and 0.25) powders calcined at
1200 °C for 1 h are shown in Fig. 3. In the case of x < 0.20,
the characteristic (110), (1010), (116), and (220) reflec-
tions of W-type hexaferrite phase (identified by JCPDS#
78-0135) are clearly observed, and no XRD patterns arising
from other phase appear. It confirms that the as-synthesized
products are of high purity and good crystallinity. However,
the impurity phase of LayOs3 is observed at 20 = 31.40°
and 53.75° (identified by JCPDS# 22-0369) when x = 0.25.
Meanwhile, the crystalline phase of powder become a mix-
ture of BaFe{2019 (JCPDS# 43-0002) and a small amount
of CoFe;04 (identified by JCPDS# 22-1086). It is well
known that the ionic radius of Ba®t and La3* is 1.380 A
and 1.032 A, respectively [11]. La3* jons can replace the
Ba?" ions and enter into the W-type hexaferrite crystal lat-
tices when the La content is small. With the increasing of
La content, the lattice distortion of W-type hexaferrite in-
creased due to the difference of ionic radius between Ba>*
ions and La3" ions [12]. The serious lattice distortion will

@ Springer



414

J Supercond Nov Magn (2014) 27:411-420

cause Fe>T ions not to fix at original lattice site and to be
squeezed out of the crystal lattice to form impurity phase of
CoFe,0y4. And the redundant La3™ ions will aggregate on
the grain boundaries forming LayO3 phase. Therefore, the
maximum substitution amount of La>* ions cannot overpass
0.2 under our experiment conditions.

3.2 Thermal Analysis

Figure 4 provides the thermal decomposition behavior of
dried gel powder at temperatures ranging from 50 to 900 °C
under the atmosphere of air. The TG curve exhibits three
weight loss steps corresponding to one sharp exothermic
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Fig. 3 XRD patterns of powders with different La content x
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Fig. 4 TG/DSC curve of dried gel powder
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peak and three small endothermic peaks in the DSC curve.
The first step occurs at the temperature ranging from 60 to
120 °C with the weight loss of 3.7 %, which corresponds to
the endothermic peak in DSC curve. This weight loss can be
ascribed to the evaporation of planar and inner water in the
dried gel. The second step in the TG curve shows a drastic
weight loss about 69.8 %, which is accompanied with the
largest sharp exothermic peak around 204 °C in the DSC
curve. This is associated with the autocatalytic oxidation—
reduction reaction between the citric acid and metal nitrates
with the liberation of HyO, CO;, and N,O. The third step
occurs at the temperature ranging from 570 to 620 °C with
the weight loss of 14.2 % attributed to the decomposition
of the remaining citric acid accompanied by the two border
endothermic peaks at 587 and 616 °C in the DSC curve.

3.3 FT-IR Spectra

Figure 5 illustrates FT-IR spectra of the dried gel, as-burned
powder and powder calcined at 1200 °C. The spectrum of
dried gel shows the characteristic bands of O—H stretching
vibration of citric acid at 2700-3700 cm™!, asymmetrical
vibration of —CO; at 1600 cm™! and the N-O stretching
vibration of NO; at 1380 cm™!, respectively. In the as-
burned powder spectrum, the characteristic absorption bands
corresponding to O—H, —CO,, and N-O weaken drastically,
which suggests that the NO3 and —CO; groups participate
in the self-combustion reaction. This is in good agreement
with the results of TG-DSC curve. The absorption bands
at 583 cm™! and 425 cm~!, shown in as-burnt powder
and calcined powder spectra, can be ascribed to the metal-
oxygen stretching vibration at the tetrahedral and octahe-
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Fig. 5 FT-IR spectra of the dried gel, as-burnt and calcined powder
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dral sites, respectively. The characteristic absorption bands
corresponding to the NO; and —CO; finally disappear in
the powder calcined at 1200 °C. From the FT-IR spectra
and TG-DSC curve results of samples, we suggest that the
oxidation—reduction reaction take place between metal ni-
trate and citric acid in the self-combustion process. A quan-
tity of energies generated from the reaction support the self-
combustion to the end completely. The crystalline phases of
metal oxides appear after the self-combustion reaction.

3.4 Microstructure Parameters and Morphology

The dependence of lattice parameters (a and c¢) and cell
volume (V) on La substitution content x are provided in
Fig. 6. The lattice parameters of samples are computed us-
ing the “d” value and their respective (hkl) parameters by
computer software Jade 5.0 and the corresponding values
are given in Table 1. The results suggest that the lattice pa-
rameters (a and c¢) and cell volume (V) all decrease regu-
larly with increasing of La content x. As shown in Table 1,
the lattice parameter a decreases from 5.896 A (x =0.00)
to 5.865 A (x = 0.15), while the lattice parameter ¢ de-
creases from 32.921 A (x = 0.00) to 32.619 A (x = 0.20).
The decrease in the lattice parameters with the increase of
La content is expected to be due to the smaller ionic ra-
dius of La’* (1.032 A) compared to that of Ba?t (1.38 A)
[13, 14]. It is well known that the crystal structure of W-
type hexaferrite can be considered as a superposition of R
and S blocks along the hexagonal c-axis with a structure
of RSSR*S*S*, where R is a three-oxygen-layer block with
composition BaFegO11, S (Spinel block) is a two-oxygen-
layer block with composition FegOg and asterisk means that
the respective block turns 180° around the hexagonal axis.
One Ba™ ion is found in the R block replacing oxygen [15].

0.05 0.10 0.15 0.20
La Content x

La>* ions are expected to enter into the R block in place of
Ba* ions, which results in a shrink in crystal cell along
c-axis and a-axis due to the difference in ionic radius be-
tween Ba>* and La>*. Consequently, the value of lattice
parameters (a and c¢) decrease with increasing La3t con-
tent. In addition, the cell volume of powders, which was cal-
culated by the equation of V = 0.866a’c, decreases from

991.07 A (x = 0.00) to 972.19 A” (x = 0.15). However,
the upturn of lattice parameter a and cell volume V for the
x = 0.2 sample can be attributed to the serious lattice distor-
tion which was due to the increasing of La content. Accord-
ingly, we may suggest that the replacement of Ba>* by La’+
ions has important influences on microstructure parameters
in W-type hexaferrite. La substitution can decrease the lat-
tice parameters (a and c¢) and cell volume (V) of W-type
hexaferrite. From Table 1, it can be seen that with the in-
creasing La content x, the porosity of the samples increases
from 0.22 to 0.27 which was calculated based on the equa-
tion of P =1 — dp/d,. This increase can be explained as
follows: the La*t ion radius is smaller than that of Ba>*
ion, most La>™ ions go into the hexagonal crystal structure,
then the porosity increases based on the difference between
the Fet (0.64 A) and Fe?* (0.76 A) radii as well as on
the difference in the ionic radii of La* (1.032 A) and Ba2™
(1.38 A) [16].

The SEM images of unsubstituted hexaferrite and La
substituted hexaferrite powders are provided in Figs. 7(a)
and 7(b), respectively. It can be clearly noted that the par-
ticles are homogeneous and present a well-defined hexago-
nal flake shape. Figure 7(a) shows the average particle size
is approximately 6—7 um, while the La substituted hexafer-
rite powders exhibit a smaller particle size about 2.5-3 um
as shown in Fig. 7(b). Crystallite size is found to decrease
in La substituted powders. Segregation of La*>* ions on or
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Table 1 The values of different parameters calculated for samples with different La3* content

La content x 0.00 0.05 0.10 0.15 0.20
Lattice parameter (a (A)) £0.001 5.896 5.893 5.881 5.865 5.896
Lattice parameter (¢ (A)) £0.001 32.921 32.847 32.738 32.636 32.619
Cell volume (V (A3)) 991.07 987.84 980.56 972.19 981.98
Bulk density (dpuk/g cm_3) +0.01 4.11 3.96 3.93 3.84 3.91
X-Ray density (dx-ray/g cm™3) £0.01 5.30 5.32 5.36 5.40 5.35
Porosity (P/%) 0.22 0.26 0.27 0.29 0.27
Saturation magnetization (M, (emu g_l)) 71.18 74.17 75.76 74.83 72.77
Remanent magnetization (M, (emu g_1 ) 8.29 8.09 6.87 11.36 12.64
Coercivity (H, (Oe)) 151.48 120.14 88.81 137.48 193.27

Fig.7 The SEM images of
BaC02F616027 and

Bag ssLag.15C0o2Fe 6027
samples

near the grain boundaries, which impedes the grain bound-
ary mobility, may be the reason for this decrease [17]. The
investigation illustrates that La substitution can decrease the
particle size of ferrite effectively in hexaferrite in our exper-
iment condition. Consequently, the improvements of lattice
parameter and particle size are beneficial for their applica-
tion in various electrical devices employed for industrial and
military applications.

3.5 XPS Investigations

To assess the oxidation states of cobalt and iron on the
surface of the hexaferrites, samples were submitted to
Co 2p and Fe 2p spectra investigation of X-ray photo-
electron spectroscopy (XPS). Survey spectra obtained from
BaCoyFe16027 and Bag gsLag 15CoyFe16027 samples are
presented in Fig. 8. The binding energies obtained in the
XPS analysis were corrected for specimen charging by ref-
erencing the C 1s line to 284.8 eV. The corresponding
electron binding energies of Fe 2p and Co 2p photoelec-
tron peaks are shown in Table 2. XPS survey spectra re-
veal strong signals from Fe, Co, Ba, C, and O. The rel-
ative La content in Bag gsLag 15C02Fe 6027 sample is so
small that La 4d peak is not marked due to the weak signal
strength.

Figure 9 displays the high-resolution XPS spectra of
Co 2p in hexaferrites BaCosFe 6027 and Bag gsLag 15Co;
Fe16077. The Co 2p binding energy of BaCosFe 16027 sam-
ple is 779.5 and 794.8 eV, as shown in Fig. 9, which are
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Fig. 8 The XPS survey spectra of BaCo,Fe 4027 and BaggsLag 15
CoyFe 6027 samples

assigned to Co 2p3,2 and Co 2pj 2, respectively. The spec-
trum of the BaggsLag 15CorFe14027 sample is similar to
that of the BaCo,Fe 16027 sample. The binding energy of Co
2p3/2 and Co 2py/2 in BaggsLag 15Co2Fe16027 sample is
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Table 2 The Fe 2p and Co 2p
binding energy of samples

Co2p

794.8eV

Sample Binding energy (eV)
Fe 2p3,2 Fe 2p1,2 Co 2p3)2 Co 2pi2
BaCoyFe 60,7 (Exp.) 711.3 724.4 779.5 794.8
Bag gsLag 15C02Fe 6027 (Exp.) 710.7 724.5 779.4 794.3
Fe,03 (Ref.) 711.6 724.9 - -
Fe3O4 (Ref.) 710.8 724.6 - -
CoO (Ref.) - - 779.6 794.5
779.5eV Fe2p 3 7113V
72446V 2

E—.\

g

|

-— satellite peak

BaCoFe O,

779.4eV
794.3eV

Relative Counts
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Fig. 9 The Co 2p XPS spectra of BaCoyFe 4077 and BaggsLag 15
Co,Fe 6027 samples

around 779.4 and 794.3 eV, respectively. Satellite peaks are
observed at higher binding energy beside the Co 2p3,, peak
in the spectra of the two samples, which are the characteris-
tics of paramagnetic Co(II) high-spin complexes. The gen-
eral line shape of the Co 2p spectrum and the position of the
Co 2p3,2 and Co 2py 2 are all in close agreement with data
reported by F. Bensebaa et al. for pure CoO crystals in which
the Co 2p3,2 and Co 2p1 2 peak lies in 779.6 and 794.5 €V,
respectively [18]. Consequently, it can be presumed from the
Co 2p XPS spectra results that the oxidation state of cobalt
in BaCoyFe 16027 and Bag gsLag 15Co2Fe 6027 is in form
of Co?™, which confirms that the cobalt ions do not partic-
ipate in charge transfer reactions during the nonequivalent
substitution process.

The Fe 2p XPS spectra of BaCosFe;6027 and Bag gs
Lag 15CoyFe 6027 powder surface are shown in Fig. 10. For
the unsubstituted sample BaCoyFe 6027, the binding en-

Bnn‘ssLaln‘“(,‘o Fe O

S Ul

Relative Counts

735 730 725 720 715 710 705 700
Binding Energy (eV)

Fig. 10 The Fe 2p XPS spectra of BaCoyFe 6027 and BaggsLag 15
CoyFe 6027 samples

ergy of Fe 2p3,2 and 2p1,2 is 711.3 and 724.4 eV, respec-
tively. The binding energy is comparable to that of corre-
sponding photoelectrons of Fe 2p in Fe,O3 according to
S. William et al., who reported the binding energy was
711.6 and 724.9 eV for Fe 2p3/2 and Fe 2p1/2 in Fey03,
respectively [19]. The spectrum contains an intense satellite
peak at binding energy about 718.9 eV for BaCo,Fe 6027,
which is observed to be characteristic for Fe3* according
to the reported literatures [20, 21]. Hence, it can be spec-
ulated that the oxidation state of Fe existing in unsubsti-
tuted sample BaCoyFe 6027 is Fe3t. The XPS spectrum of
Bag g5Lag 15CozFe 16027 exhibits two strong peaks at 710.7
and 724.5 eV, attributed to Fe 2p3,, and Fe 2py, respec-
tively. The XPS spectrum shape of Bag g5Lag.15C0o2Fe 6027
sample is similar to that of BaCoyFe027 sample, as shown
in Fig. 10, however, the position of Fe 2p3,, peak shifts
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toward lower binding energy side and located at about
710.7 eV. This binding energy is comparable to that of cor-
responding photoelectrons of Fe 2p3,, in Fe3O4 accord-
ing to the results of S. William et al., who reported the
binding energy was 710.8 eV [19]. Moreover, a shoul-
der peak at the position of 709.9 eV corresponding to
Fe 2p3/2 in FeO can also be detected in XPS spectrum of
Bag gsLag 15Co2Fe 6027. The intensity of the satellite peak
of Bag gsLag 15Co2Fe 6027 became weaker compared with
that of BaCoyFe 6027 as shown in Fig. 10. According to the
binding energy of Fe 2pj3,>, taking into account the satel-
lite peak in the Fe 2p spectra, we suggest that the surface
of the Bag gsLag ;5CorFe 6027 sample is enriched by Fe3t,
accompanied by a large amount of Fe?*. This means that
the substitution of La’t ions leads to the oxidation state
change of Fe from Fe?* to Fe?T in hexaferrite. The vari-
ation of oxidation state of Fe indicated that the following
charge transfer reaction occurred during the nonequivalent
substitution process: Ba’>* + Fe3* — La’t + Fe?*t. A parts
of Fe* ions transfer into Fe?T to balance the valence states,
when trivalent La’* ions replaced divalent Ba>* ions in hex-
aferrite. The XPS investigations here make clear that the
nonequivalent substitution has important effect on oxidation
state of iron ions in hexaferrite. Based on the XPS results,
the iron and cobalt are mainly in oxidized state of Fe3* and
Co?t, respectively, in unsubstituted hexaferrite. However,
it turned out to be Fe3*/Fe’t and Co?*, respectively, in
La substituted hexaferrite. According to the above investi-
gations, the confused problem of charge equilibrium during
the nonequivalent substitution process has been explained
rationally.

3.6 Magnetic Properties

The influence of La substitution content on magnetic prop-
erties is also investigated by using vibrating sample magne-
tometer. Figure 11 shows the curves of magnetic hysteresis
at room temperature for samples with different La content
calcined at 1200 °C for 1 h. The corresponding values of
coercivity H., saturation magnetization M and remanent
magnetization M, are given in Table 1. It is observed that
the samples of La substituted hexaferrites exhibit higher sat-
uration magnetization and lower coercivity than that of un-
substituted sample. As shown in Table 1, the saturation mag-
netization increases up to 75.76 emug~! (x = 0.10) and
then decreases with the increasing of La content. On the one
hand, the composition of ferrite is one of the important fac-
tors in saturation magnetization. Due to the substitution of
Ba?t by La3*, the lattice parameters shrink as Fig. 6 indi-
cates. Correspondingly, the distance of Fe—O decreases and
the Fe3*—0-Fe3* superexchange interaction for 12k and 2b
sublattice was enhanced [22]. Therefore, the saturation mag-
netization of La substituted hexaferrites is higher than that
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Fig. 11 Variation of magnetic properties (M, and H.) with different
La3* content x

of unsubstituted hexaferrite. On the other hand, the magnetic
moment of each composition depends on the magnetic mo-
ments of ions involved. The magnetic moment of Fe3* and
Fe?* are 5 g and 4 pg, respectively. The saturation mag-
netization will decrease slightly after La content exceeding
0.15. The decreasing of My for x = 0.15 and 0.20 samples
can be attributed to the appearance of abundance of Fe’*,
which decreases the net magnetic moment according to the
chemical equation of Ba’* + Fe3* (5 pg) — Fe?* (dug) +
La3t [23]. As a result, the value of M, decreases slightly
but still higher than that of unsubstituted sample, when La
content exceeds 0.15. Above all, it can be identified from
the results of magnetization measurements that La substitu-
tion can enhance the magnetic properties of W-type hexa-
ferrite in our experiment conditions. Moreover, the coerciv-
ity of ferrite is affected combined by many factors such as
shape anisotropy, magneto-crystalline anisotropy, and satu-
ration magnetization [24]. The coercivity could be explained
by the equation as follows [25]:

He=2K/pnoM;s

where K is the magneto-crystalline anisotropy constant, (g
is initial permeability, and M, is the saturation magneti-
zation. Here, the value of coercivity H. is inversely pro-
portional to that of saturation magnetization M accord-
ing to the above equation, which is consistent with the re-
sults reported earlier [26]. Hence, the H, decreases firstly
and then increases with the increasing of La content. The
results of coercivity indicate that the as-prepared samples
are soft magnetic materials. The magnetic properties of the
present La substituted hexaferrite particles with high satura-
tion magnetization and low coercivity are favorable for their
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applications such as in magnetic recording and microwave
devices.

4 Conclusions

Rare-earth substituted W-type hexaferrites of Baj_,La,
CoyFe 60,7 were synthesized by the sol-gel self-combustion
method. This method provides a simple, fast, and low tem-
perature synthesis process. With the improved sol—gel self-
combustion method, the synthesized temperature and calci-
nation time of pure W-type hexaferrites powders decreased
from 1350 °C/4 h to 1200 °C/1 h compared with the nor-
mal solid state method, which reduced energy consump-
tion effectively. Microstructure and magnetic properties in-
vestigation showed that lattice parameters and magnetiza-
tion were strongly influenced by La content. With the in-
creasing of La content, the crystal cell volume decreases
from 991.07 to 972.19 A3 and the particle size also de-
creases from 6-7 to 2.5-3 ym. The saturation magnetiza-
tion increases from 71.18 to 75.76 emu/g. The improve-
ments of microstructure and magnetic properties are ben-
eficial for their application in various electrical devices em-
ployed for industrial and military applications. Furthermore,
XPS measurements were undertaken to understand the ef-
fect of nonequivalent substitution on oxidation states of iron
and cobalt ions. The results revealed that the oxidation state
of iron should be changed from Fe’* to Fe?T; however,
the oxidation state of cobalt was Co?*, which was consis-
tently in the nonequivalent substitution process. Thus, the
confused problem of charge equilibrium has been explained
rationally.
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