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Magnetic and Microwave Properties of Barium Hexaferrite
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Substituted barium hexaferrite nanoparticles with the chemical formula
BaFe5_,(GdNd),»019 (x = 0-2, in steps of 0.5) were prepared by a co-pre-
cipitation method. Phase identification and crystal structure of the nanoparti-
cles were investigated by x-ray diffraction. The morphology of the nanopowders
was investigated by field-emission scanning electron microscopy. Results from
Fourier-transform infrared spectroscopy enabled identification of stretching
and bending modes. Magnetic properties were measured by use of a vibrating
sample magnetometer. The results revealed that saturation magnetization and
coercivity decreased as x increased. Investigation of microwave-absorption
properties, by use of a vector network analyzer, revealed that the maximum
reflection loss of substituted Ba-ferrite of thickness 1.6 mm reached —41.8 dB
at a frequency of 4.3 GHz and a bandwidth of 7.5 GHz, with reflection loss
being > —20 dB. From these results it was concluded that the composites had
good potential as absorbers in the gigahertz frequency range.
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INTRODUCTION

Barium ferrite (BaFe509) is used in the elec-
tronics industry because it is inexpensive and has
high coercivity, chemical stability, anisotropy, and
corrosion resistance.’™ M-type barium hexaferrites
have a magnetoplumbite structure® and their mag-
netic properties are inherently related to their
crystalline nature. They all have magneto-crys-
talline anisotropy; that is, induced magnetization
has a predominant orientation inside the crystalline
structure.®® Technological applications of BaM
require not only fine particle size, with a narrow
size distribution, but also a chemically homoge-
neous microscopic structure.'® Several procedures,
including chemical and mechanical methods, have
been used to prepare barium ferrite particles.
Because they result in a homogenous product with a
narrow particle size distribution, chemical methods
are regarded as superior to mechanical methods.
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This paper deals with the production of very-high-
coercivity barium hexaferrite ceramic nanoparticles
by a co-precipitation method. To study the effect of
doping of ferrites by other particles in improving
both the magnetic and microwave properties of the
composite, and to obtain desired nanoparticles, Gd
and Nd were added before chemical syntheses.

EXPERIMENTAL

Samples were prepared by a co-precipitation
method, with barium chloride dehydrate (BaCly-2-
H,0, 99%; Merck, Germany), iron(III) chloride
(FeCls, 99%; Merck), gadolinium chloride (GdCls,
99%; Merck), neodymium chloride (NdCls, 99%;
Merck), and sodium hydroxide (NaOH, 99%; Merck)
as starting materials. Stoichiometric amounts of the
metal salts were weighed and mixed with distilled
water for 30 min; NaOH solution (1 M), as pre-
cipitating agent, was then added dropwise to the
mixture to adjust the solution pH to 13. The solution
containing the precipitate was then stirred for 2 h.
The precipitates were washed five times with water
to reduce the pH to 7; then dried at 100°C in an oven
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and calcined at 900°C in a programmed furnace for
1 h at a heating rate of 10°C/min.

The crystal structure was investigated, at ambi-
ent temperature, by use of a Philips MPD-X’pert
HighScore x-ray diffraction (XRD) instrument with
Cuk, radiation. The morphology of the nanoparti-
cles was investigated by field-emission scanning
electron microscopy (FESEM; Tescan-Mira II). A
Fourier-transform infrared spectrometer (FTIR,
ISCO-680PLUS) was used to examine formation of
the BaM hexaferrites. The magnetic properties and
microwave characteristics were studied by use of a
vibrating sample magnetometer (VSM, TM-XYZTB-
SIH) and a vector network analyzer (VNA, HP
8722ET), respectively.

RESULTS AND DISCUSSION
Structural and Morphological Evaluation

Figure 1 shows the XRD patterns of BaFeqs_,
(GdNd), 2019 (x = 0-2) nanoparticles. The XRD
patterns contain impurity lines, possibly Fe;Os,
from x = 0 to x = 2. The reason for formation of the
impurity was the low annealing temperature. The
peaks of the doped barium ferrites were not at the
same precise positions as those of the undoped fer-
rite; their intensities were also different. The shift
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Fig. 1. X-ray diffraction patterns of BaFeo ,(GdNd),»O1g.

in the position of the peaks was because of substi-
tution of Fe®* (0.645 A) with Gd** (0.935 A) and
Nd?* (0.983 A) cations of different ionic radius. The
diffraction peaks at 20 = 30.42°, 32.24°, 34.20°,
35.71°, 37.18°, 40.41°, 55.09°, 56.63°, and 63.11°
arose from the (110), (107), (114), (108), (203), (205),
(217), (304), and (220) planes, in accordance with
JCPDS: 00-007-0276 and 01-074-1121. Cell con-
stants (a, ¢, and c/a) and cell volume (V) are calcu-
lated by use of appropriate formulae:

1 4 /h%2+hk+E2 12
Z 3\« )t M
V = 0.8666a’c (2)

where d is the distance between two crystallo-
graphic planes (hkl) and a and c are the unit cell
constants.!! First, it is necessary to choose two
appropriate peaks (107, 114) which are dominant
throughout the pattern. a and ¢ can then be calcu-
lated by use of Eq. 1. Equation 2 was used to cal-
culate the volume of the unit cell (V).

Table I shows the lattice constants for these sam-
ples. The behavior of the lattice constants @ and ¢
differed for these samples; basically, a gradually
increased with increasing Gd—Nd concentration up to
the stoichiometric amount of x = 2 (5.989 A). The rea-
son for the increase could be occupation of more Fe?*
(0.645 A) sites by Gd** and Nd®* with larger ionic radii
(0.935 and 0.983 A, irrespectively), resulting in a shift
in the peaks of XRD patterns toward lower angles.

FESEM images of BaFe{5_,(GdNd),/2019(x = 0-2)
calcined at 900°C are shown in Fig. 2. All micro-
graphs contain both BaM and Fe;03, with the per-
centage of barium hexaferrite increasing with
increasing substitution whereas the percentage of
Fey03 decreases. For instance, the sample for which
x = 0 contains 87.43% BaFe 5,019 and 12.57% Fe50s,
whereas the sample for which x = 2 contains 89.07%
BaFeloGdeolg and 10.93% F0203. The FESEM
images reveal the morphology and shape of nano-
particles. It was discovered that addition of Gd—Nd
affected the particles sizes of BaFe;s_,(GdNd),,
2019(x = 0-2). Because Gd-Nd substitution might
reduce the crystallization temperature, crystalline
ferrite may be formed at lower temperatures,
consequently providing more growth time for

Table I. Lattice constants for BaFe;s_,(GdANd), 09 (x = 0-2)

BaFe 2. (GANA), 2019 a (A) + 0.01
x=0 5.878
x=05 5.909
x=1 5.943
x=15 5.977

x=2 5.989

¢ (A) + 0.01 cla + 0.01 V (A3) + 0.01
23.130 3.935 692.554
23.250 3.935 703.509
23.263 3.914 712.026
23.265 3.892 720.258
23.267 3.885 723.215
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Fig. 2. Field emission scanning electron micrographs of BaFeq, ,(GdNd),,»O19 with x = (a) 0 (b) 0.5 (c) 1 (d) 1.5 (e) 2.

nanoparticles up to 900°C. Moreover, small
nanoparticles are prone to melt at a lower tem-
peratures than large nanoparticles, as a result of
the vigorous driving forces of their high surface

energies, owing to their large specific surface areas.
Therefore, an increase in particle size occurred with
increasing dopant content. An image analyzer was
used to calculate the mean particle size of the
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Fig. 3. FTIR spectra of BaFe 5_,(GdNd),»O1g.
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Fig. 4. Magnetic hysteresis of BaFeo_,(GdNd),O1g.

samples. The mean particle sizes of samples with
x=0,0.5,1, 1.5 and 2 were 46 + 2, 68 + 2, 73 + 2,
81 + 2, and 95 + 2 nm, respectively.

Figure 3 shows FTIR spectra of BaFe 5_,(GdNd),»
O19(x = 0-2). Peaks at 447, 530, and 591 cm ™' arose
from the BaM structure. However, peaks at 1110,
1384, and 1631 cm ™! were attributed to —OH and
—COO™ anti-symmetric s‘cretchin%12 The peaks that
appeared from 2349 to 2923 cm T and at 3441 cm !
were attributed to —CH stretching vibration and
-OH stretching vibration of the hydroxyl group,
respectively. !>

Magnetic and Microwave Properties

Figure 4 shows results from VSM analysis of
BaFe;s_,(GdNd),»019(x = 0-2) calcined at 900°C.

Table II. Magnetic properties of the different
samples

M

BaFe;s_, (emu/g) M, (emu/g) H_ (Oe)
(GdNd),2019 (+0.5) (£0.5) (+5)
x=0 44.15 23.68 4930
x=0.5 21.4 11.33 4563
x=1 16 9.30 3568
x=15 32.1 17.95 3457
x=2 42.66 25.15 3293
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Fig. 5. Reflection loss curves for BaFe o ,(GdNd),2049 containing
70% ferrite and with an absorber thickness of 1.6 mm.

Magnetic data are listed in Table II. These results
show that coercivity decreased with increasing sub-
stitution. The decrease in coercivity could be mainly
because of the increase in particle size. Another
reason could be reduction of the magneto-crystalline
anisotropy field because of the change of the easy
axis of magnetization from the c-axis to the basal
plane. Thus, further substitution of dopants led to
greater reduction of the coercivity, because of the
decrease in in-plane anisotropy.'” The maximum
(44.15 emu/g) magnetization was that of the sample
with x = 0; the minimum magnetization (16 emu/g)
was that of the sample with x = 1. Decreasing Mg can
be explained on the basis of occupation of the lattice
sites by Gd**and Nd3* ions. However, for samples
with x = 0.5-1.5, owin% to the different ionic radii of
Gd>* (0,935 A) and Nd** (0.983 A), from that of Fe*
(0.645 A), a decrease in super-exchange interactions
between 4f1—12k and 4f1—2a was expected. Thus,
magnetization of the samples decreased.'®

Reflection loss can be expressed as a function of
normalized input impedance for a metal backed
absorber. The normalized input impedance (Z;,,) of a
microwave-absorbing layer backed by a reflector is
given by:
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Table III. Microwave characteristics of BaFe;s_,(GANd), 0.9 (x = 0-2)

BaFe;s_, Domain wall Natural Bandwidth Reflection Reflection
(GdNd),20,9 resonance (GHz) resonance (GHz) (GHz) (RL > —20dB) loss (f}) (dB) loss (f3) (dB)
x=0 11.44 - - -3 -
x=0.5 9.3 11 2.6 27 —23.96
x=1 8.4 10.7 3.4 —28.2 -26.8
x=15 9 10.66 3.6 -30.8 -31.1

x =2 9.24 11.1 4 —40.5 —42.1

_ 05 . 05
Zi = Zi _ <&> tanh W} (3)

&r c

where Z;, is the normalized input impedance at the
absorber surface, Z; is the input impedance, and Z,
is the impedance of free space, i, and ¢, are relative
permeability and permittivity of the medium, f, is
the frequency of microwaves in free space, c is the
velocity of the electromagnetic wave, and d is the
thickness of absorber. Reflection loss, the ratio of
reflected power to incident power, is related to Z;, as
shown below:

Reflection loss (dB) = 201og;, |:(Zi -1

m} L@

Figure 5 shows the variation of reflection loss as a
function of frequency in the range 8-12 GHz for
x = 0—2 hexaferrite samples 1.6 mm thick and 70
mass.% ferrite. Here, the bandwidth is defined as
the frequency width in which the reflection loss
is more than —20 dB. The measured microwave
properties are listed in Table III. From these results
it is apparent that increasing x to 2 resulted in the
highest value of the reflection loss (—42.1 dB) at
the matching frequency of 11.1 GHz.The ferromag-
netic resonance, f,, of barium ferrite can obtained by
use of Eq. 5:

2nfr = y/HoH,, (5)

where y is the gyromagnetic ratio, Hy is the out of
plane anisotropy field, and Hg is the in-plane ani-
sotropy field. From this equation, it can be inferred
that the ferromagnetic resonance frequency is
closely related to the magnetocrystalline anisotropy
field Hy and to Hg of the barium ferrites. Indeed, H

and Hy are related to Gd®**and Nd3* substitution.’

Two resonance absorption peaks have been detected
for the ferrites. The resonance absorption peak at
low frequency is related to domain wall resonance
whereas the peak at high frequency is related to
natural resonance.'’® The most striking result
emerging from the data is that Gd—Nd substituted

barium ferrite had a wide bandwidth (>-—20 dB)
and high reflection loss in the frequency band of 8—
12 GHz. It was clear that the maximum bandwidth
covered by this ferrite was approximately 4 GHz
with reflection loss greater than —42 dB. Substitu-
tion of iron by other ions in ferrites changed the
direction of the magneto-crystalline anisotropy of
the material from the c-axis toward the a—b basal
plane. The reason for this anisotropy could be ef-
fective coupling of the spins of the magnetic ions
and crystalline electric fields affecting the ions via
spin—orbit coupling.'®

CONCLUSIONS

Gd-Nd-substituted barium hexaferrite ceramics
were synthesized by use of an economical and sim-
ple co-precipitation method. We showed that
Gd-Nd-substituted BaM can be a suitable absorber
with a maximum RL of —42.1 dB and bandwidth
of 4 GHz, with reflection loss being greater than
—20 dB in the frequency range of the X-band
(8-12 GHz).The samples had hexagonal structures,
as confirmed by XRD studies and by calculation of
cell constants and cell volume from XRD data. In
comparison with pure barium hexaferrite, satura-
tion magnetization and remanence decreased with
increasing Gd-Nd concentration.
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