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Abstract In the present study, the lanthanumsubsti-
tuted strontium ferrite particles with general formula,
Sri_xLa,Fe2019 (x =0, 0.10, 0.15, 0.20, and 0.25) were
prepared using citrate auto-combustion method. These fer-
rites were characterized by X-ray diffraction (XRD), scan-
ning electron microscope (SEM), vibrating sample mag-
netometer (VSM), and vector network analyzer (VNA).
X-ray diffraction patterns show the formation of M-type
hexaferrite phase without any secondary phases for all the
synthesized samples. The complex permittivity (¢'—j&”) and
complex permeability (1 '—ju’") were measured using VNA
in X-band (8.2-12.4 GHz) and Ku-band (12.4-18 GHz) fre-
quency range at room temperature. More than 90 % absorp-
tion was obtained in the Ku band for all the La>* substituted
strontium ferrites. The composition x = 0.15 exhibits a min-
imum reflection loss of —20.66 dB at 16.5 GHz and an
absorption bandwidth of 2.1 GHz (15.63 to 17.64 GHz) with
an absorber layer thickness of 1.6 mm. These materials can
be used as cost-effective and thinlayer microwave absorbers
in higherfrequency range.

Keywords Strontium ferrite - Hysteresis - Tangent loss -
Microwave absorption

B4 S. Bindra Narang
sukhleen2 @yahoo.com

Department of Electronics Technology,
Guru Nanak Dev University, Amritsar, India

1 Introduction

The electromagnetic interference (EMI) poses serious prob-
lems due to rapid development of high-speed electronic
circuits at microwave frequency range. M-type hexagonal
ferrites can be used as microwave absorber owing to its
large magnetocrystalline anisotropy [1]. The hexagonal fer-
rites can be engineered to find application as absorber at
microwave frequencies. Many researchers have reported the
use of hexagonal ferrites as radar-absorbing material (RAM)
and EMI suppression materials [2, 3].

The conventional process to synthesize strontium fer-
rite requires sintering at high temperature thereby increas-
ing its cost. As a consequence, a large number of low-
temperature methods, such as sol-gel [4], co-precipitation
[5], and hydrothermal method [6], have been developed to
control the shape and size of the particles and the prop-
erties of the material. The substitution of a small amount
of divalent and tetravalent ions in strontium ferrite mod-
ifies its magnetic and electro-magnetic properties [7, 8].
It has been reported that the rare earth element acts as
an inhibiting agent for grain growth and shows a modi-
fication in magnetic properties [9]. A suitable amount of
La>" ion substitution in M-type [10] and W-type [11] fer-
rites can improve the microwave absorption properties. The
present work deals with the synthesis of Srj_xLa,Fej2019
(x = 0, 0.10, 0.15, 0.20, and 0.25) ferrite by the citrate
auto-combustion method. Using this method, it is pos-
sible to obtain submicron particles for achieving useful
properties for practical materials. Electromagnetic proper-
ties and microwave absorbing characteristics of synthesized
La-substituted M-type strontium ferrite have been studied.
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2 Experimental
2.1 Synthesis of Ferrites

The La-substituted strontium ferrite particles with general
formula, Sri_xLa,Fe;2019 (x = 0, 0.10, 0.15, 0.20, and

0.25) were prepared by citrate auto-combustion method.
The stoichiometric amounts of metal nitrates were used as

per (1):

(1 —x) (Sr(NO3),) + x (La (NO3); - 6H20) + (Fe (NO3)3 - 9H,0)

Citric acid

>Sr;_,La,Fe;2059

Mixing, dehydration, and combustion 1

Desired metal nitrates in appropriate ratios were taken in
minimum amount of distilled water, and the aqueous solu-
tion of citric acid was added. Ammonia solution was then
added to adjust the pH to 7.0. The solution was slowly evap-
orated at 80 ° C until a brown gel was formed. Prepared
dry gels were heated in the air at 220°C to invoke igni-
tion. Auto-combustion occurred, and a dry fluffy mass was
obtained. Finally, this precursor powder was calcinated at
1100°C for 5 h in a muffle furnace where the heating rates
were maintained at 5°C/min. The material was allowed to
cool naturally and compressed at 8 tons to make pellets.

2.2 Measurement of Properties

The electromagnetic properties were studied by using Agi-
lent N5225A vector network analyzer. The synthesized
pellets were shaped to fit exactly into 22.86 x 10.16
and 15.79 x 7.89 mm? rectangular X-band (WR-90) and
Ku-band (WR-62) waveguide flanges, respectively. A full
two-port calibration was initially done on the test setup in
order to remove errors due to source/load match, isolation,
etc. The complex permittivity (¢'—j&”) and permeability
(1'—ju'"") were then determined from the measured scatter-
ing parameters using Agilent software module 85071 in the
frequency range of 8.2—18 GHz at room temperature.

Hysteresis measurements of all the samples at room tem-
perature in the field range of +15 kOe were carried out by
a vibrating sample magnetometer (Microsense-Model 10).
XRD patterns were obtained by using a diffractometer (Pan-
alytical X’pert pro) with CuKe radiation (A = 1.5406 A).
Scanning electron microscope (Zeiss-Supra 55) was used to
investigate the morphology of the hexaferrites.

3 Results and Discussion
XRD patterns of Sri_xLa,Fe;2019 (x = 0.0, 0.10, 0.15,

0.20, and 0.25) recorded at room temperature are presented
in Fig. 1. All the diffraction peaks are indexed according
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to the standard of the American Society for Testing and
Materials (JCPDS file number 33-1340). XRD analysis has
confirmed the formation of M-type hexagonal structures in
all the synthesized samples. The lattice constants a and ¢
were calculated from the value of d(;k;) corresponding to
(110), (107), and (114) planes according to the formula
given by (2) [12];

o = 4 (2 ) ) /)

2

The lattice parameters, a and ¢ were observed to increase as
x increased from 0.0 to 0.15 and then decreased at higher
values of x. These changes in lattice parameters may be
attributed to differences in ionic radii of Sr?* and La** ions.
La*t (1.36 A) ion being smaller than Sr*>* ion (1.44 A)
could be well accommodated at the Sr>* site and some Fe>*
ions converted into Fe>t ions in order to compensate the
excess positive charges due to the replacement of Sr>* by
La’t [10], which contributes to the lattice expansion. At
composition x = 0.20, lattice parameter decreased which
may be attributed to lattice contraction as the size effect
overtakes the charge neutrality effect. The unit cell volume
variation corresponds to the change in bulk density (exper-
imental). The M-type hexagonal structure is retained as the
observed c/a parameter for all the synthesized samples is
lower than 3.98 [13], as shown in Table 1. The average crys-
tallite sizes (D) of all the samples were calculated from the
highest-intensity (107 and 114) peaks of XRD patterns by
using Debye-Scherrer formula, given by (3) [14].

D =KX/ (Bcosb) 3)

where B is the broadening of diffraction lines at half of its
maximum intensity, A is the wavelength (A = 1.5406 A), 0
is the Bragg angle, and K is the shape factor that is equal to
0.89 for hexaferrites. The crystallite sizes were in the range
of 34.3-42.56 nm (Table 1).
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Fig.1 X-ray diffraction
patterns of Srj_xLa,Fe2019
(x =0.0,0.10, 0.15, 0.20, and
0.25) ferrites

~
o
-
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The SEM micrographs of all the synthesized ferrite sam-
ples are shown in Fig. 2. The particles seem to have spher-
ical shaped morphology for all compositions. The average
SEM grain diameter (Dp,) decreases from 187 to 148 nm
with lanthanum substitution from x = 0.00 to 0.10, respec-
tively. The average grain diameter with further substitution
of lanthanum in strontium ferrite increases from 148 nm for
x = 0.10 to 180 nm for x = 0.25 sample (Table 2).

The magnetic hysteresis loops for Sri_xLa,Fe2019
(x = 0.0, 0.10, 0.15, 0.20, and 0.25) ferrites are shown
in Fig. 3. The values of saturation magnetization (Mj),
coercivity (H.), remanence (M), and magnetocrystalline
anisotropy (H,) are obtained from hysteresis data and are
summarized in Table 2. The results indicate a high level
of magnetic characteristics of strontium ferrite samples.
The saturation magnetization value for x = 0.0 sample is
65.36 emu/g and coercivity is 5059 Oe. The value of net
magnetization decreases from 62.3 to 57.85 emu/g, and the
coercivity decreases from 5791 to 5661 Oe, respectively,
with an increase in the amount of doping of La’* ion from
x = 0.10 to 0.25. The squareness ratio (M;/Ms) greater
than 0.5 for all the compositions suggests that the prepared
ferrites have randomly oriented domain particles [15].

A wide variation in intrinsic coercivity range 5791 to
5661 kOe has been obtained upon substitution but still lower
than the theoretically estimated limit of H. (7400 Oe) [16,
17]. It is well known that the coercivity depends on crys-
tallite size and magnetocrystalline anisotropy. The axis of
magnetization is parallel to hexagonal c-axis, described by
anisotropy constant K1, and different sites contribute dif-
ferently to the magnetic anisotropy. H. value increases by
12-14 % with La>* substitution in strontium ferrite which
may be due to the increase in H,. The coercivity decreases
with increase in concentration of La’t ions in strontium
ferrite which follows a trend similar to that of the H, con-
stant. Another reason for reduction in coercivity is extrinsic
effect which causes an increase in grain diameter from 148
to 180 nm with lanthanum substitution from x = 0.10 to
0.25, respectively. This effect can be attributed to coercivity
which is inversely related to the grain diameter [18, 19].

The variation of &', ¢”, u’, and u” for Srj_xLa,Fe12019
(x = 0.0, 0.10, 0.15, 0.20, and 0.25) with frequency are
shown in Fig. 4. From Fig. 4a, b, it can be seen that the
real and imaginary parts of the permittivity show a good
dispersion with the increase in frequency. The &’ values
increase with increase in La’" substitution except for the

Table 1 Variation of

hexagonal lattice parameters (a X 0 0.1 0.15 0.2 0.25
and ¢), cell volume (V), and
crystallite size (D), bulk aA) 5.8837 5.8841 5.8857 5.8792 5.8844
density (pp), X-ray density c@) 23.032 23.038 23.041 23.026 23.033
(px), and porosity with La cla 3.9145 3.9153 3.9147 3.9165 3.9142
substitution in Sr ferrite
vV (A3) 690.51 691.23 691.24 689.27 690.71
D (nm) 42.56 34.3 39.21 36.81 40.54
op (gem™3) 2.6 2.62 274 2.64 2.57
ox (gem™3) 4.84 4.86 4.87 49 4.9
Porosity 0.462 0.46 0.437 0.461 0.47

@ Springer



2242

J Supercond Nov Magn (2017) 30:2239-2245

V5, -

BT e

EHT =15.00 kV Signal A = InLens Date :11 Feb 2015
WD = 67 mm Mag = 50.00 K X Time :11:11:00

> &€

Signal A = InLens Date :18 Dec 2015
WD = 6.1 mm Mag = 50.00 K X Time :15:04:57

b ¥ : - - @, sv G
EHT = 15.00 kv Signal A = InLens Date :26 Nov 2015 ZEISS EHT = 1500 kV Signal A= InLens Date :18 Dec 2015 ZEISS
WD = 60mm Mag = 50.00 K X Time :12:10:39 H WD = 7.5mm Mag = 50.00 K X Time 15:11:21

EHT = 15.00 kV i =InLens Date :18 Dec 2015 ZEISS
WD= 75mm Mag = 50.00 K X Time :15:16:06

Fig.2 SEM images of Srj_xLa,Fe;2019:ax =0.0,bx =0.10, ¢ x = 0.15,d x = 0.20, and e x = 0.25

Table 2 The effect of La

substitution on magnetic X 0.00 0.10 0.15 0.20 0.25

properties of Srj_xLa,Fe2019

(x = 0.0, 0.10, 0.15, 0.20, and M (emu/g) 65.36 62.3 60.6 56.34 57.85

0.25) ferrites H.(Oe) 5059 5791 5692 5683 5661
M, (emu/g) 37.1 36.2 34.3 32.12 32.95
H, (kOe) 11.8 14.2 14.2 13.8 13.2
M/ M 0.568 0.566 0.566 0.57 0.57
Dy, (nm) 187 148 160 180 180
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Fig. 3 Hysteresis loops (M vs. H) of Srj_xLa,Fe;2019 (x = 0.0, 0.10,
0.15, 0.20, and 0.25) ferrites

x = 0.25 sample. The variation of permittivity with fre-
quency arises mainly due to the interfacial polarization
and intrinsic electric dipole polarization. The interfacial
polarization results from the heterogeneous structure of fer-
rites comprising well-conducting grains separated by poorly
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conducting grain boundaries as proposed by Koops [20].
The ¢” values show one or two peaks for all the compo-
sitions. The maximum obtained values of ¢” at resonance
peaks in 12.4-18 GHz frequency range are 0.93, 1.30, 3.16,
1.67, and 2.10 for the composition x = 0.0, 0.10, 0.15, 0.20,
and 0.25, respectively. It is known that resonance peaks are
usually attributed to polarization [21]. Substitution of La>*
is expected to convert some of the Fe’* to Fe?' in the
ferrite in order to maintain charge neutrality. The electron
hopping between Fe>* and Fe>* enhances the ¢”, and also,
the excess Fe?T strengthens the interfacial polarization in
ferrites [22].

The real-part u’ and imaginary-part " of permeability
have shown a dispersion relation with increase in frequency,
exhibiting magnetic resonance (Fig. 4c, d). The maximum
values of 1 of the lanthanum-doped samples are higher than
those of the unsubstituted sample. The permeability of poly-
crystalline ferrites can be described as the superposition of
two different magnetizing mechanisms: domain wall motion
and domain spin rotation [23]. The real-part permeability
can be expressed as i’ = 1+ spin rotational susceptibility
(Xspin) + domain wall susceptibility (Xdomain). The Xspin
and xdomain 1D turn are related to the square of saturation

Cc

20

0.0 T T T T T T T T T

0sd | x=0.0

Fig. 4 Variations of a¢’, b ¢”, ¢ i/, and d " with frequency and substitution in Sr;_yLa,Fe 2019
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Mg [24]. Hence, a higher value of My is one of the rea-
sons for an improved value of 1’ for the La3T-substituted
strontium ferrite. The peaks in the spectra of " express the
energy absorption. The maximum obtained values of ©” in
8-18 GHz frequency range are 0.052, 0.029, 0.77, 0.29, and
0.25 for x = 0.0, 0.10, 0.15, 0.20, and 0.25, respectively.
The values of 4’ and p” indicate that the La’* doping in
strontium ferrite has improved the magnetic loss in the Ku
band.

The microwave absorption of ferrite material is charac-
terized by tané (gross loss tangent): tand = tand. + tandy, =
g" /e’ +u" /', where tand, is the dielectric loss tangent and
tandy, is the magnetic loss tangent. Figure 5 shows the gross
loss tangent of Sr;_xLa,Fe2019 (x = 0.0, 0.10, 0.15, 0.20,
and 0.25). The larger value of the tand, the better will be
the microwave-absorbing properties of the material. In the X
band, x = 0.25 and 0.15 compositions have observed com-
paratively high values of gross loss tangent (0.33 and 0.22).
In the Ku band, the maximum obtained values of tand are
0.18, 0.24, 0.85, 0.46, and 0.84 for composition x, which is
equal to 0.0, 0.10, 0.15, 0.20, and 0.25, respectively. Both
dielectric and magnetic losses contribute to gross tangent
loss in the Ku band with La3T substitution in strontium ferrite.

The reflection loss (RL) curves were determined from
the complex relative permittivity (e;), complex relative per-
meability (i) at a given frequency ( f), absorber thickness
(1), velocity of electromagnetic waves in free space (c), and
input impedance (Z;,) of metal-backed with the following
equations [25]:

Zin = Zo (ir /&) /2 tanh (j (ant (M,g,)l/z) /c) and RL (dB)
= 20log (Zin — 1)/ (Zin + 1))
1.0 T T T T T ¥ T
—a— x=0.0 1
o— x=0.10 A
084 |_a— x=0.15 I
v— x=0.20 A |
<+— x=0.25 A |

Frequency (GHz)

Fig. 5 Variations of tand with frequency and substitution in
Sri_xLa,Fe;019
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Fig. 6 Reflection loss of Srj_xLa,Fe12019 in 8-18 GHz frequency

Figure 6 shows the variation of reflection loss vs. fre-
quency observed in 1.6-mm-thick La’*-doped strontium
ferrite with x = 0.0, 0.10, 0.15, 0.20, and 0.25 in 8-
18 GHz. The bandwidth of pure hexagonal ferrite is rela-
tively small to be used as a microwave absorber material,
and its absorption characteristic is in higher-frequency range
around 45 GHz [26, 27]. For a sample with x = 0.10, the
minimum reflection loss value of —12.24 dB is observed
at 17.43 GHz. The minimum reflection loss value increases
from —12.24 dB in the sample with x = 0.10 to —20.66 dB
in the sample with x = 0.15 at 16.5 GHz. The band-
width that can be covered by the sample with x = 0.15 is
about 2.1 GHz. The minimum reflection loss of —13.78 and
—20.19 dB are observed for x = 0.20 and x = 0.25 samples,
respectively. The result of reflection loss is in accordance
with the maximum obtained values of the gross loss tan-
gent. Finally, it should be noticed that the main absorption
mechanism in these samples is due to both the dielectric and
magnetic properties in the Ku band.

4 Conclusion

A series of morphologically pure Srj_xLa,Fej2019 ferrites
has been successfully prepared by auto-combustion method
at a temperature of 1100 °C for 5 h. The crystallite size
of samples is in between 34.3 and 42.56 nm. The satura-
tion magnetization has decreased, whereas coercivity has
increased with lanthanum substitution as compared with the
undoped strontium ferrite. The gross loss tangent has shown
an improvement with La** substitution in strontium ferrite.
These lanthanum-doped strontium ferrites show a reflec-
tion loss of more than 90 % in the Ku band. The observed
results suggest that these synthesized ferrites have potential
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applications as single-layer microwave absorbers for EMI
suppression.
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