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The ferrites with the compositions of SrMn,Cu,Zro,Fe1o 40019 (x = 0.0, 0.2,
0.3, 0.4, and 0.5) are synthesized by the coprecipitation method. The formation
of M-type hexaferrite is confirmed by x-ray diffraction (XRD) and Fourier
transform infrared (FTIR) analyses. The morphology of the samples is shown
by field emission scanning electron microscopy (FESEM) and transmission
electron microscopy (TEM) microscopy. Vibrating sample magnetometer
(VSM) analysis has been used for the investigation of the magnetic properties,
and the reason for the changes in the magnetic properties as a result of
doping, are expressed. The values of coercivity decrease by increasing the
amount of substitution, which could be related to the modification of aniso-
tropy form the c-axis toward the c-plane. Finally, we have used vector network
analysis to investigate the microwave absorption properties. We find that the
samples with the composition of SrMng 4Cug 4ZrysFe 194019 have the largest
reflection loss and the widest bandwidth among these samples.
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INTRODUCTION

Recently, we have observed so many advances in
the field of microwave and antenna technology.'
However, by the improvement of microwave devices
and the development of the microwave applications
in our lives, the need for the materials that can
absorb the electromagnetic waves increases. We can
use these kinds of materials especially for two
purposes. First, these materials can prevent the
electromagnetic waves from disturbing the parts of
the microwave devices or other devices that are
subject to electromagnetic waves. Second, electro-
magnetic radiation may be harmful to living organ-
isms, and we can use these kinds of materials to
preserve them from suffering from electromagnetic
radiation.
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One kind of electromagnetic wave absorbers is
strontium hexaferrite with the chemical formula of
SrFe 5019 (SrM). The appropriate properties of this
material such as low cost and high stability cause it
to be a good candidate in order to be used as an
electromagnetic wave absorber.>* The reflection
loss of this material could be improved by the
substitution of some of the transition metal ele-
ments for iron atoms.” We can also shift the
reflection loss g)eak to the desired frequencies by
this procedure.

In this paper, we have used Mn, Cu, and Zr as our
dopants for strontium hexaferrite. The chemical
formula of the nanoparticles is SrMn,Cu,Zr,,
F612,4x019 (x = 00, 02, 03, 04, and 05) We find
that the saturation magnetization and the coerciv-
ity are decreased by increasing the dopant concen-
tration of the samples. However, the reflection loss
is improved by increasing the dopant concentration.
It is found that the samples with the chemical
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composition of SrMng 4Cug 4Zrg sFei0 4019 have the
lowest reflection loss minimums and the widest
bandwidth among these samples.

EXPERIMENTAL PROCEDURE

The nanoparticles were synthesized via the chem-
ical coprecipitation method. First, the stoichiomet-
ric amounts of ZrO(NO;3)yxHs0O, MnCly,4H,50,
CuCly2H0, FeCl; and SrCl;.6H;0 were put in a
sufficient amount of deionized water at 70°C and
stirred for 20 min to form a homogenous solution.
Next, 2 wt.% of surfactant (polyvinyl alcohol (PVA))
was also added to the solution. Then, 1.5 M NaOH
solution was added dropwise to the solution, and the
pH level was adjusted to 13. The resulted precipi-
tates were washed and filtered for several times
until a solution with a pH value of 7 was achieved.
Finally, the precipitates were dried at 90°C and
calcined at 900°C for 2 h.

The structural properties of the samples were
investigated using x-ray diffraction (XRD) spec-
troscopy with Cu-Ko radiation. Fourier transform
infrared (FTIR) spectroscopy was done to identify
the nature of the chemical bonds. After that, field
emission scanning electron microscopy (FESEM)
and transmission electron microscopy (TEM) were
used for investigating the morphology of the sam-
ples. The magnetic properties of the samples were
also measured by a vibrating sample magnetometer
(VSM). A vector network analyzer was used to
investigate the reflection loss of the samples in the
frequency range of 12-18 GHz. For this purpose,
the composites specimens were prepared by mixing
the prepared samples with epoxy resin with a
weight percentage of 70:30, and pressing them to
form cylindrical shapes with a diameter of 3 cm and
a thickness of 2 mm.

RESULTS AND DISCUSSION
Structural Properties

First, we obtained the XRD spectra of the sam-
ples. Figure 1l shows the XRD patterns of
SrMn,Cu,Zrs, Feqs 4,019 (x = 0.0, 0.2, 0.3, 0.4, and
0.5) nanoparticles. From this figure, we find that all
of the transition-metal-substituted ferrites have
almost a single phase structure of M type.

The lattice parameters of the samples have been
calculated from the obtained XRD patterns using
the following relations:

1 4h®+kh+k* 12
£-3 o T )

ni = 2dsin . (2)

In these relations, ¢ and ¢ are the hexagonal
lattice parameters, d is the difference between
successive surfaces, n is an integer, 4 is the wave-
length of the x-ray (1.54 A), and 0 is the Bragg
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Fig. 1. The XRD patterns of SrMn,Cu,Zr,Feq2_4x019 (x = 0.0, 0.2,
0.3, 0.4, and 0.5) nanoparticles.

angle. The crystallite sizes of the particles were also
calculated using the Scherrer equation’:

kA

- Beos0’ (3)

where f is the broadening of diffraction line at half
of its maximum intensity, and & is the shape factor,
which is equal to 0.89 for hexagonal systems.

The lattice parameters (a and c¢), cell volume (v),
and crystallite size (D) of the samples are listed in
Table I. We can see from this table that the
crystallite sizes of the samples are in the range of
41.74-41.77 nm. Figure 2 shows the variation of a
and c lattice constants with doping concentration
(x). It is clear from this figure that the lattice
constant a remains_almost constant while ¢
increases from 22.91 A to 23.11 A with increasing
the dopant concentration. These changes in the
lattice parameters can be related to the larger ionic
radius of Mn** (0.80 A), Zr (fourfold 0.73 A and
sixfold 0.86 A) and Cu*? (fourfold 0.74 A and s1xf01d
0.91 A) compared to the ionic radius of Fe*
(0.69 A).

FTIR spectroscopy has been used to identify the
nature of the chemical bonds. Figure 3 represents
the FTIR spectra of the SrMn,Cu,Zrs Feis_4,019
(x =0.0,0.2,0.3, 0.4, and 0.5). Wecanseetwopeaks
in the range between 400 cm ! and 800 cm* for all
of the samples, which are related to the Fe-O
stretching Vlbratlonal band in octahedral and tetra-
hedral sites.®1° The substitution of Mn*2, Cu*? and
Zr** atoms lead to the shift of the peaks toward the
low frequency side. There is an absorption peak at
about 547 cm ™! in the undoped sample (x = 0.0),
which is ass1gned to Sr—O bond.'* We cannot see the
same peak in other spectra, because of the shift of
the bands toward low frequency side with the
increase of dopant contents. The peaks in the range
of 1100-1500 cm ™! are assigned to M—O—-M (metal—
oxygen—-metal) bonds such as Fe—-O-Fe bonds. The
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Table I. The lattice constants a and ¢, the cell
volume v, and the crystallite size D of
SI‘MnxClleI'szelz_‘;xolg x = 0.0, 0.2, 0.3, 0.4, and 0.5)

x a A) c (A) v (A% D (nm)
0.0 5.85 22.91 678.99 41.77
0.2 5.86 23.02 684.59 41.76
0.3 5.87 23.07 688.42 41.75
0.4 5.87 23.09 689.02 41.75
0.5 5.88 23.11 691.97 41.74
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Fig. 2. The variation of a and c lattice constants with doping con-
centration (x) for SrMn,Cu,ZroxFeqo_4,019 (X = 0.0, 0.2, 0.3, 0.4,
and 0.5).
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Fig. 3. The FTIR spectra of SrMn,Cu,Zro,Fe 2 4019 (x = 0.0, 0.2,
0.3, 0.4, and 0.5) nanoparticles.

peaks around 3400 cm ! in all of the spectra exhibit
the —OH stretching vibrational band, which are
acquired from a wet atmosphere.

The FESEM images of the SrMn,Cu,Zrg,
Feis_4,019 (x = 0.0, 0.2, 0.3, 0.4, and 0.5) nanopar-
ticles are given in Fig. 4. We can see that the ferrite
nanoparticles possess irregular shapes with both
fine and large nanoparticles, and the particles are
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agglomerated due to the magnetic nature of them.
As it is clear from this figure, the particles are
platelet in shape for the undoped samples with a
thickness of less than 50 nm. However, by increas-
ing the dopant concentration, the number of plate-
let-like particles, which are as long as the size of the
particles, are decreased and that is related to the pH
of the precursors.'”'> When we increase the con-
centration of dopants, the pH of the solvent
decreases, and as a result, a higher amount of
NaOH is needed to achieve the suitable pH of 13.
Therefore, the nucleation rate of precipitation
increases, which may lead to a decrease in the
particle size.'?

Since the particles shown in the FESEM micro-
graphs are agglomerated, and we cannot specify the
exact sizes of the particles, we also present the TEM
image for one of the samples. This image for
SrFe 5019 nanoparticle is presented in Fig. 5. The
average value of the particle size calculated by TEM
is found to be about 80 nm.

Magnetic Properties

The magnetic properties of the samples have been
investigated using VSM analysis. Figure 6 presents
the hysteresis loops for SrMn,Cu,Zrs Feis_4,019
(x = 0.0, 0.2, 0.3, 0.4, and 0.5) compounds. We can
see from these figures that doping with transition
elements can affect the magnetic properties of the
samples. We find that the value of saturation
magnetization (M) increases up to x = 0.2 and then
decreases slowly with the increase in the amount of
doping. However, the values of coercivity (H,.) and
remanence (M,) are reduced by increasing the
concentration of dopant ions.

There are five crytallographically inequivalent
sites for the twelve Fe* ions in strontium hexafer-
rite crystal structure, which are known as 4f;, 4f;,
12k, 2a, and 2b sites. The Fe*3 jons have spin-up
direction in the 12k, 2a, and 2b sites, and they
havea spin-down direction in the 4f; and 4f, sites.
The magnetic moment of Fe*? is 5.z which is equal
to the magnetic moment of Mn*? and is larger than
the magnetic moments of Cu*? (1uz) and Zr**
(nonmagnetic). It is found that Zr™ prefers to
occupy 4f; sites,’® and Cu*? ions have a preference
for the octahedral sites (2a, 12 k and 4f, sites).!* It
seems that for a low concentration of the dopants
(x = 0.2), the substitution of the Fe*® jons in the 4f;
sites that have downward spin direction by the
nonmagnetic Zr** ions increases the saturation
magnetization of the sample. However, the satura-
tion magnetization (M) and remanence (M,)
decrease with further increase in the dopant con-
centrations. The substitutions of Cu*? ions for Fe*?
ions in octahedral sites of 2a and 12 k would reduce
the saturation magnetization because Fe*? in these
sites have a spin-up direction. In addition, the
substitutions of nonmagnetic Zr** and less magnetic
Cu*? ions for Fe*® jons in 4f; and the octahedral site
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Fig. 4. The FESEM images of SrMn,Cu,ZroxFeq2 44019 nanoparticles for (a) x = 0.0, (b) x= 0.2, (c) x= 0.3, (d) x= 0.4, and (e) x = 0.5.

of 4f; can also reduce the superexchange interac-
tions between these sites and other sites with a
spin-up direction, which may change the spin
direction of Fe*? ions in these sites. This can reduce
the saturation magnetization of the samples with
higher concentrations of dopants.

We can also see from Fig. 6 that the coercivity
decreases continuously by increasing the doping
concentration of the samples. There are two reasons
for the reduction in the coercivity of the

nanoparticles. First, as mentioned earlier, doping
of the samples increases the lattice constant c,
which may reduce the superexchange interactions
between neighboring ions. Second, this reduction in
coercivity occurs due to a reduction in magnetocrys-
talline anisotropy of the samples. It is found that
the Fe*? jons in the 4f, and 2b sites have the main
contribution to the magnetocrystalline anisotropy,
although the contribution of the Fe*? jons in other
sites are not negligible.!>!” As mentioned above,
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Fig. 5. The TEM images of SrFe;,019 nanoparticles.

Cu*? ions have a preference to occupy the octahe-
dral sites that can decrease the magnetocrystalline
anisotropy. In addition, the substitution of Fe*3 ions
in 4f; sites by Zr** ions has a negative impact on the
magnetocrystalline anisotropy.'>!” Generally, it
could be inferred from the obtained results that
the anisotropy, and as a result, coercivity of the
samples could be controlled by substitution. In fact,
substitution, which leads to the modification of
anisotropy form the c-axis toward the c-plane, plays
a key role in decreasing the value of coercivity.'®'®

Microwave Absorption Properties

The microwave absorption properties of the
samples are obtained byvector network analysis.
Figure 7 shows the absorption diagrams of the
samples in the frequency range of 12-18 GHz (Ku
band frequencies). The resonance frequency of the
undoped strontium hexaferrite was found to be
48 GHz that is larger than the Ku band frequen-
cies.’ This rather high resonance frequency is
related to the high magnetocrystalline anisotropy
of the undoped strontium hexaferrite.

According to the ferromagnetic resonance theory,
the resonance frequency (f,) of the samples is
related to the anisotropy field (H,) as given by the
following equation:

Y
=-—H,, 4
/ 2 ¢ ()
where 7y is the gyromagnetic ratio. In the case of
uniaxial anisotropy, H, is given as follows:

2K,
Ha - Fs’ (5)
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where M, is the saturation magnetization and K; is
the anisotropy constant. Findings of the present
study proved that the coercivity decreases by
increasing the amount of substitution of Mn-Cu-Zr
cations for Fe* ions in the hexaferrite structure.
Also, it is well known that coercivity is closely
related to the anisotropy field.'®?*?! Hence, accord-
ing to Eq. 4, an increase in the amount of substitu-
tion causes the resonance frequency to shift to a
lower frequency range. The variations of the reflec-
tion loss versus frequency for the samples with
different amounts of substitutions are presented in
Fig. 7.

As we can see from Fig. 7, there is no considerable
absorption for the undoped strontium hexaferrite
(x = 0.0). However, it seems that the resonance
frequencies are moved to the Ku band as we add the
dopants to the compounds. Here, the bandwidth is
defined as the frequency width in which the reflec-
tion loss is higher than —20 dB. The sample with
the composition of SrMng,Cug oZrg 4Fe11 2019 has a
bandwidth of zero, and the minimum reflection loss
is —15.29dB at the matching frequency of
14.20 GHz. There is also another matching fre-
quency at 16.44 GHz with the reflection loss of
—13.02 dB. We can also see the same features for
the other doped samples so that we can see two
absorption peaks, one at a low frequency range and
the other at a high frequency range. The absorption
at the low frequency is related to the domain wall
motion, and the one at the high fre%uency is due to
the natural resonance frequency.”'*?> The sample
with the composition of SrMng 3Cug3ZrggFe19.8019
has a bandwidth of 0.205 GHz, and the minimum
reflection loss is —22.11 dB at the matching fre-
quency of 14.14 GHz. The ferrite with the composi-
tion of SrMng 4Cug 4Zrg sFe 194019 has a bandwidth
of 5.11 GHz and the minimum reflection loss of
—31.23 dB at the matching frequency of 13.87 GHz.
The minimum of the reflection loss for
SrMng 5Cug sZrFe (019 is —30.97 dB at the match-
ing frequency of 14.01 GHz with the bandwidth of
4.48 GHz. Comparing these results, we find that the
sample with the composition of SrMng 4Cug 4Zrg g
Fe194019 has the widest bandwidth and the largest
reflection loss. A suitable microwave absorbing
material should have wide frequency bandwidth
and large reflection loss.?® Therefore, among these
samples, the nanoparticles with the composition of
SrMng 4Cug 4Zrg gFe 194019 are the most appropriate
microwave absorbing material. Although the mini-
mum reflection losses lower than the ones obtained
for our samples were reported previously, the
bandwidths of our samples are much wider than
those, which means that our samples could be
applied for a wider range of frequency.

In general, for preparing a potential microwave
absorber in the desired frequency range, two impor-
tant conditions must be satisfied, the first is that the
incident wave can enter the absorber to the greatest
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Fig. 6. Hysteresis loops of SrMn,Cu,ZroxFeqo_4,019 Nnanoparticles for (a) x = 0.0, (b) x=0.2, (¢) x=0.3, (d) x= 0.4, and (e) x = 0.5.

extent (impedance matching characteristic), and the
second is that the electromagnetic wave entering
into the materials can be almost entirely attenuated
and absorbed within the finite thickness of the
absorber (attenuation characteristic). To this end,
saturation magnetization, anisotropy field, complex

permittivity, and permeability spectra are among
the most important parameters which should be of
concern in designing a microwave absorber. It
should be mentioned that these parameters could
be easily controlled by substituting Fe*® ions by
other cations in the hexaferrite structure. Particle
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Fig. 7. The microwave absorption diagrams of SrMn,Cu,Zr,,Fe12_4,019 Nanoparticles for (a) x = 0.0, (b) x = 0.2, (c) x = 0.3, (d) x = 0.4, and (e)

x=0.5.

size is another key issue that influences the
microwave absorbing performance. In general,
when the particle size is reduced, the quantum

confinement and surface effects can change the
microwave absorption properties of the samples
significantly. Quantum confinement leads to the
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splitting of the energy levels in the nanoparticles,
and the electrons can absorb the energy of micro-
waves and go to higher energy levels that lead to
more energy absorption of microwaves.®?* Breaking
of the bonds at the surfaces causes the surface spins
to be in a disordered state that may lead to high
magnetic losses in the samples. The defects and
interfaces can also result in multiple scattering and
the repetition of the reflection of the incident wave
between nanoparticles that increases the reflection
loss of the compounds.

SUMMARY AND CONCLUSIONS

The nanoparticles of strontium hexaferrite doped
with Mn, Cu, and Zr with different concentration of
dopants were synthesized by the coprecipitation
method. The XRD and FTIR analyses show that all
of the samples are in the M-type hexaferrite struc-
ture with the crystallite size of about 41.7 nm. From
the FESEM micrographs, it was found that ferrite
particles have irregular shapes, and the size of the
particles decreases by increasing the dopant con-
centration. We also found from TEM analysis that
the average particle size is about 80 nm. VSM
analysis has been used to consider the magnetic
properties of the samples. It was found that, by
increasing the concentration of dopants, the satu-
ration magnetization initially increased and then
decreased; however, the remanence and coercivity
decreased continuously by adding dopants. The
reasons for these changes were also expressed.
The microwave absorption properties of the samples
were also obtained by vector network analysis. We
found that doping of the samples causes the reso-
nance frequency to decrease, and the sample with
the composition of SrMng4Cug 4ZrgsFe10.4019 has
the largest reflection loss and the widest bandwidth
of 5.11 GHz which is much larger than the ones that
were reported previously.
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