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Abstract: Electromagnetic (EM) wave pollution has become a severe problem in the civilian and
military sectors because of the increasingly popular in Mobile communications, the Internet, and
digital data networks. EM wave pollution not only threatens information security but also induces
various human diseases. This work presents a comparative investigation of the electromagnetic wave
absorption performance of SrFe2019, CoFe;0s, and SrFe;,019/CoFe,O4 materials. The samples
were synthesized using a sol-gel method combined with thermal annealing treatment. X-ray
diffractometry (XRD), scanning electron microscopy (SEM), vibrating sample magnetometer
(VSM) and vector network analysis (VNA) are achieved for microstructural, magnetic and
electromagnetic characterization of the sample. The results indicate that the nanocomposite exhibits
enhanced electromagnetic wave absorption properties compared with the individual SrFe;,019 and
CoFe,04 nanomaterials. The composite sample achieved a minimum reflection loss of —43.3 dB at
17 GHz with a thickness of 3 mm. The SrFe;»019/ CoFe;O4 nanocomposite exhibited superior
performance in terms of both minimum reflection loss and effective absorption bandwidth,
indicating its promising potential for microwave absorption applications.
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1. Introduction

The rapid development of wireless communication systems, high-frequency electronic devices, and
radar technologies has led to increasing electromagnetic (EM) pollution, which can cause serious
electromagnetic interference and threaten the stability and reliability of electronic systems [1, 2].
Therefore, the development of high-performance electromagnetic wave absorbing materials with
lightweight characteristics, strong absorption capability, broad effective absorption bandwidth, and
excellent environmental stability has attracted considerable attention in recent years [3, 4]. Among
various microwave absorbing materials, magnetic ferrites have been widely investigated because of their
high magnetic permeability, excellent chemical stability, corrosion resistance, and tunable
electromagnetic properties [5, 6]. In particular, M-type strontium hexaferrite SrFe;,0O191s considered a
promising candidate for microwave absorption applications due to its high magnetocrystalline
anisotropy, large coercivity, good thermal stability, and strong magnetic loss behavior in the GHz
frequency range [7]. However, the high anisotropy field and relatively low dielectric loss of pure SrFe2019
often result in poor impedance matching, limiting its microwave absorption performance [8, 9].

To overcome these limitations, the construction of composite structures combining hard magnetic
and soft magnetic ferrites has emerged as an effective strategy to enhance electromagnetic wave
absorption properties [6, 10, 11]. Spinel cobalt ferrite CoFe,O4 is a typical soft magnetic material
possessing high saturation magnetization, moderate coercivity, high electrical resistivity, and significant
magnetic loss capability [6]. The incorporation of CoFe,O4 into SrFe»O19 can effectively improve
impedance matching, interfacial polarization, and synergistic dielectric—-magnetic loss mechanisms.
Furthermore, the exchange coupling interaction between hard and soft magnetic phases can contribute
to enhanced magnetic resonance behavior and attenuation capability of electromagnetic waves [12].

Recently, several studies have demonstrated that hexaferrite/spinel ferrite composites exhibit
superior microwave absorption performance compared to single-phase ferrites [13-16]. The
enhancement is mainly attributed to the optimized electromagnetic parameters, multiple relaxation
processes, interfacial polarization, and improved attenuation characteristics generated at the
heterogeneous interfaces. In particular, SrFe;»201¢/CoFe>O4 composites are expected to exhibit strong
microwave attenuation owing to the synergistic combination of the high anisotropy field of SrFe,O19
and the excellent soft magnetic behavior of CoFe O, [14]. Nevertheless, the relationship between
composite composition, microstructure, magnetic properties, and electromagnetic wave absorption
performance still requires further investigation.

In this work, SrFe1,019, CoFe,04 and SrFe 1,014/ CoFe,O4 composite materials were synthesized and
systematically investigated. The phase structure, morphology, magnetic properties, and electromagnetic
wave absorption characteristics of the composites were analyzed in detail. The reflection loss and
effective absorption bandwidth in the GHz frequency range were evaluated to compare the microwave
absorption performance of the SrFe2019/CoFe;O4 (1:5) composite with those of the individual ferrite
components. The obtained results provide valuable insights into the design of high-efficiency ferrite-
based electromagnetic wave absorbing materials for practical applications in electromagnetic
interference shielding and microwave attenuation technologies.

2. Experiments

StFe 2019 and CoFe,O4 nanopowders were synthesized by via sol-gel method. Fe(NO3)s. 9H,O,
Sr(NO3), and Co(NO3),.6H,O were dissolved in deionized water to form an aqueous solution of 1M.
The nitrates used to synthesize SrFe 2019 and CoFe>O4 were dissolved in deionized water with the molar
ratio Sr/Fe is 1/11.5 and Co/Fe is 1/2. Citric acid (AC) was then added into the solution at fixed [Sr*" +
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Fe*']: AC and [Co*" + Fe+] : AC molar ratio of 1:3. NH;OH was used to adjust the pH to 1. After the
pH had been stabilized, the solution was stirred at 1000 rpm and gradually evaporated at 80°C. As the
water evaporated, the remainder became highly viscous gels as a result of the chelation process. These
gels were dried at 110°C for 24 h, and then heated at 450°C (for SrFei2019) and 200°C (for CoFe;0s)
for 2 hours to eliminate the remaining residual water and other organic impurities (aerogels were
formed). To form the hexaferrite and spinel phase, the gels were calcined in air at 900°C for 2 hours.
SrFe,010/CoFe>04 nanopowder (Rnm) was synthesized using the acrogel powders obtained previously.
SrFe,019 and CoFe,0s acrogel powders were uniformly mixed with mass ratios (Rm) of 1:5, denoted as
Rm15. Then the mixtures were pressed into platelets of 6 mm in diameter and sintered at 900°C for 2
hours. The crystal structure and phases of the obtained samples were identified via X-ray powder
diffraction (XRD) using a Siemens D5000 diffractometer (CuKa radiation, A = 1.54056 A).
Morphological features and particle size were observed by scanning electron microscopy (SEM, JEOL-
JSM 7600F). The magnetic were measured using a vibrating sample magnetometer (VSM, Lakeshore
7410) with applied magnetic fields up to 15 kOe.

In this study, SrFe;2019/CoFe;Os nanoparticles (Rm) combined with paraffin have a mass
concentration of 30%, displaying promising blending characteristics. Upon undergoing toroidal
molding, the mixtures acquired an internal diameter of 3.04 mm and an external diameter of 7.00 mm.
The microwave absorption properties were determined using the Keysight PNA-X N5242A vector
network analyzer.

3. Results and Discussion
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Figure 1. XRD patterns of SrFe12019, CoFe>O4and Ry, samples.

Figure 1 show the XRD parterns of samples. For SrFe2019, the samples were observed to form a
single phase after calcination at 900 °C for 2 h. The diffraction peaks are sharp and intense, indicating
a hexagonal crystal structure with the space group P6s/mmc. The characteristic diffraction peaks of
SrFe2019 phase located at 20 = 30.1°, 32.7°, 34.3°, 35.5°, 37.4°, 40.1°, 42.4°, 55.7°, 57.0°, and 63.3°
correspond to the crystallographic planes of (110), (107), (114), (200), (203), (205), (206), (217), (20
11), and (220), respectively [17], which are consistent with the standard PDF card No. 00-033-1340. No
impurity peaks were observed in the XRD pattern, confirming that SrFe 20,9 is the dominant phase in
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the sample. Similarly, the CoFe,O4 sample exhibits a cubic crystal structure with a spinel-type
configuration. The characteristic diffraction peaks appearing at 26 values of 30.4°, 35.5°, 37.2°, 43.1°,
53.8°,57.1°, 63.0°, and 74.4° are indexed to the (220), (311), (222), (400), (422), (511), (440), and (533)
crystallographic planes, respectively, in agreement with the standard PDF card No. 00-220-1086. The
sharp and intense diffraction peaks indicate that the sample possesses a well-crystallized spinel structure
with high phase purity and good crystallinity. Meanwhile, both CoFe,O4and SrFe;,O9 phases coexist
in the R sample.

Figure 2. SEM micrographs of SrFe2019(a), CoFe>Os4 (b) and R (c) samples.

From the SEM images of the samples (Figure 2), it can be observed that the SrFe;»Oi9 sample
consists of hexagonal-shaped particles with an average particle size ranging from 50 to 100 nm. The
CoFe;04 sample is composed of tetrahedral-like particles with non-uniform particle sizes distributed in
the range of 50-200 nm. Meanwhile, the R, sample is composed of hexagonal and cubic particles with
similar sizes, which are homogeneously interspersed throughout the composite.
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Figure 3. Hysteresis loops of SrFe2019, CoFe,O4 and Ry, samples.

Figure 3 a compares the hysteresis loops of the three samples at room temperature. The SrFe 2019
sample exhibits a complex magnetic behavior, with coercivity Hc and saturation magnetization Ms
reaching 7.1 kOe and 48.6 emu/g, respectively. The coercivity value of the SrFe 2019 sample obtained
in this work is approximately equal to that reported for samples synthesized by the same sol-gel method
under similar processing conditions in previous studies [18]. However, the magnetization values
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obtained in this study are about 23% lower than those reported previously, which can likely be explained
by the poorer particle size uniformity of the synthesized samples. The hysteresis loops of the R, sample
show single- step hysteresis loops suggesting two magnetic phase are exchange coupled to each other
[16]. The MS and HC of the Rm sample reachs 64 emu/g and 2.2 kOe, respectively. The HC of Rm
sample is larger about 20% than that of CoFe>O4 sample and lower about 70% than that of SrFei2019
sample. Meanwhile, the MS of Rm sample is larger about 30% than that of StFe12019 sample and lower
about 12% than that of CoFe>O4 sample. This result was mainly attributed to the MS of CoFe;QOj4 is higher
than that of SrFe»019 and the exchange coupled to each other in Rm sample.
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Figure 4. Frequency dependence of the real (a, b) and imaginary (c, d) parts of complex permittivity (&)
and complex permeability (u), respectively.

Figure 4 shows the frequency dependence of the real (¢') and imaginary (¢'") parts of the complex
permittivity, as well as the real (u") and imaginary (u'") parts of the complex permeability, for StFe;,01o,
CoFe;04, and the R,,composite samples in the frequency range of 2—18 GHz. In general, both &'and
€''slightly decrease with increasing frequency, which is consistent with dielectric relaxation behavior
and the Maxwell-Wagner interfacial polarization mechanism commonly observed in ferrite materials.
The CoFe,04 sample exhibits the highest 'and "' values, indicating stronger polarization and dielectric
loss behavior due to electron hopping between Fe*’/Fe*" ions. In contrast, StFe 2019 exhibits the lowest
values because of the high-resistivity of M-type hexaferrite. The R,, sample shows intermediate values
between the two constituent phases, suggesting that the formation of interfaces between SrFe 2019 and
CoFe;04 enhances interfacial polarization and improves dielectric loss characteristics. The SrFe2O19
sample exhibits relatively low and stable u'values, which are characteristic of magnetic materials with
high magnetocrystalline anisotropy. In contrast, CoFe;O4 and the R,, samples show stronger
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fluctuations in p', which are associated with natural ferromagnetic resonance and spin rotational
processes in the microwave frequency region. Notably, the R,,, samples exhibits the highest u'' values
over most of the investigated frequency range, indicating enhanced magnetic loss capability due to
exchange interactions between the hard magnetic SrFe;>O19 phase and the soft magnetic CoFe,O4 phase. This
enhanced magnetic loss behavior is highly beneficial for electromagnetic wave absorption applications and is
consistent with previous reports on composite samples.

The dielectric (tand. = €"/¢") and magnetic loss tangent (tand, = u'"/u') were determined. Figure 5
shows the dependence of tand, and tand, on frequency (f). It can be observed that the R,,,composite
exhibits the highest tan §.values over the entire investigated frequency range. This result indicates that
the dielectric loss capability is significantly enhanced compared with those of the SrFe;»Oi9 and
CoFe,04 samples. This behavior can be attributed to multiphase polarization and electron hopping
between Fe?'/Fe’” ions at the heterogeneous interfaces formed between SrFe;;019 and CoFe,Os. In
contrast, SrFe;2019 exhibits the lowest dielectric loss tangent due to the high-resistivity nature of M-type
hexaferrite. Regarding the magnetic loss tangent (tan ), the R;,sample also exhibits significantly
higher values than those of the SrFe;»O19 and CoFe,O4 samples. The enhanced magnetic loss can be
associated with natural ferromagnetic resonance, spin rotational relaxation, and exchange interactions
between the SrFe;2019 and CoFe,Os magnetic phases. Meanwhile, CoFe,O4 exhibits the lowest
tan 6, values over most of the investigated frequency range, whereas SrFei2O19 shows moderate
magnetic loss characteristics. The simultaneous enhancement of dielectric and magnetic losses in the
R, composite demonstrates its superior microwave attenuation capability, which is highly beneficial
for electromagnetic wave absorption applications.
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Figure 5. Frequency dependence of the dielectric (tand, = &¢'/¢’) and magnetic loss tangent (tand, = p"/p").

Figure 6 shows the reflection loss (RL) curves of SrFe 2019, CoFe>Os, and the R, composite with
different absorber thicknesses in the frequency range of 2—18 GHz. It can be observed that the
microwave absorption performance strongly depends on both the material composition and absorber
thickness. In general, the absorption peaks shift toward lower frequencies with increasing thickness,
which is consistent with the quarter-wavelength matching model commonly reported for microwave
absorbing materials [7].

Among the investigated samples, SrFei2019 exhibits excellent microwave absorption performance,
with a minimum reflection loss (RL,,;,) of approximately —39 dB at around 11 GHz for a thickness of
2.5 mm. The CoFe;O4 sample shows relatively weaker absorption capability, with the strongest
absorption peak reaching about —29 dB at approximately 14.5 GHz for the 3 mm sample. In contrast,
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the R,, composite demonstrates the best microwave absorption performance among all investigated
samples. The composite achieves an RL,,;,value of approximately —43.4 dB at around 17 GHz with a
thickness of 3 mm, indicating superior microwave attenuation capability.

Moreover, all samples exhibit RL values below —10 dB within certain frequency ranges,
corresponding to more than 90% absorption of incident electromagnetic waves. Notably, the
R,, composite presents broader effective absorption bandwidths compared with the individual SrFe2019
and CoFe;Os4 phases, suggesting improved impedance matching and enhanced attenuation
characteristics. The enhanced microwave absorption performance of the composite can be attributed to
the synergistic contribution of dielectric loss and magnetic loss, as well as interfacial polarization and
exchange coupling interactions between the hard magnetic SrFei2Oi9 phase and the soft magnetic
CoFe;04 phase [20, 21]. The strong RL performance observed in this work is comparable to or better
than many previously reported ferrite-based microwave absorbers. Similar enhancement mechanisms
have been reported in hard/soft ferrite composites, where the coexistence of multiple dielectric and
magnetic loss mechanisms contributes significantly to improved electromagnetic wave attenuation and
impedance matching behavior. Therefore, the obtained results indicate that the prepared R,,, composite
is a promising candidate for high- performance electromagnetic wave absorption applications in the
GHz frequency region.
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Figure 6. The reflection losses of SrFe;,019, CoFe,O4 and Ry, samples.
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4. Conclusion

The SrFei2019, CoFe;0s, and SrFe2010/CoFe,0s samples were synthesised. Their microwave
absorption properties were studied and compared in the 2—18 GHz range. Among the investigated
samples, the R,,composite demonstrated the best microwave absorption performance, achieving a
minimum reflection loss (RL,,;, ) of approximately —43 dB at around 17 GHz with a thickness of 3 mm.
In addition, the composite exhibited a broad effective absorption bandwidth with RL values below —10
dB over a wide frequency range, corresponding to more than 90% absorption of incident electromagnetic
waves. The enhanced absorption performance was mainly attributed to the synergistic effect of dielectric
loss, magnetic loss, interfacial polarization, natural ferromagnetic resonance, and exchange interactions
between SrFe2019 and CoFe;O4. These findings demonstrate that the prepared SrFei2019/CoFe,0O4
composite is a promising candidate for high-performance electromagnetic wave absorption applications
in the GHz frequency region.
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