JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;15:1416-1429

JOURNAL OF MATERIALS

J RES o ECHNOLOGY
= n

A\

Journal of Materials Research and Technology

Available online at www.sciencedirect.com

journal homepage: www.elsevier.com/locate/jmrt

Original Article

Alterations in the magnetic and electrodynamic S

Check for

properties of hard-soft Srp sBag sEug o1Fe12,0414/
Ni,CuyZn,Fe,0, nanocomposites

M.A. Almessiere *>"", Y. Slimani """, H. Attia ¢, S.I.M. Sheikh ©,
Ali Sadaqat %, M.G. Vakhitov */, D.S. Klygach ®/, M. Sertkol 9, A. Baykal ",
A.V. Trukhanov &%

& Department of Physics, College of Science, Imam Abdulrahman Bin Faisal University, P.O. Box 1982, Dammam,
31441, Saudi Arabia

® Department of Biophysics, Institute for Research and Medical Consultations (IRMC), Imam Abdulrahman Bin Faisal
University, P.O. Box 1982, Dammam, 31441, Saudi Arabia

¢ Electrical Engineering Department, King Fahd University of Petroleum and Minerals, Dhahran, 31261, Saudi Arabia
d Mechanical and Energy Engineering Department, College of Engineering, Imam Abdulrahman Bin Faisal University,
P.O. Box 1982, Dammam, 31441, Saudi Arabia

€ South Ural State University, Chelyabinsk, 454080, Russia

f Ural Federal University, Ekaterinburg, 620002, Russia

& Deanship of Preparatory Year Building 450, Imam Abdulrahman Bin Faisal University, P.O. Box 1982, Dammam,
31441, Saudi Arabia

B Department of Nanomedicine Research, Institute for Research and Medical Consultations (IRMC), Imam
Abdulrahman Bin Faisal University, P.O. Box 1982, Dammam, 31441, Saudi Arabia

1SSPA “Scientific and Practical Materials Research Centre of NAS of Belarus”, Minsk, 220072, Belarus

J L.N. Gumilyov Eurasian National University, Nur-Sultan, 010000, Kazakhstan

ARTICLE INFO ABSTRACT

Article history: Hard/soft (H/S) SrosBagsEugoiFe;2,010/NiyCuyZnyFe,0, nanocomposites (NCs) were pro-

Received 25 June 2021
Accepted 29 August 2021
Available online 7 September 2021

Keywords:

Hard-soft nanocomposites
Spinel ferrites

Hexaferrite

Microwave absorption
Magnetic properties

* Corresponding author.
** Corresponding author.
*#* Corresponding author.

duced via a one-pot sol—gel auto-combustion procedure. Phase and surface analyses were
performed using X-ray diffraction (XRD), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and high-resolution transmission electron microscopy
(HR-TEM). Magnetization measurements for H/S NCs with different x, y, and w ratios were
investigated at two different temperatures (300 and 10 K). The M—H curves were not
smooth for the different H/S NCs, revealing that the exchange interaction was incomplete.
The derivative of the magnetization (dM/dH versus H) exhibited two separate peaks, con-
firming the non-coupled H/S mixtures. Maximum saturation magnetization (M) values of
93.9 and 63.1 emu/g were obtained at 10 and 300 K, respectively, for the H/S SrosBags.
Eup 01Fe11.99010/Nig 3CUg 3219 4Fe,04 NC, which contained the highest content of Zn and the
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same contents of Ni and Cu within the soft magnetic phase. The calculated squareness
ratios (SQR = M,/M) were less than 0.5, indicating incomplete exchange coupling. The
coercive field (H.) of the produced NCs reached a maximum value of approximately 2485 Oe
at 300 K and 2331 Oe at 10 K with a decrease in the M; values to 56.9 emu/g at 300 K and 78.5
emu/g at 10 K for the H/S Srg sBag sEug 01Fe11.99019/Nig gCug 1210 1Fe,04 NC, which contained
lower fractions of Zn and Cu and the highest fraction of Ni. The reflection/transmission-
based waveguide approach was employed to investigate the electrodynamic properties
of the H/S NC samples within a frequency band of 7—18 GHz. The reflection and trans-
mission coefficients (S;1/S,;) were measured using a vector network analyzer (VNA) for the
sample placed inside a waveguide. The frequency dispersions of the magnetic permeability
and electric permittivity were calculated.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Spinel ferrites play important roles owing to their ease of
synthesis, chemical stability, and high electrical resistivity.
They are employed in numerous areas, such as data storage,
sensors, medicines, telecommunications, photo-catalysts,
microwave, magneto-optical, cancer treatment, and photo-
active materials [1—4]. In recent years, hard/soft (H/S) nano-
composites (NCs) have been utilized extensively owing to
their exceptional microwave absorption, electromagnetic
(EM), and magnetization characteristics [5,6]. There are
numerous composites based on hard/soft ferrites, such as
Nig sZng sFe,04/BaFe 5019 [7], NiFey04/SrCopoFeq118019  [8],
Nip 6Zng 4Fe204/SrFe1,019 [9], SrFe;2019/FeCo [10], BaFe 5,010/
CoFe,04 [11], MngegZngsFe;04/S10g5Bag 1sFe12019 [12], Nigs-
ZngysFe,04/SrFe 5,019 [13], SrFe;5014/NipsZngsFe,04  [14],
BaFe;,049/CoFe,0,4 [15], Lip 3C00 5Zng 2Fe,04/SrFe 5,044 [16], and
(Mng sMgo 2Fe;04) (1-x/(BaZng.15Alp 15Feq1 7010)x [17]. It has been
determined that a high coercive field (H.) and high saturation
magnetization (Ms) can be realized via exchange coupling of
the hard and soft phases [18,19]. Many studies have reported
the behavior of exchange coupling in nanopowders, metal
alloys, and thin films such as Sm—Co/Fe [20], SmCoy_Co [21],
Pr,Fe;»B [22], and FeNi/FePt [23]. Recently, nanocomposite
magnetic materials have attracted attention as a result of
their exceptional magnetic properties. Some significant fac-
tors have been identified, such as the grain size, magnetic
interaction, composition, and microstructure of soft and hard
ferrites [18]. It has been noted that the appropriate calcination
process and mass ratio can improve the magnetic properties
of H/S ferrites [24,25]. It is difficult to realize high magnetic
saturation and high coercivity simultaneously because most
magnetic materials exhibit a high value of coercivity and a low
magnetization saturation [26]. Consequently, it is necessary to
synthesize composite materials to achieve the exchange
coupling of hard and soft magnetic structures [27,28]. In
addition, spinel hard and soft ferrite composites have excel-
lent electrical resistivity and high corrosion resistance [14].
Soft spinel ferrites play an important role in microwave ap-
plications because of their less anisotropic properties [29]. It
has been reported that hard hexagonal ferrites (such as
BaFe;,0;9) exhibit excellent anisotropy and a high resonant
frequency that is adequate up to the W-band [30]. Conse-
quently, the chemistry of highly anisotropic hard ferrites and

slightly anisotropic soft ferrites can be used for diverse mi-
crowave applications [31,32], such as the construction of
radar-absorbing materials (RAM) used for military and de-
fense applications [5]. Nevertheless, a wideband frequency
range, thin absorption layer, and high absorption peak cannot
be achieved with a single material of an exemplary radar
[6,33]. The exchange between hard and soft ferrite phases
constructs standard nanocomposites that may be useful and
appropriate [34]. The magnetic and dielectric nanocomposites
exhibit high permeability (u,) and large permittivity (e,)
attributable to the exchange-coupling effect. However, certain
nanocomposites operating at frequencies in the range of
12—18 GHz are used in military and sensitive applications
[35,36]. Functional composites based on transition metal ox-
ides (Fe304, BaFe;;.xDx019) With a polymer matrix [37,38] have
been widely investigated.

With the synthesis and development of new nano-
composite materials and their varied use in new applications,
it has become crucial to employ highly accurate techniques
for the characterization of their EM properties [39—41].
Furthermore, this characterization must be viable for a broad
spectrum of materials. Nondestructive testing (NDT), which
serves as a tool to characterize nanocomposite materials
without causing any damage to the sample or permanently
altering its structure, can be adopted through EM techniques
to measure material properties smoothly and accurately.
Typical reflection/transmission (R/T) or reflection-only NDT
methods include free-space reflection and open-ended probe
techniques [39—44]. These are preferred as they do not disrupt
the material integrity, and they are utilized in several areas
such as the biomedical, construction, and mechanics fields.
However, these methods are inaccurate and complex in
mathematical modeling compared with guided R/T tech-
niques based on microwave waveguides.

As such, it is important to characterize the EM properties of
H/S NCs accurately to remove sources of error in this study.
Various characterization techniques have been reported in the
scientific literature [44—46]. These can be broadly categorized
into two groups: resonance techniques and R/T methods. Reso-
nance techniques can deliver highly accurate EM character-
ization, although the sample under study and the designed
resonator need to be fabricated with a great degree of precision
[45]. Additionally, these methods are generally limited to a
narrow range of materials and the measurement of properties
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such as permeability, permittivity, and the sample size. The
challenges associated with resonance techniques include their
cost and impracticality when used in research laboratories
where material characterization is not the primary focus, but
rather serves as the first step in the design of a device.

On the other hand, R/T methods based on EM devices such
as coaxial lines, waveguides, and free-space propagation can be
used to characterize composite materials. R/T characterization
is a wideband method, unlike other methods that work on
single or multiple frequencies. The working frequency band for
performing the characterization is dependent on the type of R/
T device used for measurement. Waveguides and coaxial cables
employ a unimodal propagation band for material character-
ization. Coaxial cables are practical as they can provide a wider
bandwidth and, in theory, support low-frequency measure-
ments owing to the absence of a cut-off band. The problem
with this technique is that the material should be prepared in
such a shape that it can conform to the concentric corona of the
cable, which is problematic from a manufacturing perspective.
On the other hand, waveguide characterization requires
simpler sample preparation, which makes it preferable to the
use of coaxial cables, despite its lower allowable bandwidth.

The R/T-based waveguide approach is used to study the
electrodynamic properties of H/S S1—-S5 NCs in this study.
First, the coefficients of the reflected and transmitted energy
(S11—S21) are measured using a vector network analyzer (VNA)
for a sample placed in a waveguide with a cut-off frequency of
7 GHz. Consequently, the frequency dispersions of the
permittivity and magnetic permeability are calculated based
on the measured S;1—S,1.

Therefore, we have selected a nano-composition consisting
of SrpsBagsEug 01Fe12010 as a hard ferrite and Ni,CuyZn,Fe,04
as a soft ferrite. These materials were selected based on the
improvement in the structural and magnetic properties of Eu-
doped M-type hexaferrite and Ni—Zn—Cu spinel ferrite ac-
cording to various research reports. C. Liu et al. studied the
impact of Eu substitution in Sr-hexaferrites on their structure
and magnetic features [46]. They found that there was a
considerable improvement in the saturation magnetization
(Ms) and intrinsic coercivity (Hc) with substitution Moreover, A.
Zafar et al. investigated the electrical and magnetic character-
istics of Eu-doped barium hexaferrites. The samples exhibited a
decreased conductivity and increased saturation magnetiza-
tion and coercivity with Eu doping [47]. B. Thangjam et al. and
D. Venkatesh et al. explored the magnetic properties of Cu-
substituted Ni—Zn spinel ferrites. They observed superior
magnetic characteristics when the Cu concentration was var-
ied [48,49]. As a result, we produced H/S Sro sBag sEug 01Fe1201¢/
Ni,CuyZn,,Fe,0,4 (51—S5) NCs and explored the effects of vary-
ing the Ni, Cu, and Zn ratios on the structural parameters and
magnetic and microwave (MW) properties. To the best of our
knowledge, there have been no similar studies on this
composition, and thus the results presented here can
contribute significantly to the research field of H/S ferrite NCs.

2. Experimental

For the H/S Sro‘5Bao'5Euo_01Fe12019/NiXCuyanFe204 NCS,
x = 0.2, y = 0.4, w = 0.4 is denoted as sample S1; x = 0.3,

y =0.3, w=0.4is sample S2; x = 0.4, y = 0.4, w = 0.2 is sample
S3; x=0.6,y =0.2, w = 0.2 is sample S4; and x = 0.8, y = 0.1,
w = 0.11is sample S5. The H/S NC samples were produced via
a one-pot sol—gel citric auto-combustion approach. To pre-
pare the SrgsBag sEup 01Fe12019 solution, specific amounts of
Sr(NO3),, Ba(NOs3),, Eu(NOs)s, and Fe(NO3)3-9H,0 were mixed
with 80 mL of DI H,0 and stirred at 80 °C for 15 min. The
Ni,CuyZnyFe,0, solutions were synthesized by mixing
certain ratios of Ni(NO3),, Zn(NOs),, Cu(NOs),, and Fe(NOs)s.
-9H,0 according to the chemical formulas for samples S1-S5
with 80 mL of DI H,O and stirring at 80 °C for 15 min. Sub-
sequently, the solutions of SrgsBagsEugo1Fe;2019 and each
Ni,CuyZnFe,04 composition were mixed, and C¢HgO; was
added with continuous stirring for 30 min. Subsequently, the
pH of the solutions was adjusted by adding ammonium so-
lution to reach pH 7, and the solutions were held at 165 °C for
1h and then heated to 350 °C until the solution turned into a
viscous gel. Then, the gel was heated until it burned
completely to obtain a fluffy black powder that was sintered
at 950 °C for 6 h.

The formation of the products was confirmed using x-ray
diffraction (XRD) with a Rigaku D/MAX-2400. Surface and
microstructural analyses were performed using a Tescan
field emission scanning electron microscope (FE-SEM) with
energy dispersive x-ray spectroscopy (EDX) and a Titan

(85)

(2011)(333)
o(220) (404)

b(2014) (424)

Intensity (a. u.)

20 30 40 50 60 70
20 (°)

Fig. 1 — Powder XRD patterns of S1—S5 H/S NCs.
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Table 1 — Determined structural parameters for various H/S NCs.

Product Dxrp (nm) Hard phase Soft phase
Soft Hard a=b(A) c (A) Fraction (%) a=b=c(A) Fraction (%)

Sro5Bag.sEup 01Fe12019 - 67.1 5.8934 23.1314 100 — -

S1 48.6 84.6 5.8823 23.0820 78.7 8.4388 21.3

S2 48.2 78.6 5.8843 23.0958 79.5 8.4024 20.5

S3 39.9 62.5 5.8872 23.0961 78.5 8.3665 21.5

S4 33.9 54.5 5.8864 23.0980 73.0 8.3502 27.0

S5 20.0 52.3 5.8830 23.0851 72.9 8.3611 27.1

transmission electron microscope (TEM). The magnetic
properties of the products were investigated using a Quan-
tum Design SQUID-PPMS vibrating sample magnetometer
(PPMS DynaCool, Quantum Design, San Diego, CA, USA). The
MW properties in the range of 7—18 GHz were calculated for
the five investigated samples using an Agilent VNA (Model
E5071C) employing the transmission-line approach for the
measurement. The samples were placed inside a rectangular
waveguide to interfere with the propagating waves. The
measured coefficients of the reflected (S1;) and transmitted
(S21) energies were transformed to permittivity and perme-
ability values (real and imaginary parts) using the Nic-
olson—Ross—Weir algorithm [38] based on the measured S-
parameters at different frequencies.

3. Results and discussion
3.1. Microstructure

The XRD patterns of the S1-S5 H/S NCs are illustrated in
Fig. 1. The XRD patterns of several NCs presented peaks

associated with spinel ferrite and Sr—Ba hexaferrite, which
confirms the occurrence of hard and soft phases together
with no configuration of any secondary phases. The cell pa-
rameters of the S1-S5 H/S NCs and the proportions of both
hard and soft ferrites were estimated using Match! v. 3 Full
Proof software and are listed in Table 1. The cell parameters
of both phases fluctuated slightly with changes in the ratios
of Ni, Cu, and Zn in the soft side because of the redistribution
of ions in the spinel structure [46]. Furthermore, the crys-
tallite size (Dxgrp) of the S1-S5 H/S NCs was obtained using
the Scherrer equation. The crystallite size decreased with the
variation in the amounts of Ni, Cu, and Zn. Moreover, the
crystal size of the hard phase was nearly 57% greater than
that of the soft phase [47]. The variation in crystallite size is
due to the boundary migration that generally occurs through
extended-range diffusion among hard and soft phase sys-
tems [48].

3.2.  Morphological investigation

The FE-SEM analysis of SrgsBag sEugo1Fe12019 and the S1-S5
H/S NCs is shown in Fig. 2. The images show an

Fig. 2 — SEM micrographs of the S1-S5 H/S NCs.


https://doi.org/10.1016/j.jmrt.2021.08.137
https://doi.org/10.1016/j.jmrt.2021.08.137

1420

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;15:1416-1429

accumulation of hexagonal grains, which belong to the hard
ferrite, with small spherical grains of soft ferrite distributed
uniformly on the top surface of the hexagonal grains; this
confirms the co-occurrence of both soft and hard phases.
Additionally, these observations were confirmed by the TEM
images of the S2 and S4 H/S SrosBag.sEug.01Fe12010/NixCuy.
ZnyFe,04 NCs, as shown in Fig. 4. The images confirm the
assembly of hexagonal grains covered by small spherical
grains. Moreover, the co-formation of H/S NCs was
confirmed via HR-TEM by measuring the lattice space for
hard and soft NCs, as shown in Fig. 4. Elemental analysis of
the S2 and S3 H/S SrgsBagsEugoiFe12016/NixCuyZn,Fe 04
NCs was performed via EDX and elemental mapping (Fig. 3).
The results demonstrate the presence of Sr, Ba, Eu, Ni, Zn,
Cu, Fe, and O, which confirms the creation of the H/S phase
without any impurities.

3.3.  Magnetization

Before investigating the magnetic features of the S1-S5 H/S
NCs, the magnetic traits of Eu-substituted SrBa hexaferrite
and NiCuZn ferrite should be discussed. According to the
literature, NiCuZn spinel ferrite nanoparticles are generally
soft magnetic materials displaying hysteresis loops with very
high Mg and very low H. values [49-57]. For instance, Ch.
Sujatha et al. [54] examined the magnetic features of NiCuZn
nano-ferrites fabricated via a sol—gel process. The materials
prepared at different temperatures showed super-
paramagnetic (SPM) behavior with M; values of approximately
66.9-76.7 emu/g and very low H. values of approximately
12—-49 Oe. Additionally, the magnetic traits of NiCuZn ferrite
nanoparticles produced via sol—gel
analyzed by L. Yu et al. [56]. The prepared products exhibited

combustion were
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Fig. 3 — Elemental mapping and EDX spectra of the S2 and S3 H/S NCs.
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soft magnetic properties with high M; in the range of 53—72
emu/g and low H. of 52—98 Oe. In addition, S.E. Jacobo et al.
[58] examined the features of NiCuZn ferrite nanoparticles
produced through the sol—gel auto-combustion process fol-
lowed by calcination at various temperatures. The obtained
magnetic parameters, such as Mg and H. in the ranges of
65—84 emu/g and 11-27 Oe, respectively, revealed the soft
magnetic features of the prepared nanoparticles. In another
report, A.D. Karisma et al. [60] prepared nanoparticles of
NiCuZn spinel ferrites through MW direct denitration. The
obtained products were classified as soft magnetic nano-
materials with an M; of 51.7 emu/g and H. of 1.6 Oe. Similarly,
Y. Slimani et al. investigated the features of NiCuZn ferrite
nanoparticles substituted with different elements, such as Eu
[57], Tb [59], Tm [60], and Nd—Y [61]. The non-substituted NPs
exhibited SPM behavior at room temperature with Mg values
that reaching 59 emu/g and H. values of approximately
1-12 Oe, revealing their soft magnetic character. An analysis
of the magnetization curves performed at 10 K illustrated a
soft ferromagnetic character with a coercivity of approxi-
mately 169 Oe.

On the other hand, SrBa hexaferrites are considered hard
magnetic materials, showing broad hysteresis loops with
moderate Mg and high H. values [60—64]. C. Liu et al. [46]

studied the impact of Eu*" ion substitution (x = 0.00—0.25) on
the physical properties of Sr hexaferrite. A considerable
enhancement of the Mg and H. values was observed at both
ambient and very low temperatures under the influence of Eu
substitution. The M; values increased continuously with
increasing Eu content up to 0.15-0.20, and then decreased
significantly with a further increase in Eu content. The highest
H. values of 2850 Oe at 300 K and 1338 Oe at 5 K were found in a
sample with an Eu content of approximately x = 0.10. In
another study, A. Zafar et al. [47] reported the impact of Eu
doping on various physical features of Ba hexaferrite. The
magnetization results indicated that Mg improved from
approximately 30.5 to 54.3 emu/g and H. increased from
approximately 3030 to 8730 Oe with an increase in the Eu®"
content. The enhancements in Mg and H. with Eu substitution
have been attributed to the improvement in super-exchange
interactions in the Fe*"-O-Fe®" molecules and the magneto-
crystalline anisotropy of the product under the effect of Eu
doping, respectively. Similarly, F. Khademi et al. [65] investi-
gated the magnetic characteristics of Eu-doped Ba hex-
aferrites. They reported an increased coercivity of up to
6120 Oe with Eu* substitution, which is principally caused by
the increase in magneto-crystalline anisotropy. I. Ali et al. [66]
studied the properties of Eu-doped SrCa hexaferrite as

hard ferrite phase

0.46 nm
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f hard ferrite phase
0.57nm -
(004)
% soft ferrite phase
0.14 nm
(531)
soft ferrite phase

0.29 nm
(220)

e M 20

Soft ferrite phase

0.29 nm
(220)

hard ferrite phasey

Fig. 4 — TEM and HR-TEM images of the S2 and S4 H/S NCs.
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Sr0.8CapoFers xEuyOio (x = 0.00—0.25). It was shown that the Hc
value increased with increasing Eu* jon content, from
approximately 2412 Oe for the non-substituted sample
(x = 0.00) to 4045 Oe for x = 0.25. The authors attributed this
enhancement to the improvement in shape anisotropy
resulting from the decrease in grain size with the increase in
Eu* content; thus, the inclusion of Eu plays the role of an
inhibitor for the growth of grains. In a recent study, we
investigated the physical properties of Eu—Nd co-substituted
SrBa hexaferrite [62]. An improvement in the H. values was
observed at both 300 and 10 K under the substitution effect.
The maximum H. values were approximately 2.78 and
2.41 kOe at 300 and 10 K, respectively.

Fig. 5 illustrates the M—H data obtained at low and room
temperatures for the magnetic S1-S5 H/S NCs. Magnetiza-
tion measurements were conducted under an applied
magnetic field of 70 kOe at both 300 and 10 K. The M—H
curves are smooth for the various prepared S1-S5 H/S
NCs. It has been established that a hysteresis loop with a
smooth shape suggests a ‘collaborative’ magnetic switching
of the two interacting magnetic grains across a good ex-
change coupling between the two phases. For the various
produced NCs, the reversal in magnetization is not smooth,
and the M—H curves do not exhibit a single-phase character
in the second quadrant, signifying that the exchange
interaction is incomplete. Based on previous reports, the
exchange interaction may be significant for the magnetic
characteristics of the NC when the size of the soft magnetic
phase does not exceed twice the domain wall width of the
hard phase [67—70]. Taking into account that the M-type
hexaferrite has a domain wall width of approximately
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10 nm [71], the soft magnetic phase may exhibit a mean size
of approximately 20 nm.

Furthermore, Y. Sun et al. [72] confirmed these calculations
and reported that the average dimension of hard magnetic
grains may be greater than 40 nm. In comparison, soft mag-
netic grains may be smaller than approximately 20 nm to
establish an excellent exchange-coupling effect. Nevertheless,
here, the size of the grains for NiCuZn ferrite nanoparticles
exceeds 30 nm (Table 1), which is inconsistent with the as-
sumptions of the theoretical calculations. Hence, it will be
challenging for the exchange interaction to occur between the
two magnetic grains in these NCs, and consequently, the
dipolar interactions will be dominant [27,73]. This results in
the observation of a kink in the second quadrant of the M—H
curve (Fig. 5) for NCs exhibiting weak exchange coupling.

The values of Mg, H¢, and remanence (M,) are presented in
Fig. 6 for different NCs. Maximum M; values of 63.1 and 93.9
emu/g were obtained at 300 and 10 K, respectively, for sample
S2, which contained the highest Zn content and the same Ni
and Cu contents in the soft magnetic phase part. For the
various produced NCs, M, was practically the same. Generally,
M; is a fundamental characteristic of a product. Hence, it is
strongly affected by the different synthesis methods, mor-
phologies, shapes, dimensions, and structural properties of
the ferrite (nano)-particles, as well as the distribution of con-
stituent phases within the NCs [74—76]. The calculated values
of the squareness ratio (SQR = M,/M;) are shown in Fig. 7. An
SQR value of greater than 0.5 is considered a convincing cri-
terion for the existence of the exchange coupling effect, while
an SQR value of less than 0.5 is an indication on incomplete
exchange between the two magnetic phases [77]. In the
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Fig. 5 — Magnetization versus field curves for S1—-S5 H/S NCs performed at (a,b) T = 300 K and (c,d) T = 10 K.
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Fig. 6 — Evolution of the M;, M,, and H, values for S1—-S5 H/S
NCs.

present study, the obtained SQR values were less than 0.5 for
all of the synthesized NCs, confirming that the exchange
coupling was incomplete.

The H. values for different NCs were located amid those of
the individual hard and soft magnetic phases. The coercive
field of the produced NCs reached a maximum value of
approximately 2485 Oe at 300 K and 2331 Oe at 10 K with a
drop in M; values to 56.9 emu/g at 300 K and 78.5 emu/g at
10 K for sample S5. This sample contained lower fractions of
Zn and Cu, and the highest fraction of Ni. Without the
presence of a soft phase, the magnetic moments of the hard
grains are coupled, leading to deviations in the magnetic
moments from the easy axis. Generally, when the soft phase
is inserted into the hard grains, the effect of dipolar in-
teractions is weakened owing to the appearance of hard—soft
interactions in addition to the direct hard—hard coupling
interaction. For the lower soft phase fraction, the hard grains
exert a powerful exchange force on the magnetic moments of
the soft grains, and hence the coercivity will be increased.
However, above a certain level, when the soft fraction in-
creases, the exchange coupling will be reduced, while the
dipolar interactions (soft—soft interactions) will become
significant [27,73]. Thus, the coercive field will decrease.
Furthermore, some soft grains may switch the magnetic
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Fig. 7 — Galculated SQR values for S1-S5 H/S NCs.

moments of the neighboring hard grains once the demag-
netizing field is reversed. The extra demagnetizing field can
also reduce the coercive field in the whole NC [67]. Addi-
tionally, numerous factors, including the interface condition,
morphology, and grain size, affect the coercivity. Quantifi-
cation of these diverse parameters is challenging. Therefore,
it is difficult to monitor the coercive force in NCs.

The magnetization curves were differentiated to assess the
tendency of irreversible susceptibility with respect to the
reversing field. Fig. 8 presents the plots of dM/dH versus H at
300 and 10 K for different NCs. Such an analysis can provide
information about the interphase exchange coupling. Typi-
cally, two separate peaks are anticipated for non-coupled H/S
mixtures, whereas a single peak is observed for well-
exchanged composites [78,79]. Additionally, the width of the
dM/dH peaks is an indicator of the effectiveness of the H/S
interphase exchange coupling. The wider the peaks, the worse
the exchange coupling between the hard and soft phases is.
The manifestation of a maximum in the vicinity of zero fields
suggests that a large fraction of soft crystallites are uncoupled
by the exchange effect. This broad peak shows a large range of
crystallite sizes that exhibit various degrees of exchange
coupling. Overall, the different NCs presented two peaks at
the two measured temperatures. This indicates that the
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Fig. 8 — Plots of dM/dH vs. H for S1-S5 H/S NCs carried out
at(a) T=300K and (b) T = 10 K.
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reversal in magnetization is not accomplished in one step in
these NCs.

3.4.  Microwave properties

The MW properties of the nanocomposite samples were
investigated at frequencies of 7—-18 GHz using a VNA with the
waveguide R/T method, as shown in Fig. 9. The permittivity (e)
and permeability (1) values of the samples were determined
using the Nicolson—Ross—Weir method based on the scat-
tering S-parameters measured over the wide frequency range
of interest [80—82]. To determine the electromagnetic pa-
rameters of the investigated materials, we used a section of
the transmission line with a waveguide (air filling), as shown
in Fig. 9.

Figs. 10—13 depict the dependences of the real and imagi-
nary parts of ¢ and p as functions of the frequency of the
investigated composites. Because the electrodynamic pa-
rameters were measured at frequencies of 7—18 GHz, the main

contributor to the formation of the dielectric constant value is
the polarization losses (dipole polarization). The dipole po-
larization that determines the value of the real part of the
permittivity is a result of the dipole orientations in the AC
electric field. Because the studied material samples are a
mixture of several components, the main contributors to the
dielectric constant value are nickel, copper, and zinc.

The absorption of the electromagnetic field energy is
manifested at frequencies coinciding with the natural fre-
quencies of the precession of the magnetic moments of the
electronic system of the ferromagnetic sample in the internal
effective magnetic field. This is the excitation in the entire
volume of the sample of oscillations of the uniform precession
of the magnetization vector, which is caused by a magnetic
microwave field. In general, this is ferromagnetic resonance.
The main characteristics of ferromagnetic resonance, i.e., the
resonance frequencies, relaxation, shape and width of the
absorption lines, and nonlinear effects, are determined by the
collective multielectron nature of ferromagnetism. In this
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Fig. 9 — Setup for measurement of the microwave properties of samples: (a) detail of the waveguide structure when the three
pieces are moved away from each other, (b) waveguide connected to the vector network analyzer using low-loss RF cables,

and (c) disassembled waveguide structure.
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Fig. 10 — Values of the real part of the permittivity of S1-S5
H/S NCs over the 7—-18 GHz range.

case, the presence of a domain structure in the ferromagnet
complicates the process, leading to the possibility of the
appearance of several resonance peaks, and the resonant
absorption of MW energy causes local heating. The ferro-
magnetic resonance frequency of a flat sample in a parallel
external field is calculated using the Kittel equation:

f = 5= /BB + o) (1)

where M is the magnetization of the material.

The magnetization depends on the p,, vector of the mag-
netic moment for the entire set of atoms in a given volume of
the material, V.

Pm
M= 2

Accordingly, by increasing the number of ions in the
material, the vector of the magnetic moment increases (with
a constant volume), and the magnetization and frequency of
absorption of the energy of the electromagnetic field
increase.
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Fig. 11 — Values of the imaginary part of the permittivity of
S1-S5 H/S NCs over the 7—18 GHz range.
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Fig. 12 — Values of the real part of the permeability of
S1-S5 H/S NCs over the 7—18 GHz range.

The dipole moment can be calculated using following
equation:

Mg=e-r (3)

where e is the charge of the partial dipole, and r is the distance
between negative and positive charges.

Fig. 10 shows that an increase in the Ni content affects the
permittivity of the mixture. For example, sample S5 has a nickel
content of 0.8, which is the highest among all samples, while
the copper and zinc contents are minimal at 0.1. Hence, S5
exhibits the highest dielectric constant. On the other hand,
increasing the copper and zinc contents will lead to a rapid
decrease in permittivity because the dipole moments for cop-
per and zinc are opposite to the main dipole moment of nickel.

Owing to the differences in the shapes and polarizabilities
of the f-, p-, and s-electronic orbitals, the center of the dipole
moment is shifted towards nickel by r, which results in gen-
eration of the so-called homopolar moment of the dipole. An
increase in nickel content accompanied by a decrease in the
copper and zinc contents in the composite maximizes the real

o
co
1

g\

o
'S
|

o
N
N

- —— .
7 8 9 10 1 12 13 14 15 16 17 18
f, GHz

Fig. 13 — Values of the imaginary part of the permeability of
the S1-S5 H/S NCs over the 7—18 GHz range.
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part of the permittivity (¢') over the entire frequency range (see
Fig. 10).

The dielectric losses of materials are determined by the
imaginary part of the permittivity (¢"). At lower frequencies,
when dipole polarization exists, these losses are substantial.
With increasing frequency, the orientations of the dipoles do
not have time to change in the AC field. This results in
transformation of the dipole polarization to a polarization due
to the ion-relaxation processes. This type of polarization (i.e.,
ion relaxation) can be described by the ion shifts in the crystal
lattice.

The permeability (u) of the composites exhibits distinct
peculiarities over the considered frequency range in a similar
manner to the permittivity, as shown in Figs. 12 and 13. All of
the studied samples behave like ferromagnets (where u > 1).
Larmor's theorem can explain this change in permeability
with frequency. Samples of a substance in a quiescent state
exhibit a magnetic moment with a small value that does not
drastically alter the whole magnitude of the permeability. On
the other hand, when a time-varying magnetic field excites
the substance, precession of the magnetic moment of elec-
trons will begin according to Larmor's theorem.

Because nickel, copper, and zinc have practically the same
number of electrons (they are located in series sequentially),
an increase in the frequency provokes an increase in the
precession of the electrons’ magnetic moment. This results in
an increase in the real part of the permeability (u'). Because of
the insignificant value of the magnetic moment of zinc, an
increase in the Zn content marginally alters the global value of
w. The number of electrons for the Ni ion is smaller than that
for Cu. It is observed that an increase in the Cu concentration
affects the total precession of the magnetic moments of the
electrons insignificantly and increases the real part (1').

The increase in p" with increasing x, y, and z contents can
be clarified as follows: an increase in the frequency induces an
increase in the precession of the magnetic moments of elec-
trons and a growth in the energy expended to preserve the
precessions, i.e., losses.

Herein, the reflection coefficient of a semi-infinite surface
is calculated. Let the EM waves fall normally at the interface
between two media: air and the material under study, whose
parameters were measured as e, and u,. In this case, the
reflection coefficient is expressed as

R—\/%71 (@)

- 155
21

To analyze the obtained values of the reflection coefficient,
Fig. 14 shows the dependence of the reflection coefficient
magnitude on the frequency, which can be expressed in
decibels (dB) as

|[R|=20log

(%)

where |R| is the reflectance magnitude, representing the ratio
of the reflected voltage amplitude relative to the amplitude of
the incident voltage in dB.
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Fig. 14 — Frequency dispersions of the reflection losses of
S1-S5 H/S NCs.

Fig. 14 shows the frequency dispersion of the reflection
losses (R). It is evident that the value of the coefficient of the
reflection is lower than —13 dB in the range of 7—14 GHz,
which indicates that the produced nanocomposite materials
can absorb adequate energy through losses in polarization.
This behavior of small reflectivity suggests exciting applica-
tions in radar-based systems such as stealth aircraft with low
observability in military applications.

4, Conclusion

A one-pot sol—gel auto-combustion approach was used to
obtain S1—S5 St 5Bag sEug 01Fe12016/NiyCuyZny,Fe,04 H/S NCs.
The XRD results showed the formation of both hard and soft
phases with crystal sizes in the range of 20 and 85 nm,
respectively. The surface analysis showed aggregation of a
hexagonal plate covered by a cluster of cubic particles, indi-
cating the co-occurrence of hexaferrite and spinel ferrite.
Analysis of the magnetic measurements revealed that the
reversal in magnetization was not smooth, and the M-H
curves did not present a single-phase character in the sec-
ond quadrant. Furthermore, the plots of dM/dH versus H
presented two separate peaks. Additionally, the calculated
SQR values were lower than 0.5. All of these findings indicate
that the exchange interaction between the two magnetic
phases was incomplete. Maximum M; values were obtained
for the sample that contained the highest content of Zn and
the same contents of Ni and Cu within the soft magnetic
phase (i.e., H/S Sro_sBao_gEuO_()lFel1_99019/Ni0_2CUo_22n0_6F6204).
In contrast, H. reached a maximum value for the sample that
contained lower fractions of Zn and Cu and the highest frac-
tion of Ni (i.e., H/S SrgsBag sEug o1Fe11.99019/Nig gCUg 1210 1Fe,.
0Og4). Investigations of the electrodynamic properties of the
SrBaEu-hexaferrite/NiCuZn-spinel composites with fixed
SrBaEu compositions and varying NiCuZn compositions were
performed at frequencies of 7—18 GHz. The measurements
were performed using the waveguide reflection/transmission
method. S-parameters (S;;—S»;) were measured and used to
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calculate the frequency dispersions of ¢ and p (real and
imaginary parts). It was observed that the stoichiometry of the
NiCuZn ions in the spinel fraction critically influenced the
electrodynamic properties. It was demonstrated that this type
of composite effectively absorbed energy (>-13 dB) in the
range of 7—14 GHz due to losses in polarization. This research
opens a vast scope for applications in radar-absorbing tech-
nologies owing to the adequate level of absorption that must
be close to the natural absorption of air media.
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