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Structural, thermodynamic, and magnetic
properties of SrFe;,019 hexaferrite modified by co-
substitution of Cu and Gd

Md. Roni Islam,® M. K. R. Khan,® Md. Sarowar Hossain,” M. M. Rahman,?
M. Mahbubul Haque,® M. Aliuzzaman,® M. K. Alam® and M. S. I. Sarker & *2

A hard magnetic system of SrFe;,0;19 nanomaterial was modified according to the composition of
Sro.95Gdo osFe12_xCuyxO19 with x = 0.0, 0.30, and 0.60 using the sol-gel technique. The structures of the
samples were evaluated using X-ray diffraction (XRD) along with Rietveld refinement, and an M-type
hexaferrite with a hexagonal structure was confirmed with a trace amount of the a-Fe,Os phase. In
addition, transmission electron microscopy (TEM) analysis revealed polycrystalline nanoplates in all
samples. Furthermore, the bond structures of the octahedral and tetrahedral sites along with the
thermodynamic properties of these ferrites were extracted from the FTIR spectra at room temperature.
The Debye temperature (0p) decreased from 755.9 K to 749.3 K due to the co-substitution of Gd** at
Sr** and Cu?* at Fe’*. The magnetic hysteresis (M—H) measurements revealed that the coercivity
decreased from 5.3 kOe to 1.5 kOe along with the highest magnetization saturation (M) of 65.2 emu g~*
for the composition Srg 95Gdg gsFe117Cup 3019, Which is suitable for industrial application. The effect of
local crystalline anisotropy in magnetization was explored using the law of approach to saturation (LAS).
Finally, thermo-magnetization was recorded in the range from 400 K to 5 K for cooling under zero field
and in the presence of a 100 Oe field, and magnetic transitions were tracked due to the introduction of

rsc.li/rsc-advances

1. Introduction

M-type Sr-hexaferrite (SrFe;,0,9), SFO, was first discovered in
the Philips research laboratory" and due to its hard magnetic
properties and chemical stability, along with cost-effective
production, it has attracted a lot of attention.” As hard
magnetic materials, there are numerous engineering uses for
M-type hexagonal ferrites, MFe;,0;, (Where M = strontium (Sr),
barium (Ba) and lead (Pb)), including magnetic recording
media, microwave devices, and high-frequency applications.?
The hexaferrite structure can be divided into three basic block
sequences, namely, spinel (FeqOg)>*, hexagonally packed
(SrFeGOn)Z’—R block, and SRS*R* block, which are divided into
the following types: M, Z, Y, W, X, and U.* The strontium hex-
aferrite (SrFe;,0,9) crystallizes with a hexagonal magneto-
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the foreign atoms of Gd and Cu into SrFe;,0;s.

plumbite structure and belongs to the space group P6s/mmc.?
The 24 Fe®" atoms in the unit cell are spread among five
different places in the hexagonal structure, which has two
chemical units. Fig. 1 shows three octahedral symmetry sites
(12k, 2a, and 4f2), one bipyramidal site (2b), and one tetrahedral
symmetry site (4f1). The magnetic characteristics of M-hex-
aferrite depend on the orientation of the magnetic moment in
the sub-lattices.® A lot of research was carried out regarding its
advantageous magnetic properties such as magnetic saturation,
magnetic hardness, and Curie temperature. The magnetism of
hexaferrite is strongly influenced by shape, magneto-crystalline
anisotropy, and average crystallite size.” Since a few decades
ago, M-type hexaferrites have been used to replace rare earth
(Nd, Gd, Ho, etc.) and d-block (Co, Ti, Ni, Cu, Mn, etc.) elements
to enhance the magnetic and dielectric properties.®* The doping
or substitution of foreign elements in the structure of M-type
strontium hexaferrites enhances the magnetic behavior,
absorption of microwaves, quality, ferromagnetic resonance
frequency, and so on. Numerous investigations with a similar
focus were carried out, and one of them found that bimetallic
La—-Co substitution was the best way to increase magneto-
crystalline anisotropy without altering saturation magnetiza-
tion Mg.° According to the Gorter model," the superexchange
interactions via O anions couple sixteen ferric ion moments of
magnetic attraction (12k, 2a, and 2b) parallel to the c-axis,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A diagram of the M-type hexaferrite structure for Fe** ions
arranged in five different positions.

resulting in ferrimagnetic ordering. The outcomes of first-
principles calculations on magnetic structure have verified the
concept. Andrzej Hilczer® examined how doping with Sc affected
the coercivity, remanence, and dielectric properties of SrM
hexaferrites. Shakoor et al. added Bi-Cr to the strontium hex-
aferrites with interesting results and reported' that according
to the XRD data, the material contains a single magneto-
plumbite phase, and the crystallite size ranges from 41 to
57 nm. The isolated disadvantage of La-Co and Bi-Cr-replaced
M-type ferrites is the cost associated with the adding process,
which uses pricey metals like La and Bi. Intense research is
being done on these materials since it is still challenging to
create ferrites with  improved  magnetic
properties.'®*> M. Elansary et al.*® reported the effects of doping
Gd*', Sm**, and transition elements (M = Ni, Zn, Mn, and Mg)
on the structural, magnetic, and morphological properties of
Sro.oMp.1Fe11.0sSMg 01Gdo.01019. The nanoparticles with the
composition BaFe;, 3,Gd,Sm,Y,0,9 for x = 0, 0.01, 0.02 were
synthesized by I. Lisser et al'* using the sol-gel auto-
combustion method. In addition, a single-phase hexaferrite of
composition Sr(;_,La,GdySm_Fe(;s (74,010 (X = 0.3,y =z =
0.01) was synthesized by the same method' and the sizes of the
particles were observed to vary from 53 nm to 46 nm. A ternary
dopant, Gd-Ho-Sm, was implemented to synthesize a single
phase of M-type Sr hexaferrite of 49 nm particles in a cost-
effective way.'® It has been reported that Gd*" and Ho®" ions
have strong preferences towards the 12k site, whereas the Sm**
ions prefer to occupy the 2A site of the lattice. Another sample of
Al-SFO exhibited good catalytic activity compared to the parent
compound due to the presence of AI** ions in the octahedral
sites, and these sites are exposed to the surface of the strontium
hexaferrite catalyst.'” Moreover, catalytic activity could be
induced in the hard magnetic strontium hexaferrite sample by
replacing the small fraction of Fe with Cu.'®* Therefore,

low-cost

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

SrFe;,0;9 powders of various forms and sizes have been made
using a variety of procedures, including the sol-gel, hydro-
thermal, co-precipitation of chemicals, solid-state reaction, and
micro-emulsion approaches, among others. One of the practical
ways to crystallize the hexaferrite phase at a comparatively lower
annealing temperature is to create SrFe;,O;o nanoparticles
(NPs) using the sol-gel process.’> Sol-gel technology is exten-
sively used as a great way to create nanospinels because of its
advantages of low processing costs, energy efficiency, high
production rates, and the production of fine homogeneous
powder." Incorporating metallic ions like Gd** and Cu®" into
the hexaferrite has produced some interesting outcomes. Cu**
prefers to occupy the octahedral 4f2 position, which has a down-
spin state and contributes adversely to the overall saturation
magnetization.”” However, the addition of any foreign elements
to Sr hexaferrites not only improves their physical properties,
but different types of anisotropy may also develop inside, which
limits their applications.

The present work includes an in-depth investigation of the
structural, thermodynamic, magneto-anisotropic, and thermo-
magnetic properties of SrFe;,0; nanoparticles modified by
the co-substitution of a rare earth element, Gd**, at Sr*" and
a transition element, Cu®, at Fe*".

2. Experimental details

2.1. Sample preparation

The M-type hexaferrite, SrFe;,0;9 (parent sample), was modi-
fied by the substitution of Gd at Sr, and Cu at Fe, and the
compositions of Sry ¢5Gdg gsFe15_xCu,O16 for x = 0.30, 0.60 were
synthesized. The raw materials of analytical grade strontium
nitrate [Sr(NOs),] and gadolinium nitrate [Gd(NO3), - 5H,O] were
obtained from LOBA Chemise, ferric nitrate [Fe(NO;), 9H,0]
from E. Merck, and copper nitrate [Cu(NO3),-5H,0], 99.9%
from ALDRICH. In addition, citric acid [C¢HgO;-H,0] of 99%
purity, from E. Merck and HCI were used as chelating agents.
The stoichiometric amounts of 0.190 g (0.03 M) Sr(NOj),,
4.3632 g (0.03 M) Fe(NO,;),-9H,O and 0.190 g (0.03 M)
Ce¢HgO,-H,0 (1:12:1 for Sr, Fe and citrate) were dissolved at
a room temperature in 30 ml distilled water (98%) for 2 h to
manufacture undoped SrFe;,0;. After that, the solution was
evaporated using a water bath to speed up the gelation process.
The dehydration process was performed over 6 hours, and after
that, a fine dried gel was produced over 24 hours in ovens set at
400 K. Through intermediate grinding, the dried gel of the
components was finely mixed with oxides. Both SrFe;,0,9 and
doped powder samples were obtained after calcination at 1023
K in a furnace. In this investigation, the synthesized SrFe;,0;9
was identified as SFO. The other two compositions of Srq os-
Gdy.05Fe11.4CUp.6019, and Srg95Gdg.sFeq1.,Cu3019 are pre-
sented herein as SGFCO-1 and SGFCO-2, respectively.

2.2. Characterization

The thermal stability of the as-prepared parent sample, SFO,
was confirmed and differential thermal analysis (DTA) and
thermogravimetric (TG) measurements were performed in

RSC Adv, 2024, 14, 7314-7328 | 7315
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a PerkinElmer STA-8000 °C system at a heating rate of 10
K min~" under a nitrogen (N,) atmosphere. The structures of
SFO, SGFCO-1 and SGFCO-2 samples were evaluated using an X-
ray diffractometer (PW3040) with Cu-K,, radiation (A = 1.5405 A)
and the diffraction patterns were recorded in the range of 20° =
26 = 70° at room temperature (RT = 300 K). The microstruc-
tures of the studied samples, along with selected area diffrac-
tion patterns (SAED), were determined using a Tecnai G2 30ST
transmission electron microscope (TEM). Elemental studies of
the synthesized samples were conducted using an energy-
dispersive X-ray spectrometer (EDS) attached to the TEM and
the measurements were performed for 5 different locations of
the overall microstructure. Moreover, the bond structure and
thermodynamic properties of all samples were evaluated by
Fourier transform infrared spectroscopy (FTIR) on a Nicolet
NEXUS 470 FTIR Spectrometer in the range of 350-3700 cm ™ at
RT. Finally, the magnetic hysteresis (M-H loop) at RT and
magnetization as a function of temperature (M-T) ranging from
10 K to 400 K were determined for all studied samples using
a Quantum Design PPMS. For the M-H loop measurement, the
highest limit of the magnetic field (H) was £20 kOe and for the

M-T measurement, the rate of cooling (d7/d¢) was 2 K s~ .

3. Results and discussion

3.1. Thermal stability

The thermogravimetric (TG) and differential thermal analysis
(DTA) of the as-prepared SrFe;,0,9 sample ensured the forma-
tion and phase stability of the synthesized sample. Fig. 2
displays the TG and DTA curves between RT and 1000 K for the
parent SFO sample and the decomposition of the ingredients
was observed due to a thermally activated chemical reaction.
However, this decomposition followed several steps at elevated
temperatures and the first step of 6.8% weight loss was
observed between RT and 415 K, which was attributed to a trace
quantity of chelating compound with ammonia. Upon further
heating to 810 K, the evaporation of the remaining solvent and
the crystallization process were ascribed to a considerable
weight loss of 8.7% as a second step. Beyond that, a final step of
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Fig. 2 TG and DTA curves of the as-synthesized SrFe;,0;5.
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0.9% weight loss was observed up to 1000 K and 83.6% residue
remained after thermal analysis in the overall temperature
range. Two endothermic peaks at 360 K and 760 K are likely due
to water loss and Sr>* and Fe®" decomposition, respectively. This
demonstrates the thermal stability of the synthesized SFO
hexaferrite NPs.

3.2. Structural characterization

The X-ray diffraction (XRD) patterns for the synthesized
SrFe 5,019, Sro95Gd.0sFe11.4CU0.6019, and Srg.o5Gdg.osFeq1.7-
Cu, 30,9 were recorded at RT and the patterns are shown in
Fig. 3. The arrangements of diffraction patterns ensure the
formation of the crystalline phase in all the samples. Therefore,
the crystallographic planes and structural parameters along
with the phase fractions were extracted from the analysis of XRD
data using the Rietveld refinement method by FullProf Suite
software.”"** Fig. 3 shows the fitting of diffraction patterns,
where the experimental data (Iops) are depicted by the red
circles, the black lines represent calculated intensities (I¢,;), and
the blue lines represent (Iops — Ica)- The Bragg positions are
displayed by the green and orange vertical lines. Here, the
quality-based fitting of XRD data has been determined by X2,
which is between 2.35 and 5.54. The other fitting factors are R,
(residual of least squares refinement) and R, (weighted profile
factor), which are also limited. From the analysis of the XRD
peak matching, a major part of the patterns matches the P6;/
mmc space group, while few of them fit the R3c space group,
which indicated the presence of two identical phases inside the
synthesized samples. However, the respective arrangements of
the odd/even lattice peaks of (110), (112), (107), (114), (201),
(203), (205), (206), (300), (217), (2011), (220), and (2013) reflect
the M-type hexaferrites with hexagonal structure from the P6,/
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Fig. 3 XRD patterns (Iops) recorded for the SrFe;,019 and Srg.95Gd
0.0sFe1_xCu,O19 compositions (x = 0.30 and 0.60) along with the
calculated patterns (/c), differences between the observed patterns
and calculated patterns (lops — Ica) and peak positions (vertical bar)
obtained by Rietveld refinement.
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mmc space group (JCPDS Card No. 79-1411)."> The other phase
includes the arrangements of the odd/even lattice peaks of
(012), (104), (113), (024), (211), (018), (224), which are reflected
from the a-Fe,O; of the rhombohedral structure from the R3¢
space group (JCPDS Card No. 33-0664).>> However, from close
observation of the patterns, the elimination of the impurity
phase («-Fe,03) is due to the co-substitution of Gd and Cu in the
parent SFO sample. Apart from this, the structural parameters
have been included in Table 1. The obtained experimental
values of the lattice constants were a = b = 5.8761 A and ¢ =
23.0239 A for the parent SFO sample, and the reported values
for the same composition were 5.8751 A and 23.0395 A,
respectively,> where the synthesis conditions are responsible
for the differences. However, the lattice parameters for the
major phase increased due to the substitution of Gd** at Sr**
and Cu™" at the place of Fe®", but the variation is very marginal
in a, b and c. The ionic radius of Gd** (93.8 pm) is smaller than
that of Sr** (118 pm) for a coordination number of six, accord-
ing to the database of ionic radii provided by R. D. Shannon.*
Therefore, the lattice parameters (a, b and c) are supposed to
decrease in SGFCO due to the substitution of Gd*" at Sr**. On
the other hand, the ionic radius for Cu** (73 pm) is larger than
Fe®" (64.5 pm) for a coordination number of six.>* Consequently,
the lattice parameters (a, b and c) are supposed to increase in
SGFCO due to the substitution of Cu®>" at Fe*'. Since the
substitution of Cu®* is greater than Gd*" in the parent sample,
the lattice parameters increased. However, the increase is
marginal even though more Cu was substituted in the SGFCO
sample. The overall variations increased the unit cell volume (V)
in the SGFCO-1 and SGFCO-2 samples. The percentage of the
existing phases, Wp (%) was determined from equation:*
Sp(ZMV),

M= Ssiamv), ®

where the parameters of the unit cell volume (V), the formula
unit of the unit cell (Z), formula unit mass (M) and scale factor
(S) were determined from the Rietveld refinement. Table 1
presents the number of phases (%) in the studied samples and
the impurity phase, a-Fe,0s, decreased from 27.2% to 17.9% for
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the replacement of Sr** by Gd**, and Fe*" by Cu®" with an
amount of 5% in both cases. Here, the synthesized powder
samples were calcined at 1023 K (750 °C) and the presence of
a secondary phase of hematite (a-Fe,0;) indicates an incom-
plete reaction. The reported minimum energy required to
transform the oxide compounds SrO and Fe,0Os3, to produce the
SrFe;,0;9 phase was in the temperature range of 711-878 °C.>®
In another article by H. M. Shashanka et al., the single-phase Sr-
hexaferrite was produced with a calcination temperature of
1200 °C for 2 h.”” In an earlier report by M. A. Urbano Pefia
et al.,”® a secondary phase of a-Fe,O3; was observed in SrFe;,049
samples calcinated at 800 °C and the samples were synthesized
by the Pechini method. Therefore, the presence of a secondary
phase (a-Fe,O3) in pure SrFe;,0;9 depends not only on the
calcination temperature but also on the synthesis conditions
and the presence of catalysts in the reaction environment.
Moreover, the replacement of Cu at Fe in SrFe;,0,9 led to
a decrease in the phase formation temperature as the melting
point of Cu is 1312 °C, whereas the melting point for Fe is 1535 ©
C. On the other hand, the melting point of Gd is 1084 °C,
whereas the melting point of Sr is 768.8 °C. Therefore, the
replacement of Gd at Sr led to an increase in the phase forma-
tion temperature. As a result, the mutual effect of the co-
substitution of Cu and Gd created a complex situation during
the phase formation of the pure hexaferrite phase of SrFe;,0;o.
From the viewpoint of Cu substitution only, the hexaferrite
phase of SrFe;,0;9 achieved a more favourable environment
from the calcination temperature of 750 °C. Therefore, a low
rate of secondary phase was observed in the SGFCO-1 sample
and a further decrease in the amount (%) was observed due to
the replacement of more Fe by Cu atoms (SGFCO-2). Finally,
sample SGFCO-2 with a smaller amount of the o-Fe,O; phase
(17.9%) showed the highest value of the lattice parameter as
compared to the other two samples since a smaller amount of
Fe’" departed from the parent phase to form the secondary
phase of the a-Fe,O; phase.

This discrepancy in the phase amounts will affect the other
physical properties, including the magnetic properties, of the
synthesized samples. Moreover, other structural factors like

Table 1 Structural parameters of SrFe; ;019 (SFO), Srg.95Gdg.osFerr 7Cug 3019 (SGFCO-1), and Srg 95Gdg osFer1.4Cug 6019 (SGFCO-2) showing
crystallite size (D114) and lattice strain (¢), phase percentages (wt%), lattice parameters (a, b and ¢), and unit cell volume (V) along with parameters
for Goodness of fit (x2), residuals for unweighted pattern (Rp) and weighted pattern (R,p)

Phase percentages

Sample Dyy, (nm) & Crystal structure (Wt%) Lattice parameters (A)  V (A%) R Factor (%)  x*
SFO 42.5 0.0029 SrFe 5,049 72.8 £ 0.9 a=b=5.8761(3) 688.5 (1) R, =87 2.35
P6;/mmc (hexagonal) ¢ =23.0239 (3) Ryp =72
o-Fe,0;, 27.2+ 0.5 a=b=5.0316 (2) 301.1(1) R,=6.8
R3¢ (Rhombohedral) ¢ =13.7285 (2) Ryp =59
SGFCO-1  39.2 0.0031  SryosGdyosFers ,Cug3019  78.6 + 1.0 a=b=5.8801 (6) 689.5 (1) R, =9.8 3.98
P6;/mmc (hexagonal) ¢ =23.0269 (3) Ryp=9.1
o-Fe,0; 21.4 + 0.3 a=b=5.0372 (6) 301.9 (1) R, =89
R3¢ (thombohedral) ¢ =13.7397 (3) Ryp =83
SGFCO-2  43.0 0.0029  SrposGdgosFess 4CupeOro  82.1 + 1.5 a=bh=5.8809 (7) 689.9 (2) R,=103 5.54
P6;/mmc (hexagonal) ¢ =23.0347 (4) Ryp = 9.6
o-Fe,0; 17.9 £ 0.6 a=b=5.0431(9) 302.6 (2) R, =92
R3¢ (thombohedral) c=13.7368 (8) Ryp =71

© 2024 The Author(s). Published by the Royal Society of Chemistry
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crystallite sizes and porosities also play a vital role in the
enhancement of the ferromagnetic behaviour of the ferrite
samples.??® The sizes of crystallites (d,14) in all studied samples
were estimated from the diffraction peak at (114), which
represents the major phase (hexagonal) and calculation was
performed by the Debye-Scherrer formula® as expressed by the
following equation:

kA

dyyy = B cos Oia’
Bi14 cOs O114

@)
where (3,4 is the FWHM determined by the Gaussian fitting of
the peak (114) at the Bragg position of 6,14, A = 1.5418 A
(wavelength of Cu-k, radiation) and k = 0.9 (a dimensionless
constant). The micro-strain (¢) of these crystallites was calcu-
lated using the following equation:**

p
e= <75‘2 i 1) x 100 (3)

The obtained values of d;,4 and ¢ for all studied samples are
included in Table 1 and marginal variations in the crystallite
size of the major phase were observed.

o

X,=37.5+1.4nm

o

Frequency (%)
»

3
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1
0

40 50 60
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3.3. Morphological analysis

The microstructures along with grain size distribution for SFO,
SGFCO-1 and SGFCO-2 samples were observed using trans-
mission electron microscopy (TEM) and Fig. 4(a), 5(a), and 6(a)
display the surface morphologies of the studied samples. Here,
the sizes of different grains have been scaled by the calibration
of the line profile in the Image]J 1.50i software and the fitting of
the size distributions by the Lorentz function gives the average
grain sizes (X,). The insets of Fig. 4(a), 5(a) and 6(a) represent
the fitting of the size distributions of nanoplates that range
from 20 nm to 100 nm, depending on the studied compositions.
However, the overlapping of the platelets indicates the presence
of axial magnetic interaction. The percentage of intergrain
porosities (%) was calculated from P; = [1 — (pp)/(px)] x 100,
where py is the theoretical density and p, is the bulk density.
Here, the value of p, is connected to the molecular mass (4) and

. 24 .
unit cell volume (V) by p, = %\J—V’ where N is Avogadro's

number. In addition, the value of p, was measured from the
bulk properties of the samples as p, = mass/volume. Therefore,
the estimated values of P; are included in Table 2 and the lowest
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Fig. 4 Microstructures obtained from transmission electron microscopy (TEM) showing (a) grain morphologies, (b) EDS spectra, (c) ring-type
SAED patterns and (d) fast Fourier transform (FFT) patterns that demonstrate the poly-crystalline structure of the SrFe;,019 sample.
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Fig. 5 Microstructure obtained from transmission electron microscopy (TEM) showing (a) grain morphologies, (b) EDS spectra, (c) ring-type
SAED patterns and (d) Fast Fourier transform (FFT) patterns that demonstrate the poly-crystalline structure of the Srg.95Gdg osFer; 7Cug 3019

sample.

value of P; was observed for the sample SGFCO-2 (P; = 13.6%)
along with the grains of 47.9 nm size. The compositions of the
synthesized samples were determined from the EDS spectra as
displayed in Fig. 4(b)-6(b) and Cu-Gd-substituted Sr hexaferrite
compositions were identified from these results. The ring-
shaped selected area diffraction patterns (SAED) as depicted
in Fig. 4(c)-6(c) confirmed the formation of polycrystalline
hexaferrites. These SAED patterns were indexed using CrysTBox
Server software in which calibration was performed with the
JCPDS Card No. 79-1411 (ref. 12) of the standard SFO sample. In
parallel, the HR-TEM data represent the crystallinity of the
samples. Therefore, the values of interplanar spacing (d), along
with the crystal planes, were determined by the Image] 1.50i
software using the FFT and inverse FFT methods of calculation.
From Fig. 4-6, the values of d were observed as 0.2611 and
0.2625, corresponding to the [114] crystal planes of SFO and
SGFCO-1, respectively while the value of d is 0.2414, corre-
sponding to the [203] plane for SGFCO-2 samples.

3.4. Elastic properties and thermal behaviour

The elastic and thermodynamical properties of the SrFe;,0;0,
S10.05Gdo.05F€11.4CU0.6019, and Srg 95Gdg.o5F€11.7CU0 300 Were
determined from FTIR spectra obtained at RT. Fig. 7 shows the

© 2024 The Author(s). Published by the Royal Society of Chemistry

FTIR spectra obtained for the studied samples in the wave-
number range 350-3600 cm ™. Here, the absorption peaks at
nearly 600 cm™" and 447 cm ™' represent the main character-
istic features of the synthesized samples, which are denoted by
v and vy, respectively. The bands at around 600 cm™ ' and
447 cm™ ! originated due to oxygen motion at the tetrahedral
(A-site) and octahedral (B-site) sites, respectively for the
studied ferrites.?*> The small band 1/1, near 754 cm™*, signifies
the vibration of metal ions in the crystal lattice.*® In the
synthesized sample, the broad bands at around 1120 cm™" and
3415 cm ™' are attributed to the stretching vibrations of the
O-H group of citric acid and molecular water.*> The band at
856 cm ! is attributed to SrCO;. The band at 1634 cm ' is
assigned to the stretching vibrational band of the C=0 group
of CA.?** The band at around 1467 cm ™! corresponds to the
vibrational modes of nitrate stretching.***® The C=C bond at
1388 cm ™" was observed due to the presence of CO, during the
heat treatment process.*” The overall bands around 400-
600 cm ™" ensured the formation of the hexaferrite phase® in
all studied samples. However, a small vibrational band at
550 cm™ ' is an indicator of the existing o-Fe,O; phase,*
concomitant with the XRD data. The bond structure and force
constants of the studied samples were extensively analysed

RSC Adv, 2024, 14, 7314-7328 | 7319
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sample.

Table 2 The estimated values of average grain size (X,), internal porosity (P) (%), and therefore, the variation of force constants of the ions
existing in tetrahedral and octahedral sites with FWHM of peaks at vibrational bands of octahedral (W) and tetrahedral (W+) for SFO, SGFCO-1,

and SGFCO-2 samples

Sample P (%) Xx(nm) ko(Nm™) kNm?) kEO°NmMmY) AONmY) W, Wr Lo(A) ItA) L&A IF°@A)
SFO 151 375 2288.4 2680.2 53.8 95.8 65.5 135.0 0.1951 0.1851 0.6809  0.5619
SGFCO-1 191 70 2235.5 2645.2 52.6 95.2 67.8 145.1 0.1966 0.1859 0.6862  0.5630
SGFCO-2 13.6  47.9 2212.3 2595.8 51.8 94.9 62.5 144.6 0.1973 0.1871 0.6895  0.5636
from close observation of the absorption peaks v, and vs. The P

widths of these peaks were compared by the Gaussian fitting v = (1/2me) m (4)

(Fig. 7(b)). The widths of the peaks at the tetragonal and
octahedral sites were denoted by W and Wy, respectively, and
the values are included in Table 2. Wi increased for both
SGFCO-1 and SGFCO-2 samples, which implies that M-O
bonds at the tetrahedral site are highly affected due to
substitution of Gd*" at Sr** and Cu** at Fe**. There was no
peak shoulder at v, confirming the presence of Fe** from the
octahedral site.*® The slight shifting of v, and vy to the lower
wavenumber indicates the perturbation in the Fe**~0®>~ bond
that occurred for Gd** and Cu®" substitution.” The general
equation for the force constant (k) of the metal-oxygen bond
can be expressed by the following equation:**

7320 | RSC Adv, 2024, 14, 7314-7328

where v is the wave number, c is the velocity of light, and u is the
effective mass. Eqn (4) has been used to measure the force
constant of Fe-O bond at octahedral and tetrahedral sites and
Mo X Mge
MO +MFe
and Mg, are the masses of O and Fe, respectively. The force
constant at the octahedral site and tetrahedral site have been
identified as ko © and ¥°©, respectively and the values are
included in Table 2. In addition, the bond length (L) of Fe-O was
determined from the formula L = {/17/k for sites A and B and

are included in Table 2 as denoted by L, and Lg, respectively.** It

the effective mass for the bond is u = , where, Mg

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Fourier-transform infrared spectroscopy for SrFe;,Ojq,

Sr0.95Gdo.osFe114Cuo 6019, and  Srg9sGdo osFe117Cuo 3019 samples
scanned from 350 cm™! to 3600 cm™*. (b) The inset shows the
comparison between the peak width of the samples.

was observed that k&™© and ©°© decreased for the co-

substitution of Gd*" and Cu®"' in SFO, which is reflected in the
Fe-O bond length. Therefore, the overall force constants of M—-O
bonds at the octahedral site (ko) and tetrahedral site (kr) were
determined from the following formulas:****

kt=7.62M1va> x 1077 (N'm™") (5)
ko = 10.62Mvs> x 1077 (N'm™") (6)

where My and M, are the masses of the molecules at the
tetrahedral and octahedral sites, respectively. The average
cation-anion bond lengths in both sites were also estimated

using the same formula, L = {/17/k. The average force constant
(kay) was used to estimate the elastic constants in this case.
From the lattice constant (a) and k,,, the stiffness constant (C;;
= longitudinal modulus) was computed as Cy; = k,,/a.* For the
pore fraction, Poisson's ratio (¢) of the samples was calculated
using the relation, ¢ = 0.324 x (1 — 1.043f).*>*® The values of ¢
exhibit a consistent divergence between 0.26 and 0.28 based on
the compositions (Table 3) and the values fall within the range
of —1 to 0.5, which is matched with the theory of isotropic
elasticity. In addition, the stiffness constant C;, was calculated
from ¢ and C;; using the following equation:

Table 3 Elastic properties of SFO, SGFCO-1, and SGFCO-2 showing
Poisson's ratio (), Zener anisotropy (Z,), Debye temperature (6p),
Young's modulus (E), rigidity modulus (G), bulk modulus (K), elastic
wave velocities for longitudinal (v,), transverse (v1) and mean velocity
(Vim)

Samples 7 N v, (x10%) (ms™) 0 (K)
SFO 0.27 0.57 2.81 755.9
SGFCO-1 0.26 0.59 2.79 751.6
SGFCO-2 0.28 0.56 2.76 749.3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The acquired values of C;, are positive and show the stability
of the synthesized Gd-doped SFO hexaferrite. They range from
15.44 GPa to 15.88 GPa, depending on the compositions. The
values of longitudinal elastic wave velocity (V) were determined
using the following equation:*®

=(3)

where p is the XRD density, as evaluated earlier. The change in
Vi, with Gd** replacement is presented in Table 3 and all the
velocities are higher for the SGFCO-1 sample. In addition, the
Debye temperature (fp) is characteristic of a particular material
that allows homogeneous isotropic massless phonons to
dominate the thermal behavior of solids and it is the temper-
ature at which phonons can have their highest frequency. The
values of 6y, for the studied samples have been evaluated from
the relation:***

Op = MK—’; = 1.438p,, 9)
where 7 is Planck's constant, K is Boltzmann's constant, c is the
velocity of light, and v,, is the average value of wavenumbers.
The value of 6, for SFO sample is 755.9 K which decreases with
the increase in Cu®" substitution. Table 3 represents the
decrease in 0, and longitudinal elastic wave velocity (V1) due to
Gd*" and Cu** substitution. Here, the decrease in 6, indicates
that the lattice vibrations held up for Gd*" and Cu** substitu-
tion. The decrease in f, may be associated with the increase in
the conduction electron density N, (n-type). Hence, the density
of conduction holes N, (p-type) decreases.*” On the contrary,
Anderson's formula depicts the linear increase in fp with V,,.*
However, the synthesized SGFCO-1 ferrite sample is mostly
porous, and anomalies were observed.

3.5. Magnetic hysteresis

The M-H loop of pure SrFe;,0;9 and Sry o5 Gdg. 05 Fe15_xCu,O19
(x =0.30 and 0.60) nanoparticles are displayed in Fig. 8(a) and
the shape of the loops represents the ferromagnetic behaviour
of all studied samples. Fig. 8(c) displays the linear fitting of M
versus 1/H> in the higher region of H and the data follows the
law of approach to saturation (LAS).** The maximum levels of
magnetization (Ms) of all samples were determined from the y-
intercept of the extrapolated line in Fig. 8(c). The variation of
M and coercivity (H,) with Cu concentration has been depicted
by the inset Fig. 8(a). Here, H. is inversely proportional to Mg,
which ensured the magnetic softening of the SFO due to Gd**
and Cu®' substitution and the values of M,
a maximum of 65.2 emu g~ !, which is suitable for industrial
application. The stability of the remanent state of magnetiza-
tion is described by H., which is a specific incoherent mode
caused by the rotation of spontaneous magnetization. Table 4
depicts the values of Mg and H,. The values of H. for SGFCO-1

reached
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and SGFCO-2 samples are, respectively, 1.9 kOe and 1.5 kOe,
which are much lower as compared to the SFO sample (5.3
kOe). This indicates the decrease in magnetic anisotropy due
to the substitution of Gd®* at Sr** and Cu®>' at Fe*'. 5152
However, the net magnetization (ng) was determined from M
and the molecular mass (M) of the studied samples according
to the following equation:*

M x M

5585 (10)

ng —

View Article Online

Paper

Table 4 displays the values of ng and an increased net
magnetization was achieved due to the substitution of Gd*" at
Sr** and Cu®' at Fe’" in the SFO sample. Here, the partial
substitution of Gd*" at Sr** led to an increase in the net
magnetization as the magnetic moments of Gd** (8 uB) and Fe**
(4.9 uB) at tetrahedral sites are greater than that of Fe** (5.9
uB).** On the other hand, as the magnetic moment of Cu®* (1.73
uB) is lower than that of Fe** (5 uB), Cu®" substitution at Fe**
should lead to the lowering of the net magnetization of SGFCO-
1 and SGFCO-2 samples. However, these samples showed
higher magnetization than the parent sample (SFO), which is
attributed to the site preference of Cu®*; as suggested in the
literature,* Cu®* preferably occupies an octahedral site. In the
M-type hexaferrite, the magnetic moments of Fe are located at
the three octahedral (2a, 12k, and 4f2) sites that are parallel to
each other, and these moments are coupled in an antiparallel
manner to the magnetic moments of Fe located at the tetrahe-
dral (4f1) and trigonal bipyramidal (2b) sites. The magnetic
moments within the 4f1 and 2b sites are also parallel to each
other. Therefore, the net magnetization arises due to the
difference between the magnetization of the octahedral sites
(2a, 12k, and 4f2) and the net magnetization of both the tetra-
hedral and trigonal bipyramidal sites (4f1 and 2b). Since Cu**
prefers to occupy the octahedral site, replacing the Fe*, then
the net magnetization of the octahedral sites decreases. From
a literature review by P. N. Anantharamaiah et al, it was
observed that Cu®" replaces the Fe*" of the 4f2 site with an
equivalent amount.> Therefore, the substitution of Cu®" takes
part in increasing the net magnetization (ng) in SGFCO-1 and
SGFCO-2. Besides, the squareness ratio (S, = M,/Ms) determines
the uniaxial anisotropy contribution in RE-doped nanoparticles
generated by the internal strains.>”»*® The values of S, are less
than 1 for the studied samples and indicate the presence of an
isolated ferromagnetic single domain *. The squareness ratio
M,/M, determines the domain state. It can be used to distin-
guish between single domain (SD), multidomain (MD), and
pseudo-single domains (PSD). Indeed, the material can be
considered as MD for M,/M < 0.1, where the magnetization
change can be achieved by the domain wall movement in rela-
tively low fields, contrarily to SD (M,/M; > 0.5) where the changes
in the magnetization can be realized by its rotation.*® Besides,
the material can be considered as PSD if M,/M; is between 0.1
and 0.5.*

Consequently, the synthesized SGFCO-1 sample falls into
PSD as M,/M; = 0.5, while the other two samples fall into the
SD as M,/M; > 0.5. Moreover, M,;/Mj is linked to the magnetic
anisotropy and super-exchange interaction between

Table 4 The effects of Cu?* substitution on the magnetic properties showing maximum magnetization (M), coercivity (H), remanence (M,),
magnetic moment (ng), squareness ratio (S,) and calculated maximum product, (BH)max for SFO, SGFCO-1, and SGFCO-2 samples

(B )max
Sample M, (emu g™) H, (kOe) M, (emu g™ ) M, /M ng S; (MGOe)
SFO 27.6 5.3 14.1 0.511 5 0.51 0.24
SGFCO-1 51.6 1.9 25.8 0.500 10 0.5 0.84
SGFCO-2 65.2 1.5 33.2 0.509 12 0.51 1.33
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Fig. 9 Fitting to the law of approach to saturation (LAS) of magneti-
zation for the compositions of (a) SrFe;2049, (b) Sro.95GdoosFerr -
Cug.6019, and (c) Srp.95Gdg gsFel1 7Cup 3010.

tetrahedral (A) and octahedral (B) ions in the spinel lattice,
which depends on the type and number of ions at A and B
sites. This distribution affects the magnetization and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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coercivity of A and B sub-lattices.®” The variation in the
cationic distribution of Fe>* and Fe*" due to the substitution of
Gd*" at Sr”" and Cu”" at Fe*" is the main reason for the gradual
variation in M,/M; for the synthesized ferrites. However, some
Fe’" exits the spinel lattice due to the formation of the impu-
rity phase of a-Fe,O3, though the cationic distribution is ruled
by the foreign atoms of Cu and Gd in SGFCO-1 and SGFCO-2.
Therefore, the M,/M; ratio decreases in SGFCO-1 and then
increases in SGFCO-2, depending on the amount (%) of the a-
Fe,O; phase. The maximum energy density product (BH)max
for the studied samples was calculated from the equation® as
follows:

(BH) = it M2

11
max 4 ( )

where p, is the permeability constant (u, = 47 x 10 Hm ).
The values of (BH)max have been included in Table 4 and the
maximum value was obtained for the SGFCO-2 sample (1.33
MGOe). It was previously reported that an excess amount of a-
Fe,0;, which remained unreacted, could lead to the weakening
of the magnetic properties.®* However, in our case, the amount
of o-Fe,0; decreased due to the substitution of Gd** and Cu** in
the SFO sample and (BH)y,.x increased from 0.24 MGOe to 1.33
MGOe, and M increased from 27.6 to 65.2 emu g~ .

3.6. Magnetic anisotropy

The magnetic properties of any ferrite samples are dependent
on their local crystalline anisotropy. Therefore, the M~-H curves
of the studied samples were fitted by the empirical formula of
LAS theory, and the equation is expressed as follows:*

el () (2)) o

where A4 is the inhomogeneity parameter, B is the anisotropy
factor and ¥, defines the high field susceptibility. In addition,
A/H describes the degree of material inhomogeneity while x,H
defines the term for forced magnetization caused by the
applied field. The terms of x and A/H vanished for the laglppli—
cation of an excessive magnetic field. Another term, —, is
connected to the magneto-crystalline anisotropy parameter.
Therefore, the M-H data of Fig. 8(a) has been fitted by eqn (12)
for a specific region of H (6-20 kOe) and the fittings are
depicted in Fig. 9. The values of the statistical coefficient (R?)
confirmed the fitting quality with a high degree of stability.
The measured values of A, B and x;, along with R? have been
included in Table 5. Here, the higher values of the inhomo-
geneity parameter (A) are attributed to the presence of struc-
tural defects due to the presence of any secondary phase.®® In
our present samples, a-Fe,O; is the secondary phase as pre-
dicted from XRD and FTIR spectra and this phase creates
nonmagnetic ion inclusions, as well as structural defects.
Moreover, the anisotropy factor, B, can be determined from
the following equation:

(12)

(4K?)
B=5

==/ 13
15M,? (13)
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Table 5 Values of anisotropy factors (A and B), magnetic saturation from LAS fitting (M) high field susceptibility (x,), anisotropy field factor (Ha),
and magneto-crystalline anisotropy (Kes) along with goodness of the curve fit (R?) calculated from the fitting of M—H data (Fig. 6) for the M-type
compositions SrFe;,019 and Srg 95Gdg osFe1z_xCu,O19 Where x = 0.3 and 0.6

Sample A (x10%) B (x10°) xp (x107°) Mg H, (kOe) Keg (erg cc™) R

SFO 3.2+0.1 7.2+£0.1 8.4 30.7 £ 0.3 10.4 0.7 x 10* 0.999
SGFCO-1 3.2+0.1 7.2+£0.2 5.7 60.8 + 0.6 10.4 1.3 x 10* 0.999
SGFCO-2 3.1+0.1 6.6 £ 0.2 5.7 76.2 £ 0.7 9.9 1.6 x 10* 0.998

where, K¢ is the magneto-crystalline anisotropy constant, and
H, is the anisotropy field. After simplifying eqn (13), the value of
H, and K¢ can be determined from the following equations:

2K,
Hp = M:f (14)
15B
Ker = M, T (15)

The values of Hy and K. are included in Table 5. Here, the
deduced H, showed fewer variations for substituted Gd** and
Cu®". The overall variation in the magnetic parameters is
depicted in Fig. 10.

3.7. Temperature-dependent magnetic properties

The thermo-magnetization (M-T) ranging from 10 K to 400 K for
SFO, SGFCO-1 and SGFCO-2 is represented in Fig. 11. Here, the
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Fig. 10 The overall variation of magnetic parameters with Cu content
for the M-type compositions of SrFe 2019, Srg95Gdog osFe11.4CuUp 6019,
and Srp.95Gdo.osFe11.7CuUo 3010.
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measurements were performed under the application of a 100
Oe applied field and the magnetic properties were in the field
cooled cooling (FCC) mode between 400 K to 5 K. In addition,
the M-T measurement in the zero-field cooling (ZFC) mode was
also measured for the studied samples in the same temperature
range. From these M-T curves, the magnetic moment (emu g~ ')
was higher for the SGFCO-1 and SGFCO-2 samples in the whole
temperature run, which is concomitant with the magnetic
hysteresis for the 100 Oe applied field. In addition, the
magnetization during FCC measurement was increased by
lowering the temperature for all studied samples except for
a slight saltation for SFO and SGFCO-1 samples. The same type
of behaviour was observed for the SrFe;,0,9 samples by Gang
Qiang® for the 50 Oe applied field. The primary distinction
between ZFC and FCC is whether an external magnetic field is
dominating throughout the cooling process. In addition, both
methods together offer to explain the magnetic interactions in
the SFO hexaferrite and different transitions can be identified in
the thermal evolution of magnetization. Therefore, transition
temperatures have been tracked from the first derivative of
magnetization (dM/dT) of ZFC and FCC data. The variation of
(dM/dT) with temperature (7) is illustrated by the inset in
Fig. 11(a—c); a jump was observed at ~145 K in all samples. This
peak approximates the temperature of the Verwey transition (Ty
~ 120 K) of Fe;0,4, which is a first-order magnetic phase tran-
sition related to the change in the magneto-crystalline anisot-
ropy and the ordering of Fe** and Fe®" ions at the octahedral
sites®® of the cubic spinel structure. Above this temperature,
another jump in dM/dT was observed in all samples as illus-
trated in the inset of Fig. 11(a-c). Due to the presence of o-
Fe,03, a magnetic transition (weak ferromagnetic to antiferro-
magnetic) may occur at ~260 K. This transition temperature is
known as the Morin temperature (7)* and it varies with
particle shape, size, and crystallinity. The values of Ty, were
observed near 239 K, 355 K and 268 K for SFO, SGFCO-1 and
SGFCO-2, respectively. Apart from this, the rare earth moments
of Gd are responsible for the higher magnetic potential energy.
As the temperature drops to a certain level of separation, the
potential energy of the metastable state takes place with an
orientation that switches the Gd moments in the opposite
direction. Furthermore, the interaction between the adjacent Fe
ions builds up a metastable state at a certain level of tempera-
ture and the moments of the Fe** jons changed direction for
a short time. Therefore, the huge magnetic potential energy
might be released around the transition temperature in the
SGFCO-1 sample, resulting in a decrease in the magnetization.
However, with the increase in Cu?" content for the FCC mode,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Temperature-dependent magnetization showing variations of

ZFC and FC along with the 1st derivative of the ZFC and FC (inset)
obtained for (a) SrFelzolg, (b) Sro 95Gd0 O5Fe11 4CUO 6019, and (c)
Sr0.95Gdo.osFe117CU0 3010.

the jumping behaviour nearly disappeared as seen in Fig. 11(c)
for the SGFCO-2 sample. In principle, the measurement of FCC
is dominated by both temperature and external magnetic field,
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while in the ZFC mode, only the magnetic potential energy
develops as the temperature is lowered. Thus, the creation and
annihilation of the metastable state in ZFC is solely dominated
by the temperature; in contrast in the FCC mode, the dimin-
ishing of the metastable state is due to the external magnetic
field responsible for the disappearance of jumping behaviour.
Therefore, the ZFC/FC tests for the M-type hexaferrite systems
revealed interesting behaviour due to the co-substitution of Gd
and Cu and detected magnetic transition nature.

4. Conclusion

The Cu-Gd-substituted M-type Sr hexaferrites with the formula
Sto.05 Gdo.o5 Fe1n »Cu,O10 (x = 0.30 and 0.60), were successfully
prepared via the sol-gel method, and calcined at 750 °C in air
for 4 hours. However, the substitution of Gd** and Cu®" ions in
SrFe,,0;, increased the unit cell volume and can eliminate the
common impurity phase of a-Fe,O;. The grain sizes were also
increased in the co-doped samples and varied from 20 nm to
100 nm holding the nano-plate shape. The saturation magne-
tization (M) increased with the introduction of Gd*" and Cu**
in SrFe;,0;9 and M, was highest for Sry 95Gdo.0sFe11.4Cuo.6010
(65.2 emu g ') with the lowest coercivity (H.) of 1.5 kOe as
compared to the other two samples. Moreover, the increased
number of magneto-crystalline anisotropic factors enabled this
composition, resulting in a maximum energy density product,
(BH)max, of 1.33 MGOe. The Sry.95Gd ¢sFeq11.4Cug 6019 compo-
sition accumulated a huge magnetic potential energy and sup-
pressed the magnetic transition. The overall properties of
Sr¢.05Gdg 0sFe11.4Cup 6019 make it a strong contender for use in
microwave-absorbing materials and high-density magnetic
recording materials, multiple state logic, non-volatile memory
and magnetoelectric sensors.
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