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d–Ho–Sm doped M-type
strontium hexaferrite for water treatment
application: experimental and theoretical
investigations

M. Elansary, a M. Belaiche, *a C. Ahmani Ferdi,a E. Iffer a and I. Bsoulb

In this paper, rare-earth doped M-type strontium hexaferrite magnetic nanoparticles SrHoxGdySmz-

Fe(12�(x+z+y))O19 (x ¼ y ¼ z ¼ 0.01) have been prepared by the sol–gel combustion method for the first

time. The properties of the material were investigated using XRD, FTIR spectroscopy, Raman

spectroscopy, SEM, UV-Vis spectroscopy, and VSM. X-ray analysis revealed that a magnetic single-phase

was formed with a crystallite average size of 49 nm. FTIR spectra confirmed the formation of the

structure of the hexaferrite phase. Raman analysis confirmed the formation of all crystallographic

hexaferrite sites. A shift in the octahedral site frequencies and a significant shift were observed at site 12k

and 2a, indicating that the doping elements occupied these sites. The SEM analysis showed that the

particles were different in shape and slightly agglomerated. The EDS result confirmed the purity of the

sample. The calculated band gap from the UV-Vis NIR spectroscopy spectra of the sample was 1.62 eV.

The magnetic analysis of the sample material at room temperature revealed a coercivity of 5257.63 Oe,

saturation magnetization of 67.72 emu g�1, remanence ratio of 0.52, a maximum magnetic energy

product of 1.06 MGOe and Curie temperature of Tc ¼ 765 K. First-principles calculations were

conducted on multiple configurations of SrFe12�xXxO19 with x ¼ 0, 0.5 and X ¼ Sm, Gd, Ho. The site

preference of each doping element was determined, and the effect of the doping on the structural,

electronic, and magnetic properties of the compound was studied. The magnetic properties of this rare

earth (Gd, Ho, Sm) doped strontium hexaferrite indicated that this compound could be used in both

permanent magnets and water treatment application.
1. Introduction

Nanoscience has been a challenge in past years. It has allowed
the design and prediction of the construction of sophisticated
materials and devices by controlling and optimizing the func-
tionality of matter at the nanometer scale. At this scale, new
properties (physical, chemical and biological) can emerge that
are fundamentally different from the properties in the bulk
state. The eld of nanoscience consists of innovating, modu-
lating, shaping, and creating new nanostructures, and also
discovering, determining, and understanding their new prop-
erties with a view to develop new, more useful, and complex
functional devices. The challenge is to create a synergy between
properties to have multifunctional devices. This is the intro-
duction to a larger extent of the modern integrated
E. N. S Rabat, Energy Research Centre,

ersity, B. P. 5118 Takaddoum Rabat,
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f Chemistry 2020
interdisciplinary science currently known as nanotechnology,
which is constantly developing.

Hexaferrite is still by far the most relevant material for
practical applications, and currently constitutes the vast
majority of hard ferrite production. They are extremely inter-
esting materials for innumerable applications. Of particular
interest is the strontium hexaferrite, which has attracted the
interest of many researchers owing to their new electromagnetic
properties, and their use in a wide range of applications. This is
because it is characterized by a high saturation magnetization,
a large coercive force, high Curie temperature, large magneto-
crystalline anisotropy, high corrosion resistance and chemical
stability.1–3 Due to the qualities listed previously and its low
cost, strontium hexaferrite is considered to be a favorite
candidate for permanent magnets used for industrial applica-
tions that are environmentally friendly, such as generator rotors
used in electric vehicles4 or wind energy.5 Such specic prop-
erties of these Sr-hexaferrite nanomaterials give them new
physical and chemical functionalities for magnetic water
treatment.6,7 Scientists are more interested in the benets of
magnetically treated water in ensuring the quantity of seeds
RSC Adv., 2020, 10, 25239–25259 | 25239
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needed for planting, shortening the growth phase, reducing
plant diseases, and providing water for irrigation. The current
studies in this eld are focused on understanding this
phenomenon since the physical pathways are efficient and
increase efficiency with respect to the environment.8 In addi-
tion, strontium hexaferrite is also used in bonded magnets, in
various microwave devices (isolator, circulators, lters, phase
shiers) and magnetic and magneto-optic recorders of infor-
mation with high density.9–12

Ferrite magnets may not be as powerful as rare earth
magnets (SmCo and NdFeB) and rare earth alloys due to their
desired magnetic properties. However, due to the price volatility
and supply-chain vulnerability of rare earth materials,
researchers all over the world are making an effort to overcome
the problem of producing novel magnetic materials with free
rare-earth content akin to rare earth magnets.13 Strontium
hexaferrite (SrM) has the advantage of a high Curie temperature
of 733 K, compared to commercial NdFeB (583 K).14 They also
remain the most widely used magnets due to their low
production cost.

For application in magnetic water treatment, a high rema-
nence, high coercivity, and large energy product (BH)max are
required. To obtain these properties, a small grain size, growth
anisotropy, and high-density ferrite are imperative. The
upgrading of the energy product (BH)max is more delicate than
the improvement of coercivity. A higher density ferrite with
uniform grain distribution can improve the magnetic proper-
ties. However, researchers are now attempting to explore the
magnetic properties by changing the stoichiometry, chemical
purity, and the processing conditions of the material. Substi-
tutions of the Sr2+ and Fe3+ cations are the best way to nd
productive compositions for various applications. Previous
works have studied the substitution of Fe3+ ions of strontium
hexaferrite by different cations, such as Ho3+, Ti4+, Al3+, Cr3+,
and Ga3+.15–19 Some are substituted by other elements, such as
La3+, Nd3+, Sm3+, Pr3+, and Gd3+.20–24 They have been carried out
to obtain the appropriate magnetic properties. Aerward, the
combined substitution (such as Mn–Sn–Ti, Zn–Nb, La–Cu25–27)
has been achieved successfully in M-type hexagonal ferrites
using different synthesis methods. The main techniques of
preparing strontium hexaferrite include the sol–gel process,28

co-precipitation method,29 self-propagation,30 the mechanical
alloying methods,31 microwave,32 hydrothermal,33 and
ultrasound-assisted synthesis.34 In this study, the sol–gel
method was used to synthesize Sr hexaferrite. It is an effective
process to produce ferrites due to its low cost, and the ability to
produce ne and homogeneous crystalline powders without any
risk of contamination.35

The aim of this work is focused on the enhancement of the
magnetic properties of SrFe12O19, especially the energy product
(BH)max, to be applied in magnetic water treatment. In this
work, Sr(HoxGdySmz)Fe(12�(x+z+y))O19 (x ¼ y ¼ z ¼ 0.01) was
prepared by doping with small amounts of Sm3+, Gd3+, and Ho3+

ions simultaneously into SrFe12O19, using the sol–gel method.
To our knowledge, no similar work has been reported.

The magnetic properties of Sr(HoxGdySmz)Fe(12�(x+z+y))O19 (x
¼ y ¼ z ¼ 0.01) (labeled RE.SrM) were investigated and the
25240 | RSC Adv., 2020, 10, 25239–25259
substitution mechanism of Sm3+, Gd3+ and Ho3+ ions were
discussed in detail. First-principles calculations were conduct-
ed on the different congurations of SrFe12�xXxO19 with x ¼ 0,
0.5 and X¼ Sm, Gd, Ho to shed light on the effects of doping the
M-type strontium hexaferrite with the rare-earth elements Sm,
Gd, and Ho on its structural, electronic and magnetic proper-
ties. This work aims to provide new ideas on the elaboration of
magnetic samples suitable for specic applications, and to
explain the effect of rare-earth doping on the magnetic prop-
erties of SrFe12O19.
2. Experimental and computational
details
2.1. Computational details

The calculations for the structural optimization were performed
using density functional theory with projector-augmented wave
(PAW) potentials, as implemented in the Quantum Espresso
plane-waves density functional theory package.36 The exchange–
correlation potential was approximated by the Perdew–Burke–
Ernzerhof Generalized Gradient Approximation (GGA).37 A 5� 5
� 1 Monkhorst–Pack k-mesh and a 612 eV energy cut-off were
used.38 The atomic positions, cell shape and cell volume of all
compounds were fully relaxed using the Broyden–Fletcher–
Goldfarb–Shanno (BFGS) algorithm until the forces were below
1mRy per bohr (Ry: Rydberg). The obtained cell parameters and
atomic positions were used to calculate their total energies, as
well as their electronic and magnetic properties, using the
Wien2k package.39 The ion-electron interaction was described
with the Full-Potential Linear Augmented Plane Wave (FP-
LAPW) method. The exchange–correlation potential was
approximated by the Perdew–Burke–Ernzerhof Generalized
Gradient Approximation (GGA).37 Fe has been assigned a Ueff

parameter (Ueff ¼ U � J) to correct for the self-interaction error
present in GGA.40 The Ueff parameter was applied on the Fe 3d
electrons in all of the GGA+U calculations, and the used values
for the Ueff parameter were 3, 4 and 6 eV. The Muffin Tin Radii
(MTR) were chosen to ensure a nearly touching sphere, and to
minimize the interstitial space. The plane-wave cut-off was
dened by Rkmax ¼ 6.5. The Brillouin zone (BZ) was sampled
with at least 1900 k-points/(number of atoms in the unit cell).
The Fermi energy was calculated using a temperature-
broadening scheme, with a broadening parameter of 0.002 Ry.
The energy threshold between the core and the valence states
was set at �6.81 eV. The convergence criteria for energy were
chosen to be 10�5 Ry. All calculations were spin-polarized
according to the following ground state ferrimagnetic
ordering of the Fe spins: [12k([), 2a([), 2b([), 4f1(Y), 4f2(Y)].
(([) indicates spin up and (Y) indicates spin down).
2.2. Experimental details

The series of M-type Sr hexaferrite Sr(HoxGdySmz)Fe(12�(x+z+y))-
O19 (x ¼ y ¼ z ¼ 0.01) (RE.SrM) were prepared by the sol–gel
combustion method. The chemicals strontium nitrate, Sr(NO3)2
($98.0% pure, Sigma-Aldrich), ferric nitrate nonahydrate
Fe(NO3)3$9H2O, samarium nitrate hexahydrate Sm(NO3)3$6H2O
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04722h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

7:
04

:0
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
($99.0% pure, Sigma-Aldrich), gadolinium nitrate hexahydrate
Gd(NO3)3$6H2O ($99.0% pure, Sigma-Aldrich), holmium
nitrate pentahydrate Ho(NO3)3$5H2O ($99.0% pure, Sigma-
Aldrich) and citric acid (C6H8O7) were used as raw materials
to prepare the (RE.SrM) nanoparticles. The appropriate
amounts of nitrates were dissolved in distilled water under
magnetic stirring for 30 minutes, and then citric acid was dis-
solved in it with a molar ratio of nitrates to citric acid of 1 : 2.
Ammonia solution was added drop-wise into the solution to
adjust the pH values at 1.5, 4 and 7, while stirring at 70 �C
continuously until the solution changed into the gel. When the
gel formation started, we heated the gel at 200 �C until we
acquired a uffy powder. Then, the powder was ground using an
agate mortar and pestle. Aer grinding, the powder was placed
overnight in an oven to dry it completely at 100 �C. Then, the
powder was ground once again. Finally, the homogenized
powder was then calcined at 700 �C, 800 �C, 900 �C and 1000 �C.
3. Results and discussion
3.1. Phase identication analysis

Fig. 1 shows the XRD pattern of the samples sintered at
different temperatures and pH values. The XRD patterns reveal
single-phase M-type Sr hexaferrite, which is matched with the
ICDD le number 96-100-8857 and conrm the formation of
crystalline structures. The diffraction peaks are mainly indexed
Fig. 1 Indexed X-ray diffraction pattern of SrFe12O19 particles at differen

This journal is © The Royal Society of Chemistry 2020
to the M-type Sr hexaferrite phase. Furthermore, a small addi-
tional secondary phase (Fe2O3) was detected at pH¼ 1.5 (700 �C,
800 �C, 900 �C), pH ¼ 4 (700 �C) and pH ¼ 7 (700 �C). The XRD
patterns clearly show that the peak intensities of Fe2O3 disap-
pear at 1000 �C for all different pH values. This can be explained
by the nucleation, growth of grains and a complete crystalliza-
tion of the M-type Sr hexaferrite. No diffraction peaks from any
second impurity phases were observed at 1000 �C for the
different pH values. This indicates that the M-type Sr hexaferrite
formation is promoted by increasing the temperature and pH.
Therefore, the temperature value of 1000 �C and pH ¼ 7 were
selected as the optimum conditions.

Fig. 2 shows the XRD patterns of the (RE.SrM) nanoparticles
calcined at 1000 �C and with a pH value of 7. The main peaks of
the M-type Sr hexaferrite were at 2q ¼ 30.40, 31.04, 32.38, 34.24,
37.20, 38.57, 40.48, 42.66, 55.32 and 63.28, revealing the typical
hexagonal planes of (110), (008), (107), (114), (203), (116), (205),
(206), (214), and (220), respectively. The spectrum conrms the
high crystallization of the sample, and reveals that the Sm3+,
Gd3+ and Ho3+ ions go into the lattice of the type M hexaferrite.

All XRD patterns of all samples have been analyzed
employing Rietveld renement with the help of the FullProf
Suite soware. During the renement, the zero correction, scale
factor, atomic position, lattice parameters, line widths, and
thermal parameters were rened simultaneously. The shape of
the peaks was described by the pseudo-Voigt function, and the
t pH values and different calcination temperatures.

RSC Adv., 2020, 10, 25239–25259 | 25241
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Fig. 2 Indexed X-ray diffraction pattern of (RE.SrM).
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background was expressed by a linear interpolation between
a set of selected background points. The tting was judged by
the goodness of t, along with the low values of reliable factors
(c2) as included in Table 1. It could be seen that the proles for
the observed and calculated ones are perfectly matched with
each other and all the experimental peaks.

The Rietveld renement of the room temperature powder
XRD patterns of all hexaferrite samples is shown in Fig. 3, all
peaks in the XRD patterns were indexed to M-type hexagonal
structure with space group P63/mmc. The rened lattice
parameter values and cell volume (v) of the intrinsic M-type Sr
hexaferrite are given in Table 1. The lattice constant values (a)
and (c) are found in the range of (a ¼ 5.8665–5.8807�A) and (c ¼
22.9985–23.0657 �A), respectively. These values are comparable
to the standard values (a ¼ b ¼ 5.8862�A) (c ¼ 23.1370�A),41 and
in good agreement with the values found by Azis et al.42 The
volume of the cells was found in the range of (V ¼ 688.9894–
690.8272 �A3) for all sintered samples. The c/a values vary from
3.9188 to 3.9222. These values are comparable to the standard
value (3.9800) of the M-type hexagonal structure.43
Table 1 Structural parameters for SrFe12O19 and (RE.SrM)

pH
Calcination
temperature (�C) a (�A) c (�A)

SrFe12O19 1.5 700 5.880 23.065
800 5.878 23.058
900 5.875 23.042
1000 5.877 23.038

4 700 5.879 23.057
800 5.879 23.052
900 5.878 23.039
1000 5.883 23.053

7 700 5.878 23.047
800 5.877 23.035
900 5.866 22.998

SrM 7 1000 5.876 23.035
RE.SrM 1000 5.872 23.023

25242 | RSC Adv., 2020, 10, 25239–25259
As shown in Fig. 4 of the Rietveld rened XRD pattern of
(RE.SrM), narrow and well-dened peaks corresponding to the
M-type Sr hexaferrite were observed in the samples, indicating
the formation of the highly crystalline M-type Sr hexaferrite
phase.

The structural parameters obtained from the Rietveld
renement of (RE.SrM) are given in Table 1. The obtained (a)
and (c) lattice constants are 5.8734 �A and 23.0236 �A for
(RE.SrM), respectively. These results conrm that no structural
change occurs in the M-type Sr hexaferrite upon doping with
Sm3+, Gd3+, and Ho3+ ions. On the other hand, from Table 1, it
can be noticed that the lattice parameter remains almost
constant and c has been decreased compared to the undopedM-
type Sr hexaferrite. Generally, the insertion of higher ionic radii
elements in the host lattice swells the crystal lattice. However,
the opposite behavior has been observed in the present work.
Such behaviour can be attributed to many factors. In particular,
the low solubility of the rare earth substitution in strontium
hexaferrite can induce the formation of secondary phases. But,
in the present case, no secondary phase has been observed, and
the case to be excluded as a pure single phase was obtained.
Otherwise, this anomaly can only be attributed to the bonding
energy and exchange interaction. In fact, the introduction of
small quantities of larger rare earth elements can induce strong
interactions between neighboring atoms, which leads to a stress
of the crystal lattice resulting from a cationic redistribution of
ions in the host lattice. Consequently, the crystal lattice reduces
in size and the lattice parameters decrease. A similar behavior
has been observed in the literature.44,45 The presence of 4f
electrons with 5d electrons in the lanthanides leads to stronger
Colombian attractions that form a strong oxygen–lanthanide
(R–O) bond in the crystal structure. Transition metal ions have
only 5d electrons. Therefore, they have weaker transition metal–
oxygen (M–O) bonds in the crystal structure. In the RE-doped
hexaferrite, the binding energy of the oxygen–lanthanide octa-
hedron (RO6) is higher than the oxygen-cation octahedron of
the transition metal (MO6).46,47 As a result, the crystal lattice of
the RE-substituted strontium hexaferrite can contract so that
the values of a, c and the V-cell decrease as observed.
Cell
volume (�A3) c/a

Crystallite
size (nm)

Density
(g cm�3) c2

690.82 3.922 33 5.104 1.19
690.13 3.921 43 5.105 1.29
689.08 3.921 54 5.117 1.43
689.02 3.920 62 5.117 1.29
690.12 3.921 33 5.109 1.38
690.13 3.920 42 5.109 1.29
689.38 3.919 47 5.115 1.33
690.97 3.918 48 5.103 1.43
689.57 3.921 35 5.113 1.29
688.98 3.919 45 5.117 1.28
685.47 3.920 44 5.144 1.33
688.89 3.920 53 5.118 1.29
687.84 3.91 49 5.126 1.26

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Rietveld refinement patterns of all un-doped samples of SrFe12O19, (a) pH ¼ 1.5, (b) pH ¼ 4, and (c) pH ¼ 7.
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Indeed, the rened ionic positions in the doped sample
exhibited shis relative to the undoped sample at the sites (12k)
for Fe3+, and also in the (6h) and (12k) sites for O2� as shown for
both in Table 2. These displacements are due to the Gd3+, Ho3+,
and Sm3+ ions that are forced to occupy the octahedral sites,
owing to their preferred site energy. In addition, the length of
the Fe–O bond at the octahedral and tetrahedral sites is reduced
relative to the average length of the bond at the bipyramidal
sites. This indicates that the bond length at the sites is
decreased due to the introduction of small quantities of rare-
earth materials into the hexaferrite. This decrease is due to
the improvement in the exchange interactions. It should also be
noted that a signicant deviation of the binding angles was
observed in the doped sample compared to the undoped sample
(Table 3). The details of this deviation will be discussed in the
magnetic discussion section.

The effect of the pH value and calcination temperature on
the crystallite sizes was studied. The crystallite sizes of the
samples were calculated using the Debye–Scherrer formula:48
This journal is © The Royal Society of Chemistry 2020
DXRD ¼ 0:9l

b cos q
(1)

where DXRD is the average size of the crystallites, q is the Braggs
diffraction angle, b is the full-width half-maximum (in radians),
and l is the wavelength of the X-rays used (1.5406 �A). Fig. 5(b)
shows the effect of various annealing temperatures on the
crystalline size of the obtained powders for different pH values.
We note that the increase in the annealing temperatures
signicantly promotes particle agglomeration and grain growth
during calcination, which leads to the increase of grain size and
the formation of M-type Sr hexaferrite powders. From Fig. 5(a),
the results show that as the pH increases, the crystallite sizes
decrease in full agreement with the results obtained by Wu
et al.49

The crystallite sizes of (RE.SrM) decreased compared to that
of the (SrM). This decrease in crystallite size can be explained by
the high bond energy of Sm3+–O2�, Gd3+–O2� and Ho3+–O2� as
compared to that of Fe3+–O2�. Therefore, more energy is
required for the formation of the bonds of rare earth elements
in the M-type Sr hexaferrite. This required energy was obtained
RSC Adv., 2020, 10, 25239–25259 | 25243
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Fig. 4 Rietveld refinement patterns of (RE.SrM) and schematic of hexaferrite.

Table 2 Atomic positions obtained from the Rietveld refinement for
the SrFe12O19 and (RE.SrM) samples

Atom Site

x/a y/b z/c

SrM RE.SrM SrM RE.SrM SrM RE.SrM

Sr 2d 0.66667 0.66667 0.33333 0.33333 0.25000 0.25000
Fe1 2a 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Fe2 2b 0.00000 0.00000 0.00000 0.00000 0.25000 0.25000
Fe3 4f1 0.33333 0.33333 0.66667 0.66667 0.02710 0.02000
Fe4 4f2 0.33333 0.33333 0.66667 0.66667 0.30890 0.30770
Fe5 12k 0.17200 0.16667 0.34400 0.33333 0.88950 0.89014
O1 4e 0.00000 0.00000 0.00000 0.00000 0.16500 0.15350
O2 4f 0.33333 0.33333 0.66667 0.66667 0.93500 0.94000
O3 6h 0.18600 0.21198 0.37100 0.42389 0.25000 0.25000
O4 12k 0.16000 0.18650 0.84000 0.81350 0.05600 0.05339
O5 12k 0.48900 1.43274 �0.02200 1.86548 0.15350 0.15000
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at the expense of crystallization, and consequently caused
a hindrance in the growth of the crystallite of the M-type Sr
hexaferrite.50 This may be explained on the basis of ionic radii
or lattice contraction. The reduction in the crystallite size
probably decreases the crystal axis ratio. These results also
25244 | RSC Adv., 2020, 10, 25239–25259
suggest that the Sm3+, Gd3+, and Ho3+ have systematically
entered the host lattice in place of Fe3+.

3.2. FT-IR spectrum

FTIR spectroscopy makes it possible to predict the presence of
the different bonds in a crystal. FTIR analysis was performed at
room temperature in the range of 400–4000 cm�1, and is rep-
resented in Fig. 6. The frequency absorption bands at
584.82 cm�1 and 422.71 cm�1 correspond to the tetrahedral and
octahedral Fe3+–O stretching vibrations, respectively, and the
characteristic peaks at 539.86 cm�1 are associated with the Sr–O
stretching vibration band.51 FTIR analysis of the samples
conrmed the formation of the M-type Sr hexaferrite. No para-
sitic bands in all samples were observed. Thus, we can make
a preliminary deduction that the added low concentration of
Sm3+, Gd3+ and Ho3+ ions did not alter the intrinsic structure of
the M-type Sr hexaferrite, which is in good agreement with the
XRD results.

3.3. Raman analysis

The Raman spectra can give us more information on the
dynamics of the crystal structure. The peaks in the Raman
This journal is © The Royal Society of Chemistry 2020
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Table 3 Different (Me–O) bond lengths and bond angles of Me1–O–
Me2 for (SrM) and (RE.SrM)

Site Bond type

Bond length (�A)

SrM RE.SrM

Fe1 (2a) Fe1–O4 2.14 2.26
Fe2 (2b) Fe2–O1 1.93 2.22

Fe2–O3 1.19 2.17
Fe3 (4f1) Fe3–O2 2.23 1.84

Fe3–O4 1.84 1.68
Fe4 (4f2) Fe4–O3 2.00 1.80

Fe4–O5 1.87 1.40
Fe5 (12k) Fe5–O1 2.16 1.96

Fe5–O2 1.90 2.04
Fe5–O4 2.11 2.22
Fe5–O5 1.97 1.93
Sr–O3 2.91 2.97
Fe4–Fe4 2.59 2.66
Fe5–Fe5 2.83 2.93

Bond type

Bond angles

SrM RE.SrM

Fe1–O4–Fe3 120.19 119.83
Fe1–O4–Fe5 93.88 85.51
Fe2–O1–Fe5 126.00 120.65
Fe2–O3–Fe4 139.48 132.91
Fe3–O2–Fe5 120.84 124.09
Fe4–O3–Fe4 81.04 94.19
Fe4–O5–Fe5 132.18 138.91
Fe5–O2–Fe5 96.06 91.63
Fe5–O5–Fe5 92.34 87.75

Fig. 6 FT-IR spectra of (SrM) and (RE.SrM).
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spectra are mainly related to the vibration of the atomic bond.
Therefore, a small amount of impurities can be detected. In
parallel, Raman spectroscopy was used to study the composi-
tion and homogeneity of the phases in the pure and rare-earth
doped SrFe12O19 system. The Raman spectra are shown in
Fig. 7. Raman spectral analysis of the pure and rare-earth doped
strontium hexaferrite were carried out by comparing the
observed results with the selection rules and mode assignments
Fig. 5 Variation of crystallite sizes with pH value (a) and calcination tem

This journal is © The Royal Society of Chemistry 2020
discussed by Kreisel et al.52 From the literature, it was reported
that 42 Raman-active modes (11A1g + 14E1g + 17E2g) and 30 IR
active modes (13A2u + 17E1u) are expected for the hexaferrite
system. The Raman spectra were determined at room temper-
ature. The hexagonal structure of the M-type strontium hex-
aferrite was built up of ve layers: 3 cubic blocks of S and S*
with a spinel structure, and 2 hexagonal blocks R and R* con-
taining the Sr2+ ion. These ve layers form one molecule, and
two molecules form one unit cell. The 24 Fe3+ ions are distrib-
uted over ve different crystallographic sites, three octahedral
positions (12k, 2a and 4f2), one tetrahedral position (4f1) and
one trigonal-bipyramidal (2b) position, respectively. The Raman
spectra of the doped and undoped samples are shown in Fig. 7,
and all have the strongest peak at approximately 679 cm�1,
which is attributed to the motions (A1g) of the bipyramidal
group of the Fe–O ions (site 2b).52 A weak peak was observed at
the frequency of 719 cm�1, which can be attributed to the
movement (A1g) of the Fe–O ions at the 4f1 tetrahedral sites. The
608 cm�1 and 523 cm�1 bands are due to the (A1g) and (E2g)
vibration modes of the Fe–O bonds at the 4f2 octahedral site.
The 505 cm�1 and 463 cm�1 bands are due to the A1g vibration
perature (b).

RSC Adv., 2020, 10, 25239–25259 | 25245
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Fig. 7 Raman spectra of (RE.SrM) and (SrM) at room temperature.
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modes of the Fe–O bonds at the 2a octahedral site. In addition
to the above peaks, several distinct peaks are observed for the
two samples corresponding to the frequencies of 317, 336, 415,
Table 4 Volume of the crystallographic sites of (SrM) and (RE.SrM)

Octahedral sites

12k 2a

SrM Volume (�A)3 11.3865 11.851
Average bond length (�A) 1.9864 2.077

(RE.SrM) Volume (�A)3 10.5585 9.915
Average bond length (�A) 2.0051 1.959

M–Sr theory Volume (�A)3 10.9145 9.665
Average bond length (�A) 2.0215 1.937

25246 | RSC Adv., 2020, 10, 25239–25259
466 and 529 cm�1. They are comparable to the Raman spectra
reported by Zhao et al., in samples of BaFe12+xO19+1.5x.53 The
bands in the 211 to 529 cm�1 regions can be attributed to the
vibration of all M–O (M ¼ Fe, Gd, Ho, Sm) bonds in various
octahedral positions, such as 12k, 2a, and 4f2 sites. The
measured Raman spectra of the two samples show that, other
than the broadening of various bands, no new band was
observed. This conrms that the samples are in a single-phase
form.

In order to better correlate the Raman measurements with
the cationic structure and distribution, the volumes of the
different sites in the hexagonal lattice were determined. From
the data rened by Rietveld, the available site volumes were
calculated for both compounds. Table 4 shows the volumes
available for the corresponding sites. From the volume values, it
can be concluded as a rst approximation that in the case of
substitution, it seems that the 4f2, 4f1 and 2b sites are the most
improbable to be substituted with Gd, Ho, and Sm. These
results are in very good agreement with the Raman measure-
ments. In fact, the sites undergoing a signicant shi are the
two sites 12k and 2a (see table: Raman shi). So the most
probable sites to be substituted by Gd3+, Ho3+, and Sm3+ are the
two sites 12k and 2a. The larger volume of available sites
certainly plays a major role in site preference. However, the
substitution energy may also contribute to site preference. In
this context, using the present ab initio calculations with the
GGA+Umethod (ample details of the calculations are elucidated
in the last paragraph), the substitution energies in the 12k, 2a
and 4f2 sites of the rare-earth elements Gd, Ho, Sm were
calculated for Ueff ¼ 3, 4, 6. From the obtained results, it can be
seen that the minimum energy required for an Sm atom is to
substitute Fe atoms in a 2a site, and the 12k site is the prefer-
able site to be substituted with Gd and Ho atoms.

In order to analyze the polarization dependence of the
Raman signals, the Raman bands were tted with the Lor-
entzian line shape using the Raman bands. The results are
shown in Fig. 7. The observed Raman spectra have been
indexed, and the comparative state of the observed vibration
Tetrahedral
site

Tirgonal bipyramodal
site

4f2 4f1 2b

1 9.197 3.7566 6.9056
5 1.9500 1.9446 1.9056
5 8.5612 3.9322 8.9451
5 1.8612 1.9734 2.1824
3 9.9599 3.5058 6.5139
5 1.9709 1.8983 1.9874

This journal is © The Royal Society of Chemistry 2020
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Table 5 The observed Raman shift and assignment to the crystal site and symmetry for the (RE.SrM) and (SrM) samples

Site

Wavenumber

Symmetry AssignmentM–Sr (RE.SrM) |DRaman|a Kreisel et al.52

4f1(Y) 719.1920 719.0674 0.1245 713 A1g Tetrahedral Fe(3)–O4

2b([) 679.8629 679.7555 0.1074 684 A1g Bipyramid Fe(2)–O5

4f2(Y) 608.6377 608.5030 0.1347 614 A1g Octahedral Fe(4)–O6

523.4077 523.3130 0.0946 527 E2g
2a([) 505.1866 505.9428 0.7562 512 A1g Octahedral Fe(1)–O6 and Fe(5)–O6

463.0669 463.0624 0.0045 467 A1g
12k([) 418.7701 401.6707 17.0994 417 E1g Octahedral dominated Fe(5)–O6

400.0034 397.4566 2.5468 409 A1g
346.0538 341.2250 4.8288 340 A1g Octahedral (mixed)
331.09216 331.2500 0.15784 335 E2g
309.3766 309.5371 0.1604 317 E1g
274.1963 274.1141 0.0822 285 E1g

a Raman shi.
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modes has been listed in Table 5. These results show a shi of
the (RE.SrM) bands that occurs towards the highest frequency
value (400 to 397 cm�1) or lower (346.05 to 341 cm�1), while the
other bands were practically unaffected by doping. These
differences are related to the chemical bond length. This
behavior could be explained by the fact that the introduction of
small quantities of larger rare earth elements results in the
displacement of oxygen atoms. Effectively, the smaller Fe3+ ions
(which are in the octahedral site) are replaced by larger Gd3+,
Ho3+ and Sm3+ ions, and are responsible for such variation in
the lattice of the M-type strontium hexaferrite. Therefore, the
shi to a higher wavenumber for the A1g vibration in the site 12k
could be explained by force constant changes, which provide
further proof that rare earth elements reside in the 12k site.54

The peak frequency values observed in the spectra were
compared with those in the literature for single crystals,52

nanoparticles55 and polycrystalline.56 It has been noted that they
are in very good agreement with those associated with single
crystals and nanoparticles. All of these results are in perfect
agreement with those found in the case of XRD and FTIR.
Fig. 8 SEM images and particle size distribution analysis for M-type Sr h

This journal is © The Royal Society of Chemistry 2020
3.4. Morphological study

The morphology of the undoped and doped M-type Sr hex-
aferrite samples were observed by scanning electronmicroscopy
(SEM), as shown in Fig. 8. The SEM analysis of (SrM) and
(RE.SrM) indicates that the morphology is characterized by the
largest grains with irregular grain shape. The conguration is
almost platelet-shaped and agglomerated due to the magnetic
interaction. The analysis of EDX is given in Fig. 9, and shows the
presence of Sr, Fe, O, Gd, Ho and Sm in the samples. No other
traceable impurities are found within the resolution limit of
EDX. The small amount of carbon is related to the sample
carrier of the equipment. The theoretical composition
percentages of the elements were calculated using the following
formula:

x% ¼ z
Ms

MT

� 100 (2)

whereMs is the molar mass of the element,MT is the total molar
mass and z refers to the number of elements. The theoretical
and experimental composition percentages of the elements of
exaferrite: (a) (SrM), (b) (RE.SrM).

RSC Adv., 2020, 10, 25239–25259 | 25247
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Fig. 9 EDX image analysis for M-type Sr hexaferrite: (a) (SrM), (b) (RE.SrM).

Fig. 10 Absorption spectra and optical band gap for (SrM) and (RE.SrM).

25248 | RSC Adv., 2020, 10, 25239–25259 This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Hysteresis loops of (RE.SrM).
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the compound are presented in Fig. 9. The experimental
percentage of the element is in agreement with the theoretical
values. In fact, the crystal structure showed a homogeneous
chemical composition.

3.5. Optical measurements

The UV-Vis spectra of (SrM) and (RE.SrM) are shown in Fig. 10.
UV-Vis analysis was performed at room temperature in the
range of 190–800 nm. The absorption spectra of two samples
were divided into three portions as one having the wavelength
(l) region of 190 nm < l < 332 nm, the second region being
332 nm < l < 620 nm, and the last region being 620 nm < l <
800 nm. Less absorbance was observed when the value of Eg was
larger than the photon energy because photons having less
energy could not excite the valence electrons to move into the
conduction band. Conversely, the photons having enough
energy equivalent to Eg can enhance the absorbance trend. The
majority of the electrons close to the valence band are absorbed
by the photons within the energy range of 332 nm < l < 620 nm.
These electrons achieve enough energy from the photons, and
then jump into the conduction band, causing an increase in the
absorbance of photons. It implies that the absorbance occurs in
the visible regime. In the case of the interval 620 nm < l <
800 nm, the photonic energy is greater than the band gap. The
absorption tends to the state of saturation, and consequently,
no increase in the absorbance will take place.

The optical band gap (Eg) may be evaluated based on the
optical absorption spectrum using the Kubelka–Munk (K–M)
method.57 According to the Kubelka–Munk (K–M) theory, the
[F(R) � hn]n versus (hn) curves (where F(R) ¼ a is the Kubelka–
Munk (K–M) function, (hn) is the photon energy) can be used to
calculate the absorbed band gap energy using the following
relation:

(ahn) ¼ A(hn � Eg)
1/2 (3)

where E is the energy band gap, A is a constant, and n depends
on the type of electronic transition, which assumes the values of
1/2, 3/2, 2, and 3, depending on the nature of the electronic
transition, and n ¼ 1/2 for the direct band gap semiconductors.
The optical band gap for the absorption peak was obtained by
extrapolating the linear portion of the [a � hn]1/2 curve versus
(hn) to zero (Fig. 10). The optical band gap values of (SrM) and
(RE.SrM), concluded from the graph, are: 1.60 eV and 1.62 eV,
respectively. The lowering of the Eg values can be attributed to
the crystalline size and lattice strain. This indicates that both
samples are semiconductors. The Eg observed for (RE.SrM) is
higher than that for (SrM). According to the literature, the
variation of the optical band gap relies on factors, such as the
quantum connement and crystallite size.58 From this work, it
is possible to conrm the importance of the synthesis method,
and the experimental conditions play a crucial role in deter-
mining the optical properties. For example, the SrCo0.1Fe11.9O19

obtained by the sol–gel method has crystallite sizes between 12
and 14 nm, indicating an optical band gap values of 1.78 eV,59

while the optical band gap value of the SrFe12O19 with the
particle sizes of about 35 nm is 2.62 eV.60 The pure hexaferrite
This journal is © The Royal Society of Chemistry 2020
obtained by co-precipitation assisted ceramic route method,
with a crystallite size of 77 nm, indicate an optical band gap
value of 1.74 eV.61
3.6. Magnetic measurements

In this section, we attempt to elucidate the effect of doping the M-
type strontium hexaferrite nanoparticles, with Sm3+, Gd3+ and
Ho3+ ions, on the saturation magnetization Ms, coercive eld Hc,
remanent magnetization Mr and the energy product (BH)max.

Fig. 11 shows the hysteresis loops of the RE.SrM sample at
room temperature (300 K), and the applied magnetic eld is
�10 kOe. Due to the absence of magnetic saturation, the satu-
ration magnetization (Ms) of the sample could be determined
using the law of approach to saturation (LAS)62 by the following
eqn (4):

M ¼ Ms

�
1� A

H
� C

H2

�
þ cH (4)

where M is the magnetization, A is the inhomogeneity param-
eter, c is the high eld susceptibility, H is the applied eld and
C is the anisotropy parameter. For hexagonal ferrites, C can be
expressed by eqn (5):

C ¼ 8K1
2

105Ms
2

(5)

where K1 is the magnetocrystalline anisotropy constant. More-
over, the values of A/H and c in eqn (4) are negligible for hex-
aferrite at sufficiently high magnetic elds, as explained by
Néel63 and Brown.64 Thus, eqn (4) can be written as in eqn (6):

M ¼ Ms

�
1� 8K1

2

105Ms
2H2

�
(6)

To calculateMs and K1, theM–H curve data (Fig. 13) at the high
external eld were tted with eqn (6). The tted curve for the
RSC Adv., 2020, 10, 25239–25259 | 25249
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Fig. 12 M vs. 1/H2 curve for the (RE.SrM) sample.
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(RE.SrM) sample is depicted in Fig. 12. Using the values ofMs and
K1, the anisotropy eld Ha can be calculated using eqn (7):

Ha ¼ 2K1

Ms

(7)

The values of Ms and Mr for the (RE.SrM) sample are
respectively 67.72 emu g�1 and 35.65 emu g�1. These values are
signicantly greater than those of the undoped strontium hex-
aferrite, as well as some doped strontium hexaferrites reported
in the literature, as shown in Table 7. This can be explained by
the following: according to Raman analysis, Gd3+ and Ho3+ ions
prefer to occupy the 12k([) site, whereas Sm3+ ions prefer to
occupy the 2a([) site. The substitution of Fe3+ ions in the 12k([)
and 2a([) octahedral sites with Sm3+, Gd3+, and Ho3+ ions, is
Fig. 13 Schematic diagram of the magnetic super-exchange interaction

25250 | RSC Adv., 2020, 10, 25239–25259
responsible for the increased values of Ms and Mr of the
(RE.SrM) sample. Indeed, the theoretical magnetic moments of
Gd3+ and Ho3+ ions are calculated to be 7 and 10 mB, respec-
tively. These values are collectively higher than 5 mB, which is
the value of the magnetic moment of the Fe3+ ion.

The theoretical total magnetic moment per unit cell of the
(RE.SrM) compound Mth,tot(RE.SrM) can be calculated using
eqn (8), whereM([) andM(Y) are the magnetic moments of sub-
lattices with spin up and spin down, respectively. Mth,tot(-
RE.SrM) can be calculated as follows:

Mth,tot(RE.SrM) ¼ 2 � (5.98 � M(Fe3+,12k([)) + 0.01

� M(Gd3+,12k([)) + 0.01 � M(Ho3+,12k([))

+ 0.99 � M(Fe3+,2a([)) + 0.01

� M(Sm3+,2a([)) + M(Fe3+,2b([))

� M(Fe3+,4f1(Y)) � M(Fe3+,4f2(Y))) (8)

Mth,tot(RE.SrM) ¼ 2 � ((5.98 � 5 mB) + (0.01 � (7 + 10))

+ (0.99 � 5 mB) + (0.01 � 0.71) + (1 � 5 mB)

� (2 � 5 mB) � (2 � 5 mB))

Mth,tot(RE.SrM) ¼ 40.043 mB per unit cell

The value of the theoretical total magnetic moment per unit
cell of the undoped (SrM) compound Mth,tot(SrM) can be
calculated in the same manner to be 40 mB. Clearly, the value of
Mth,tot(RE.SrM) is higher than that of Mth,tot(SrM) by 0.11%,
explaining the increase in theMs value. The experimental values
of the total magnetic moment per formula unit of the (RE.SrM)
compound Mtot(RE.SrM) can be calculated using eqn (9):76

MtotðRE:SrMÞ ¼ MðRE:SrMÞ �Ms

5585
(9)
s between the 12k and the 4f2 sites.

This journal is © The Royal Society of Chemistry 2020
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Fig. 14 B–H and J–H curves of the (RE.SrM) sample.
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where M(RE.SrM) is the molecular weight of the (RE.SrM)
sample, and Ms is the measured saturation magnetization at
300 K. The calculated value of Mtot(RE.SrM) per formula unit
(f.u.) is 12.911 mB per f.u., and per unit cell is 25.822 mB per unit
cell (at 300 K). The value of Mtot(RE.SrM) measured at 300 K is
smaller than that ofMth,tot(RE.SrM) calculated at 0 K because of
the inuence of the thermal agitation on the magnetic
moments.

The improvement of the coercive force (Hc ¼ 5257.63 Oe) can
be explained by the magnetocrystalline anisotropy and the
exchange interactions. Indeed, the Hc is directly proportional to
the anisotropy Ha, while Ha is also directly proportional to the
magnetocrystalline anisotropy constant K1. Therefore, Hc is
directly proportional to K1. The determined values of Ha and K1

are respectively 22.45 104 Oe and 7.602 106 emu Oe g�1. These
values are improved compared with other works on doped
strontium hexaferrite (Ha ¼ 1.9053 104, K1 ¼ 0.5558 106 emu Oe
g�1).77 In addition, the spin-orbital coupling is generally
stronger in rare-earth ions than in 3d transition metal ions.
Therefore, the substitution of Fe3+ ions with Sm3+ and Ho3+ ions
improves the value of coercivity.

The crystal eld perturbation effects on the 4f electrons of
rare-earth ions are weak because the 4f electrons are shelled by
the 5s and 5p electrons. Consequently, there are less quenching
effects in rare-earth ions in comparison to 3d transition metal
ions; thus, strong spin–orbit interactions occur. Doping with
small amounts of Gd3+, Ho3+, and Sm3+ increases the value of
the coercive eld of the (RE.SrM) compound. Indeed, the Ho3+

and Sm3+ ions have a large anisotropy to a single ion; thus, they
contribute to the anisotropy of (RE.SrM). However, it has been
reported in the literature that Gd strengthens and contributes to
anisotropy.78

Furthermore, it is necessary to consider the exchange inter-
actions in the (RE.SrM) compound. Super-exchange is the
coupling between two magnetic cations that are separated by an
oxygen anion (non-magnetic). It depends on the distance of
these cations from the oxygen anion through which the inter-
actions occur, and the angle between these cations. The super-
exchange interaction energy is maximum when the angle
between the cations is about 180�. Moreover, the interaction
energy decreases rapidly with increasing distance between the
cations and the oxygen anion. This effect becomes negligible
over a distance higher than 3�A, as suggested by Anderson.79 To
study the effect of the super-exchange interaction, we calculated
the respective bond lengths and bond angles, as shown in Table
2. All bond lengths in SrM and (RE.SrM) are less than 3 �A,
indicating that the super-exchange interactions are non-
negligible. The average bond length of the different poly-
hedrons ranging from largest to smallest are: octahedral >
tetrahedral > bipyramidal for the (SrM) structure, and bipyra-
midal > octahedral > tetrahedral, for the (RE.SrM) structure.

We consider the following sub-lattice interactions: (2a([)–
4f1(Y)), (2a([)–12k([)), (2b([)–4f2(Y)), (2b([)–12k([)), (4f2(Y)–
12k([)), (4f1(Y)–12k([)), (4f2(Y)–4f2(Y)) and (12k([)–12k([)).
From the values of Table 2, it can be seen that the interaction
(4f2(Y)–12k([)) is the strongest. Indeed, the 4f2(Y) and 12k([)
sites have the shortest Fe–O average bond length and the largest
This journal is © The Royal Society of Chemistry 2020
angle value between the cations, as depicted in Fig. 13. On the
other hand, the sub-lattice interaction (12k([)–12k([)) is the
weakest because the 12k([) site has the longest Fe–O average
bond length and the smallest angle value between the cations.
These interactions could affect the coercive force in the
following manner: during the hysteresis loops measurement of
the (RE.SrM) sample, the magnetic moments get aligned in the
direction of the external magnetic eld when the external eld
is applied to the sample. As the external eld decreases slowly,
these magnetic moments have a low tendency to return to their
initial positions due to the strong interactions between the
magnetic moments, especially the 12k([) and 4f2(Y) sites. This
could explain the high coercive force of the (RE.SrM) sample.

The squareness ratio (Mr/Ms) for (RE.SrM) has also been
calculated to be 0.52. The obtained value is above the theoretical
value of 0.5, indicating that the materials are a single magnetic
domain. A value below 0.5 is related to the multi magnetic
domains.48 In the present work, the observedMr/Ms value is very
close to 0.5, suggesting that the synthesized sample is in the
single magnetic domain.

According to the particle sizes calculated in the DRX section,
the decrease of particle sizes aer doping with rare earth
elements is probably another reason for the improved coercivity
(Hc). (Hc) has been signicantly affected by particle morphology
and varies inversely with grain size. With larger grain size, fewer
grain boundaries will act as pinning sites for the magnetic
domain wall movement. With Sm3+, Gd3+ and Ho3+ doping, the
grain size became smaller, and the results are consistent with
XRD analysis. The reverse magnetic eld for the demagnetiza-
tion of the nanoparticles can be interpreted in relation with the
domain rotation, where the smaller grain sizes have less
domain wall movement. Consequently, the high coercivity is
expected for smaller particle sizes.

To test the material's material quality for magnetic water
treatment applications, the curves B–H and J–H were drawn
using the equation: B¼ H + 4pM in the CGS units with J¼ 4pM.
The J–H curve is the hysteresis loop shown in Fig. 14. Two
different coercivities are normally used to characterize the
hardness of the permanent magnetic material, namely, the
normal coercivity HcB (the strength of the inverse eld required
RSC Adv., 2020, 10, 25239–25259 | 25251
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Table 6 Measured magnetic properties of the RE.SrM sample

Hc (Oe)
Ms

(emu g�1)
Mr

(emu g�1)
Mr/
Ms

HcJ

(Oe)
HcB

(Oe)
K1

(emu Oe g�1) � 106 Ha (Oe) � 104
(BH)max

(MGOe)
(BH)max

(kJ m�3)

5258.63 67.72 35.65 0.52 5244.92 1030.45 7.602 22.45 1.06 8.46

Fig. 15 Energy density versus reverse field in the second quadrant for
the (RE.SrM) sample.

Fig. 16 Magnetization as a function of temperature (RE.SrM).
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to reduce the B-induction to zero) and the intrinsic coercivityHcJ

(the strength of the eld required to reduce the intrinsic
induction 4pM to zero). A high-performance magnet is char-
acterized by a high saturation magnetization and a high coer-
civity, with the intrinsic coercivity being generally much higher
than the normal coercivity (HcB) that is necessary for the stable
operation of the magnet.

The two coercivity parameters were directly determined from
the B–H and J–H curves presented in Fig. 14. The results, pre-
sented in Table 6, show that both HcB and HcJ increase with the
substitution with the rare earth elements Gd3+, Ho3+ and Sm3+.
This constitutes an improvement in the magnetic properties for
permanent magnet applications, compared to other works, in
particular Sr0.7La0.3Fe11.8Zn0.2O19 (HcJ ¼ 2530.86 Oe and HcB ¼
2459.23 Oe).80

From the M–H data (Fig. 11), we could also calculate the
energy product (BH)max, which is a signicant factor for rating
the performance of a permanent magnet. (BH)max is also known
as a gure of merit for hard magnetic materials, and is oen
used to indicate their grade. Fig. 15 shows |BH| versus H
dependences (in absolute values) of the (RE.SrM) sample. It can
be seen that the data form a parabola in which the vertex
corresponds to (BH)max. The value of (BH)max is found to be
1.064 MGOe. This value is improved due to the increase in the
Hc and Mr values. The reported (BH)max values from the litera-
ture include: 1.04 MGOe (SrFe12O19),81 0.363 MGOe (Ba0.5Sr0.5-
Fe12O19),82 0.007 MGOe (Ba0.5Sr0.5Fe12O19),83 0.9 MGOe
(SrFe12O19),84 0.791 MGOe (BaCoFe11O19),85 0.96 MGOe
(BaFe12O19),86 0.622 MGOe (BaCr0.3Ga0.3Fe11.4O19),87, (0.42–0.61)
25252 | RSC Adv., 2020, 10, 25239–25259
MGOe (SrFe12O19),88 1.02 MGOe (SrFe12O19),89 and 1.039 MGOe
(SrLa0.1Fe11.9O19).90 The obtained value of (BH)max in this work
has yielded much higher values than those reported by other
researchers, which is the essential achievement of this work.

The magnetization M of the (RE.SrM) sample was measured
by varying temperature T from 25 �C to 580 �C, as shown in
Fig. 16. It can be seen thatM decreases with increasing T. As the
temperature increases from 25 �C, the magnetization value
gradually decreases to a critical temperature aer which
a sudden increase in the magnetization M is observed. This
temperature is called the blocking temperature TB, and its value
is found to be TB ¼ 749 K. This behavior indicates that, below
the blocking temperature TB, the (RE.SrM) nanoparticles are
magnetically stable, and a superparamagnetic relaxation takes
place when the temperature overcomes the TB value. Moreover,
it is clear that the measured magnetization shows a typical
behavior. This phenomenon is called the Hopkinson effect, and
the maximum just below the Curie temperature is called the
Hopkinson peak. The drastic increase in magnetization can be
explained by a concurrent phenomenon of thermomagnetic
randomization and magnetic reorganization by the expansion
of the domain boundary expansion with increasing thermal
energy.91 The relative intensity of the Hopkinson peak indicates
that the (RE.SrM) nanoparticles are in the single-domain state,
which is in good agreement with the mentioned value of theMr/
Ms ratio. In addition, a superparamagnetic relaxation occurs,
resulting in a sharp peak (peak temperature) at Tpk ¼ 760 K,
which is below to the Curie temperature Tc ¼ 765 K. This
suggests a transition of the (RE.SrM) nanoparticles from
a ferrimagnetic to a paramagnetic state.
This journal is © The Royal Society of Chemistry 2020
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The value of Tc is relatively high when compared to previous
works. The reported Tc values from the literature include: 737 K
for (SrFe12O19),92 740.15 K for (Sr0.95Sm0.05Fe12O19)54 and 738.15
K (Ba0.5Sr0.5Fe11.6Co0.2(MgZn)0.1O19).93

As the Curie temperature Tc depends on the overall strength
of the exchange interactions, it can be argued that the increase
of the exchange interaction energy is responsible for the
increase in the Tc value. As it was already discussed, the increase
in the exchange interaction energies in the compound is due to
the presence of rare earth elements having a strong spin–orbit
coupling and large magnetic moments, especially the Ho3+ ion.
Indeed, to offset the effects of the exchange interactions (RE–O–
Fe3+ and Fe3+–O–Fe3+) in the (RE.SrM) compound, a greater
amount of energy will be required.
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3.7. Ab initio study

3.7.1. Site preference study. To gain insight into the effects
of doping the M-type strontium hexaferrite with the rare-earth
elements Sm, Gd and Ho on its structural, electronic and
magnetic properties from a theoretical perspective, rst-
principles calculations were conducted on the different
congurations of SrFe12�xXxO19 with x ¼ 0, 0.5 and X ¼ Sm, Gd,
Ho.

The magnetic properties of the strontium hexaferrite can be
adjusted by substituting Fe atoms with other atoms, such as
rare earth elements. The Fe atoms occupy ve distinct crystal-
lographic sites, namely, the 2a, 2b, 4f1, 4f2 and 12k sites. The
substitution of Fe atoms with other elements give rise to ener-
getically distinct congurations (denoted [X,s] with element X in
the site s). To complement the present XRD and Raman spec-
troscopy results, a site preference study was conducted for the
substituting elements Sm, Gd and Ho. This can be
Fig. 17 Substitution energies Esub for the studied configurations
calculated using the GGA and the GGA+Umethods withUeff¼ 3, 4 and
6 eV. T
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Table 8 Calculated properties of the pristine and doped strontium hexaferrite SrFe12�xXxO19 with x ¼ 0, 0.5 and X ¼ Sm, Gd, Ho: substitution
energies Esub of the [X,s] configuration with the element X in the site s (in eV) using the GGA+U method (U ¼ 3 eV), the multiplicity g, the total
magnetic momentMtot of the unit cell containing 2 formula units (i.e., 64 atoms) in Bohr magneton (mB), the volume of the unit cell V (in�A3), the
lattice parameters a, b, c, a, b and g (in degrees �)

Conguration Esub (eV) G Mtot (mB) a (�A) b (�A) c (�A) V (�A3) a (�) b (�) g (�)

SrFe12O19 — — 40.02 5.8259 5.8259 22.9161 673.59 90 90 120
[Sm,2a] �7.693 2 40.00 5.8533 5.8533 23.3461 692.71 90 90 120
[Gd,2a] �9.223 2 41.99 5.8529 5.8529 23.3077 691.47 90 90 120
[Gd,12k] �9.389 12 42.00 5.8579 5.9126 23.1089 695.27 90.19 90 119.69
[Ho,2a] �9.716 2 31.01 5.8521 5.8521 23.2607 689.89 90 90 120
[Ho,12k] �10.248 12 38.96 5.8596 5.9034 23.0936 693.51 90.19 90 119.75

Table 9 Calculated properties of the pristine and doped strontium hexaferrite SrFe12�xXxO19 with x ¼ 0, 0.5 and X ¼ Sm, Gd, Ho: the spin
magnetic moment of the Fe LAPW spheresM(Fe) in the sites 2a, 2b, 4f1, 4f2 and 12k in Bohr magneton, the spin magnetic moment of the doping
elementsM(X) with X¼ Sm, Gd, Ho in the 2a and 12k sites in Bohrmagneton, the total magnetic momentMtot of the unit cell containing 2 formula
units (i.e., 64 atoms) in Bohr magneton (mB)

Conguration

M(Fe) (mB) in:
M(X) (mB) X ¼ Sm,
Gd, Ho in:

Mtot (mB)2a 2b 4f1 4f2 12k 2a 12k

SrFe12O19 3.93 3.83 �3.83 �3.91 3.98 — — 40.02
[Sm,2a] 3.98 3.84 �3.80 �3.85 3.96 4.89 — 40.00
[Gd,2a] 3.98 3.85 �3.81 �3.86 3.96 6.81 — 41.99
[Gd,12k] 3.97 3.85 �3.81 �3.87 3.96 — 6.81 42
[Ho,2a] 3.98 3.85 �3.81 �3.86 3.96 3.8 — 38.98
[Ho,12k] 3.98 3.85 �3.81 �3.87 3.96 — 3.9 38.96
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accomplished by calculating the substitution energy Esub[X,s] of
the element X in the site s using eqn (10):

Esub[X,s] ¼ ESrFeXO[s] � ESrFeO + EFe � EX (10)

where ESrFeXO[s] is the total energy per unit cell (64 atoms) of
strontium hexaferrite substituted with the X element in the s
site, whereas ESrFeO is the total energy per unit cell of pristine
strontium hexaferrite. EFe and EX are respectively the total
energy per atom for Fe and X atoms (X ¼ Sm, Gd, Ho) in their
most stable crystal structure. The results from the present XRD
and Raman spectroscopy work indicate that Ho3+, Sm3+ and
Gd3+ are occupying the octahedral sites 12k and 2a in the
(RE.SrM) material. Therefore, we attempt to investigate the site
preference of these rare earth elements in the octahedral sites,
(2a), (4f2) and (12k), by calculating their respective substitution
energy. We also include the 4f2 site in this study.

Some of the calculations that were conducted have not
converged, namely, the calculations for the structure optimi-
zation of strontium hexaferrite substituted with Sm in the 4f2
and 12k sites, and both Gd and Ho in the (4f2) site. This indi-
cates that these congurations are more likely to be unstable;
therefore, they were omitted from the present site preference
study. Consequently, the congurations to be investigated are
the following:

[Sm,2a], [Gd,2a], [Gd,12k], [Ho,2a] and [Ho,12k]
25254 | RSC Adv., 2020, 10, 25239–25259
Fig. 17 shows the graph corresponding to the calculated
substitution energy Esub of Sm, Gd, and Ho in the octahedral
sites of 2a and 12k, using the GGA and the GGA+U methods. It
can be seen that the curve from the GGAmethod, as well as the 3
curves from GGA+U have a common trend: Sm in 2a site having
the highest substitution energy, and Ho in the 12k site having
the lowest value for Esub. The more stable and energetically
favorable substitution site corresponds to that of the lowest
substitution energy. From the GGA calculations, the congu-
rations ranging from the least stable to the most stable, are:
[Sm,2a], [Gd,12k], [Gd,2a], [Ho,2a], then [Ho,12k]. However,
those from the GGA+U calculations ranging from the least
stable to the most stable are: [Sm,2a], [Gd,2a], [Gd,12k], [Ho,2a],
then [Ho,12k]. This is consistent with the results using the
GGA+U method with Ueff ¼ 3, 4 and 6 eV.

In conclusion, from the substitution energy concerning the
site preference study, the Sm3+ occupies the 2a site, whereas
Gd3+ and Ho3+ both occupy the 12k sites. This is in very good
agreement with the present XRD and Raman spectroscopy
results.

3.7.2. Electronic and magnetic properties. Table 8 shows
the calculated substitution energies Esub[X,s] of elements X ¼
(Sm, Gd, Ho) in the site s in eV using the GGA+U method with U
¼ 3 eV, in addition to the total magnetic moment Mtot of the
unit cell and the cell parameters. It can be seen that the greatest
value for Mtot is for the congurations [Gd,2a] and [Gd,12k],
This journal is © The Royal Society of Chemistry 2020
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Fig. 18 Total Density Of States (DOS) of M-type strontiumhexaferrite SrFe12O19 calculated using the GGAmethod (top); and the GGA+Umethod
with Ueff ¼ 4 eV (bottom). The Fermi energy is set to zero.
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where the doping element is Gd. This is due to the large value of
the spin magnetic moment of Gd3+, calculated to be 6.81 mB

(Table 9). The volume of the lattice gets larger by at least 2.3%
upon doping with each of the rare earth elements. This can be
explained by the larger ionic radius of the Sm3+, Gd3+ and Ho3+

ions of 0.96, 0.94 and 1.04�A, respectively, compared to the Fe3+

ions. It can be noticed that the angles remain intact upon
doping in the 2a sites, but change slightly upon doping in the
12k sites. These results are not consistent with the present
experimental lattice parameters for the (RE.SrM) structure, for
which the lattice volume is smaller than that of the undoped
Fig. 19 Calculated spin up and spin down band gap energies of
pristine SrFe12O19 using the GGA+U method with Ueff ¼ 3, 4, 5 and
6 eV. The green dashed line represents the experimental gap energy
from the UV-Vis measurements.

This journal is © The Royal Society of Chemistry 2020
SrM material. In fact, the decrease of the lattice volume upon
doping with rare earth elements can be explained by the exis-
tence of the exchange interactions between the Fe3+ ions and
the doping elements, which might overcome the effect of the
electrostatic repulsion from Sm3+, Gd3+ and Ho3+ ions, having
larger ionic radii. These exchange interactions are not accoun-
ted for in the calculations of the structural optimization, which
explains the increase of the calculated lattice volume.

The band gap problem is among the issues of the GGA
approximation. The calculated band gaps of semiconductors
are systematically underestimated with respect to the experi-
mental values.94 One way to address the problem is to introduce
an effective on-site Coulomb interaction term (referred to as the
effective Hubbard parameter Ueff) to the Hohenberg–Kohn–
Sham Hamiltonian. This GGA+U method corrects for the self-
interaction error present in the GGA approximation, and the
band gap is no longer underestimated.

Fig. 18 shows the calculated density of states of the M-type
strontium hexaferrite SrFe12O19 using the GGA and the
GGA+U methods with Ueff ¼ 4 eV. It can be seen that the GGA
method give rise to a metallic behavior for the structure. The
band gap is clearly underestimated with the GGA method. On
the other hand, the GGA+U method produces an electronic
structure corresponding to a semi-conductor, as it was shown
experimentally in previous works.60,61,95–98

Fig. 19 shows the calculated spin up and spin down band gap
energies of theM-type strontium hexaferrite SrFe12O19 using the
GGA+U method with Ueff ¼ 3, 4, 5 and 6 eV, compared to the
present experimental value from the optical measurements. It
can be seen from the graphs that the two curves are roughly
linear. The GGA+U method with Ueff ¼ 4 eV gives rise to a band
gap energy value of 1.57 eV (corresponding to the majority spin
channel, i.e., the spin up channel), which is in good agreement
with the present experimental optical band gap of 1.60 eV. The
GGA+U method with Ueff ¼ 4 eV was used for calculating the
total Density Of States (DOS) and the Partial Density Of States
RSC Adv., 2020, 10, 25239–25259 | 25255
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Fig. 20 Total and partial density of states (Fe LAPW spheres in 12k, 2a,
2b, 4f1 and 4f2 sites) of the M-type strontium hexaferrite SrFe12O19

calculated using the GGA+U method with Ueff ¼ 4 eV. The Fermi
energy is set to zero.

Fig. 21 Total and partial density of states (Sm, Gd and Ho LAPW
spheres) of: (a) SrFe11.5Sm0.5O19; (b) SrFe11.5Gd0.5O19 and (c) SrFe11.5-
Ho0.5O19; using the GGA+U method with Ueff ¼ 4 eV. The Fermi
energy is set to zero.
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(PDOS) of the Fe LAPW spheres of the strontium hexaferrite
SrFe12O19 (Fig. 20), as well as for calculating the DOS and the
PDOS of Sm, Gd and Ho LAPW spheres of the structures
SrFe11.5X0.5O19 with X ¼ Sm, Gd and Ho, respectively (Fig. 21).

In Fig. 20, the PDOS of the Fe LAPW spheres show the
occupied low-lying energy Fe-3d bands, extending on average
from �7.5 eV to the Fermi level. The 3d vacant bands start from
the bottom of the valence band and extend to around 4.5 eV
above the Fermi energy level. It can be seen that the PDOS of Fe
in the octahedral sites (12k, 2a and 4f2) is characteristic of the
electronic conguration t32g e2g of the high spin state of the
octahedrally coordinated Fe3+. The crystal eld separation of
the vacant t2g and eg bands is clearly observed. In addition, it
can be shown that the PDOS of the tetrahedrally coordinated Fe
in the 4f1 site is characteristic of the electronic conguration e2

t32 of the high spin state of the tetrahedrally coordinated Fe3+.
The occupied Fe-3d bands in the 4f1 and 4f2 sites are quite
similar. Nevertheless, the vacant Fe-3d bands in the tetrahedral
4f1 site are narrower than those of Fe in the octahedral sites,
25256 | RSC Adv., 2020, 10, 25239–25259
reecting a smaller eld splitting, as it is expected from the
ionic crystal-eld theory.

Fig. 21 shows the total and partial density of states (Sm, Gd
and Ho LAPW spheres) of SrFe11.5Sm0.5O19 (Sm in the 2a site),
SrFe11.5Gd0.5O19 (Gd in the 12k site) and SrFe11.5Ho0.5O19 (Ho in
the 12k site) using the GGA+U method (Ueff ¼ 4 eV). It is
observed that the electronic structure of strontium hexaferrite is
affected, especially the band gap energy, upon doping with any
of the three elements. The PDOS of the rare earth elements
extending from �6 eV to 4 eV (with respect to the Fermi level)
are mostly 4f states.

The density of states of SrFe11.5Sm0.5O19, where Sm3+ ions
occupy the 2a site, shows the creation of occupied bands
extending from �1 eV to �0.3 eV. Additional vacant bands are
created near the Fermi energy, and others in the higher ener-
gies. This is characteristic of the electronic conguration,
A1
2u T32u T1

1u, of the octahedrally coordinated Sm3+ (Fig. 22(a)).
The band gap energy is therefore signicantly reduced.

The density of states of SrFe11.5Gd0.5O19, where Gd3+ ions
occupy the 12k site, shows the creation of the low-lying energy
occupied Gd 4f bands extending from�3.5 eV to�0.5 eV, where
the band gap energy is weakly affected. These bands correspond
to the electronic conguration, A12u T3

2u T3
1u, of the octahedrally

coordinated Gd3+ (Fig. 22(b)).
On the other hand, the DOS of SrFe11.5Ho0.5O19, where Ho3+

occupy the 12k site, displays a creation of low-lying energy
occupied bands in the majority spin channel extending from
�4.4 eV to�1.9 eV, in addition to a narrow band in the minority
spin channel, decreasing the band gap energy to 1.01 eV. These
bands are characteristic of the electronic conguration
A2
2g T

5
2g T

3
1g of the octahedrally coordinated Ho3+ (Fig. 22(c)).

This study suggests that the band gap would be decreased
upon doping with Sm3+, Gd3+ and Ho3+ ions. However, as it is
seen in Section 3.5, the experimental band gap energy from the
This journal is © The Royal Society of Chemistry 2020
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Fig. 22 Schematic diagram of the crystal field splitting of: (a) Sm 3+; (b) Gd3+; (c) Ho3+ in the octahedral field.
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present work is not affected upon doping. It is measured to be
1.60 eV for the SrM compound and 1.62 eV for the (RE.SrM)
compound.

4. Conclusion

In the present work, the sol–gel method was found to be
economical and efficient for the synthesis of Gd–Ho–Sm doped
M-type Sr hexaferrite nanoparticles. XRD structural analysis
reveals a single-phase hexaferrite at 1000 �C. Rietveld rene-
ment has conrmed the formation of a hexagonal structure
with space group P63/mmc and a decrease of the lattice constant.
The crystallite size calculated is in the order of 49 nm. The
crystallization was conrmed by FTIR spectroscopy. The Raman
spectra conrm the formation of octahedral, tetrahedral and
trigonal-bipyramidal sites. From the proposed cation distribu-
tion, we note that the Gd3+ and Ho3+ ions have strong prefer-
ences towards the 12k site, whereas the Sm3+ ions prefer to
occupy the 2a site. The SEM analysis and EDS spectroscopy
conrmed the morphology and homogeneous composition.
The calculated band gap from the UV-Vis NIR spectroscopy
spectra indicates that the sample is a semiconductor. The
magnetic properties prove that (RE.SrM) belongs to the class of
hard-magnetic materials. The substitution of the Fe3+ ions with
Sm3+, Gd3+, and Ho3+ ions is responsible for the increased
values of Ms and Mr. The improvement in Hc is due to the
contribution of the magnetocrystalline anisotropy of the Gd3+

and Sm3+ ions. The improvement of (BH)max is due to the
increase of Hc and Mr. The ferrimagnetic nature and the initial
magnetization behavior illustrate the typical behavior of the
single-domain particles. The temperature-dependent magneti-
zation shows a Hopkinson peak before transition. The Mr/Ms

ratio conrms the single domain nature.
First-principles calculations were conducted on SrFe12�xXx-

O19 with x ¼ 0, 0.5 and X ¼ Sm, Gd, Ho to investigate the effects
of doping the M-type strontium hexaferrite with the rare-earth
elements Sm, Gd, and Ho on its structural, electronic and
magnetic properties. The site preference study reveals that the
Sm3+ ions preferably occupy the 2a site, whereas Gd3+ and Ho3+

ions both preferably occupy the 12k sites, which is in very good
agreement with the XRD and Raman spectroscopy results in the
present work. The GGA+U method gave rise to a semi-
conducting behavior for the doped and pristine Sr hexaferrite
structure. The hard ferrimagnetism is a good magnetic
This journal is © The Royal Society of Chemistry 2020
response, making this material very interesting for water treat-
ment applications.
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