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ABSTRACT

In this study, an examination on the spectral, microstructural, and magnetic characteristics of Eu-Nd double-
substituted Bag sSro sFe;2019 hexaferrites (Bag sSro sNdyEugFes_ 2,019 (x = 0.00-0.05) HFs) fabricated by an
ultrasonic-assisted approach has been presented. An UZ SONOPULS HD 2070 ultrasonic homogenizer with
frequency of 20 kHz and power of 70 W was used. The chemical bonding, structure and the morphology of the
products were evaluated by Fourier-Transform Infrared (FT-IR) Spectroscopy, XRD (X-ray diffraction), scanning
and transmission electron microscopy and techniques. The textural properties of the prepared nanomaterials
were examined by using the Brunauer-Emmett-Teller (BET) method. The magnetic properties were studied using
a vibrating sample magnetometer (VSM) at room temperature (RT) and low temperature 10 K. The magnitudes
of various magnetic parameters including M; (saturation magnetization), M, (remanence) and H. (coercivity)
were estimated and evaluated. The M-H loops revealed the hard ferrimagnetic nature for all products at both
temperatures. The M, and M, values showed a decreasing tendency with increasing degree of Eu®>* and Nd**
substitutions whereas H, values displayed an increasing trend. At RT, Mg, M, and H, values lie in the ranges of
63.0-68.8 emu-g ', 24.6-39.2 emug ! and 2252.4-2782.1 Oe, respectively. At 10K, the values of M, M, and
H, lie between 87.5-97.1 emug !, 33.5-40.1 emug ' and 2060.6-2417.2 Oe, respectively. The observed
magnetic properties make the prepared products promising candidates to be applied in the recording media.

1. Introduction

the enhancement of the electromagnetic properties, magneto-crystal-
line anisotropy, coercive field and magnetization of HFs [6-8]. It is well

Both ferrite magnetic nanomaterials and hexaferrites (M-type) have
very distinct due to that they are suitable for permanent magnet ap-
plications, high density recording media, electromagnetic wave ab-
sorption, loudspeakers, home appliances, super capacitors data storage
permanent magnets, and motors etc. [1-4]. Hexaferrites have also
outstanding chemical strength, remarkable uniaxial magneto crystalline
anisotropy, high magnetic loss, low cost, etc. [5].

The doping of Rare Earth elements (RE) into M-type HFs results in

* Corresponding authors.

known that RE ions enhanced the electromagnetic properties due to the
presence of a 4f-3d angular momentum strong coupling. The potential
field of neighboring ions in fact does not have a notable influence on
the 4f shell and hence they have an enhanced coupling [9-11]. There is
a boost in the number of papers containing RE doped M-type hex-
aferrites and they show an enhanced magnetic and microwave ab-
sorption properties [12-17].

Sonochemical synthesis approach is an efficient due to the
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Fig. 1. XRD powder patterns of Bag sSrosEu,Nd Fejs_2,019 (x = 0.00-0.05)
HFs.

homogenies dispersed phase, lessen particles size and deagglomeration
of particles for improving the uniformity and stability, high-purity
materials, consume-less products, saving time and improved the reac-
tion rate [18-20].

In this paper, novel Bag 5Srg sFe;,019 HFs (x = 0.00-0.05) double-
substituted with Nd** and Eu®" ions have been manufactured by an
ultrasonic-assisted approach.

2. Materials and methods

Strontium nitrate (99%), Iron Nitrate nonahydrate (98%), Barium
nitrate (99%), Neodymium(III) nitrate hexahydrate (98%), Europium
(III) nitrate pentahydrate (98%), and citric acid (C¢HgO,, 98%) were
utilized to prepare Bag sSrg sEu,NdFeis 2,019 (x = 0.00-0.05) (HFs)
via an ultrasonic assisted sol-gel combustion approach. All materials,
which were analytical grade purchased from Sigma Aldrich and used
without further purification.

For  particular  synthesis of  BagsSrosEuxNdiFejn_24019
(x = 0.00-0.05) HFs, the stoichiometric amount of metal nitrate salts
was suspended in deionized water (DIW) and stirred continuously at
70 °C for 2 h then its pH was attuned to 7 via NHj soln. After that, the
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Fig. 2. FT-IR spectra of Bag sSrg sEuxNdyFe 2,019 (x = 0.00-0.05) HFs.

solution was subjected to sonication 45min using an Ultrasonic
Homogenizer Q700 sonicator. To control the temperature constant
(room temperature), a water bath was set-up in which the solution was
kept during sonication. The powder was then washed at least 3 times
with ethanol and separated from the liquid part by the use of a neo-
dymium magnet. Finally, the powder was dried at 80 °C in air and then
annealed at 1000 °C in air [20,21].

An X-ray diffractometer (Rigaku, Benchtop Miniflex, with Cu-Ka
irradiation) was used for the microstructural analysis. Morphological
investigations were conducted by a scanning transmission electron
microscope (FEI Titan 80-300 ST) equipped with EDX (energy dis-
persive X-ray spectroscopy) to capture the scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM) images along
with EDX analysis. A Fourier transformed infrared (FT-IR) spectro-
photometer (Bruker, a-II) with an attenuated total reflectance (ATR)
mode was to confirm the formation of functional groups (metal-oxygen
bonds). The texture properties and porosity were determined by a
Micromeritics ASAP 2020 analyzer using nitrogen adsorption—desorp-
tion at — 195°C. Samples were heated at 160 °C for three hours for
degassing and evaporation of the moisture and air gases. The specific
surface area was calculated by Brunauer-Emmett-Teller (BET) method
while the distribution of particle size and the pore volume determined
by employing Barrett-Joyner-Halenda (BJH) procedure. To determine
the magnetic traits of the products, a Physical Property Measurement
System (PPMS) (Quantum Design, DynaCool-9) with a vibrating sample
magnetometer (VSM) head was used.

3. Results and discussion
3.1. XRD analysis

XRD powder pattern patterns of BagsSrgsEuxNdiFeis_24019
(x = 0.00-0.05) HFs are presented in Fig. 1 which shows the hexaferrite

Table 1

The refined structural parameters for Bag 5Srg sEu,NdyFeis 2,019 (x = 0.00-0.05) HFs.
XX Content (x) a=b(A) c @A) V (A c/a Crystallite Size (nm) = 0.10 x? (chi®) RbBragg
0 5.887(5) 23.109(8) 693.70 3.9253 27.67 2.85 4.75
0.01 5.889(5) 23.106(1) 694.08 3.9233 30.66 2.70 4.79
0.02 5.895(6) 23.132(6) 696.32 3.9237 30.32 2.67 5.71
0.03 5.890(3) 23.103(6) 694.21 3.9223 27.30 2.30 4.70
0.04 5.895(0) 23.125(5) 695.97 3.9229 26.33 3.71 7.71
0.05 5.888(2) 23.092(8) 693.39 3.9219 31.49 2.46 3.91
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Fig. 3. SEM micrographs of Bag 5Sr¢ sEu,NdyFe;s 2,019 (x = 0.00, 0.01, 0.03 and 0.05) HFs.

crystal formation for all products. The typical peaks from XRD powder
patterns (having hkl values of (006), (110), (008), (107), (114), (203),
(205), (206), (217), (2011) and (220)) were assigned for the M-type
barium strontium hexaferrite without existence to undefined peaks
(ICDD card number: 84-1531) [22-24]. The Eu-Nd ions are dissolved
well in the crystal structure of Sr-Ba hexagonal ferrite.

The structural constants are calculated via Match 3! and Fullprof
programs and tableted in Table 1. With increasing the Eu-Nd ratio, the
lattice parameter “c” increases while “a” remains unchanged a result of
the distortion inside the hexaferrite crystal by the larger ionic radii of
substitution ions. The average of crystal size is evaluated by Scherrer's
formula and is found to be in the range of 26-31 nm. For all composi-
tions, the ratios of “c” to “a” are smaller than 3.98. Hence, we can say
that the all of the crystal structures are M-type hexagonal ferrites.

3.2. FT-IR analysis

The FT-IR spectra of BagsSrgsEuNd Feis— 2,019 (x = 0.00-0.05)
HFs are displayed in Fig. 2. The bands in the between 400-440 cm ™!
and 540-590 cm ™! were assigned to the octahedral and tetrahedral
sites of the metal - oxygen bonds, respectively [25]. As of the 0.645 A
ionic radius of Fe3* is different from those of Nd3* (0.983 A) and Eu®*
(0.947 A), the distribution of ferric ions may change by the doping ratio
within the crystal structure, which can result in a shift in the stretching
bands. In addition, since the substituted ions Eu®* (151.96 g/mole) and
Nd®* (144.24 g/mole) have a greater atomic mass when compared to
that of Fe>* (55.845 g/mole) while the doping ratio were increased, the
peaks positions shifted to a lower wave number [13,26].

3.3. SEM analysis, TEM analysis, EDX analysis and elemental mapping

SEM micrographs of BagsSrosEu,NdFej,_ 2,019 (x = 0.00, 0.01,
0.03 and 0.05) HFs are depicted in Fig. 3 which confirmed the hex-
agonal plate structure of all products with some aggregation because of
magnetic interaction among the particles. All particles are distributed
homogeneously. Moreover, it is obvious that the particles size are below
40 nm, which were unchanged with while the content of the doping
increases. Fig. 4 represents the EDX and elemental mapping of
BaovssrostudexFelz_2x019 (X = 0.02 and 005) HFs. It evidently that
the compositions of metal elements were near to that of the starting
stoichiometric ratios of initial elements. The formation of hexagonal
morphology and Sr  M-type  hexaferrite  structure  of
Bag sSro sEuNd,Fei - ,019 (x = 0.01and 0.05) HFs were confirmed by
TEM and high-resolution TEM (HR-TEM) analyses (Fig. 5).

3.4. Magnetic traits

The magnetic traits of various products were measured at 300 and
10K through VSM at applied magnetic fields up to 9 T. The hysteresis
loops of Bag 5Srg sEu,Nd Fe;s 2,019 (x = 0.00-0.05) HFs are shown in
Fig. 6. The magnetic parameters of the prepared samples such as H., M,
and M, were deduced from the hysteresis loops (Table 2). At both RT
and low temperature, it is obvious that all the prepared samples exhibit
hard ferrimagnetic behavior. The M and M, values of different products
enhanced when the system was cooled to 10K from RT (Fig. 6 and
Table 2). This increase is due to the reduction of the thermal fluctua-
tions and surface spin disorders at the surfaces of NPs [27-29]. How-
ever, H. for all prepared samples diminished with decreasing the
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Fig. 4. EDX and elemental mapping of Bag 5Sro sEuxNd Fe 52,019 (x = 0.02 and 0.05) HFs.

temperature, which is mainly accredited to the increase in My magni- Fig. 7 shows the influence of Eu>* and Nd** substitutions on the M,
tudes and lessening in the effects of magneto-crystalline anisotropy and M, of M-type SrBa hexaferrites. At X = 0.00, when there are no
energy with reducing the temperature [30,31]. substitutions of Europium and Neodymium, the values of My are 68.8
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Fig. 5. TEM and HR-TEM of Bag 5Sr sEuyNdyFe 254019 (x = 0.01 and 0.05) HFs.

and 97.1 emu'g~ ! at RT and 10K, respectively. The undoped compo-
sition displays a retentivity M, = 39.2 and 40.1 emu-g ' at RT and low
temperature (10 K), respectively. Recorded magnetization data are in
accordance with Sr-Ba hexaferrites synthesized via chemical co-pre-
cipitation process [32,33] and greater compared to those reported in
SrBa hexaferrites prepared through ceramic method [34]. A decrease of
M, and M, with the substitutions of Ho and Nd has been noticed. The
minimum M; and M, values at RT for x = 0.05 composition are about
63.0 and 24.6 emu-g ~*, respectively while they are about 87.5 and 33.5
emug ' at low temperature, respectively. The recorded values of
magnetization for non-substituted and substituted SrBa hexaferrite
samples in our study are higher when compared to those observed in
Bag 5Srg.5CosFe o4 O19 hexaferrites [33] and in Co-W substituted SrBa
hexaferrites [34]. The magnitudes of My and M, diminished with the
increase of Eu®* and Nd** substitutions. This magnetic behavior trend
of the substituted products might be influenced by the following fac-
tors. The noticed variation can be justified based on relative ionic radii
of host Fe®* ions and the substituent Eu®>*, Nd®** and ions which are
equal to 0.645, 0.947, and 0.983 f\, respectively. The diminishing ten-
dency could be owing to the larger dopant Eu®* and Nd®* ions than
that smaller host Fe** ions. Consequently, the dissimilarity in ionic
radii of Eu®*, Nd®* and Fe®* ions generates local strains that could
produce disorders and variations in the local electronic states [35,36].
Moreover, the Mg and M, magnitudes are diminished because of the

decrease in magnetic Fe>" ions with the increase of Eu®* and Nd**
substitutions. The super-exchange interaction among Fe>* sites les-
sened, which can be responsible for the decrease in the total magnetic
moment because of the formation of distorted environment. Five un-
paired electrons exist in the orbital 3d, where each ferric ion exhibits a
5 ug magnetic moment however, Eu®>" and Nd** ions have inferior
magnetic moments of 3.5 g and 3.6 yg, respectively. Since the Eu®™*
and Nd®" ions substitute the Fe>* ions, there are less magnetic ions
which display higher magnetic moments, and in turn this weakens
Fe®*-027-Fe** super-exchange interactions [37].

In a typical unit cell of hexagonal structure of M-type HFs, Fe** ions
possess 5 different crystal sites 2a, 2b, 12k, 4f; and 4f, [38,39]. In a
magnetically ordered state, four Fe>* ions out of the twelve are in 4f;
and 4f, sites and display | spins (downward direction), whereas other
eight-in 12k, 2a and 2b sites display 1 spins (upward). The net mag-
netization appears from the sum of these spins. 41 and 4| spins will
cancel each other and thus the remaining 41 Fe*" ions are responsible
for the net magnetic moment. Some authors have concluded the net
magnetization improved when Fe** ions with spins-down are sub-
stituted and diminished once spins-up Fe®*' ions are substituted
[37,39]. Therefore, one could take into consideration that the Eu®" and
Nd®* substitutions weakened the super-exchange interactions among
Fe sites by substituting Fe>" ions displaying electronic spins in the
upward direction. In addition, the variations in grains size with
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Fig. 6. M-H hysteresis loops of Bag 5Srg sEu,NdFe 5,019 (x = 0.00-0.05) HFs performed at (a, b) T = 300K and (c, d) 10K.

Table 2

Magnetic parameters of Bag sSro sEuNdyFejs_ 2,019 (x = 0.00-0.05) HFs.
X M; (emu/g) M; (emu/g) R = M,/M; H. (Oe) ng (ug)

300K 10K 300K 10K 300K 10K 300K 10K 300K 10K

0.00 68.8 97.1 39.2 40.1 0.483 0.375 2252.4 2157.4 13.39 18.89
0.01 68.5 95.0 30.8 38.1 0.450 0.413 2350.7 2060.6 13.35 18.51
0.02 66.7 93.9 28.6 36.7 0.429 0.406 2590.2 2254.2 13.02 18.33
0.03 66.1 92.5 26.8 36.4 0.405 0.397 2731.5 2278.4 12.93 18.09
0.04 63.7 90.0 26.4 35.7 0.414 0.397 2771.1 2394.6 12.48 17.63
0.05 63.0 87.5 24.6 33.5 0.390 0.383 2782.1 2417.2 12.36 17.17

substitution effect could explain the variation tendency in magnetiza-
tion. Numerous reports showed that the magnetization diminished with
reducing the grains size [40]. In our study, the crystallites size di-
minishes with increasing Eu®* and Nd®* substitutions, which could
explain the decrease in My and M, values.

The experimental values of the magnetic moments ng (Table 2) of all
prepared samples were calculated at both at 300 and 10 K by means of
the following expression [30]:

_— Molecular Weight x M;
"o 5585

Usually, the raise in ng values is due to an intensification of super-
exchange interactions between different sites [30]. A conformity in the
variations of ng, Mg and M, was observed in the current investigation.
The non-substituted SrBa hexaferrite has the highest M, M, and np

values at both 300 and 10 K. With Eu®>* and Nd®* substitutions, M, M,
and np values decrease, revealing reduction in the super-exchange in-
teractions. We also determined the SQR (squareness ratio) at both
temperatures (Table 2). Numerous studies reported that when the SQR
is smaller than 0.5, magnetic nanoparticles are in a single magnetic
domain and when the SQR is equal to or greater than 0.5, they are in a
multi-magnetic domain [41]. The observed values of SQR < 0.5 in-
dicate all the prepared hexaferrite materials exist in a single-magnetic
domain in at both temperatures.

The width of hysteresis loops reveals that the prepared products
exhibit high coercive field and could be considered as hard hexagonal
ferrites. The width of magnetization hysteresis loops rely on numerous
reasons such as cation distribution, grain size, chemical compositions,
magneto-crystalline anisotropy, porosity, etc. For non-substituted
(x = 0.00) SrBa HFs, H. values are about 2252.4 and 2060.6 Oe at RT
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Fig. 7. Variations in M and M, values with respect to Eu®* and Nd®* substitutions.

and low temperature, respectively. The non-substituted material have
H, values that are high enough to be used in several applications. The
H,. values improved gradually with the increase of Eu®* and Nd>*
substitutions (Table 2). The magnitudes of H. reached the maximum
values of 2781.1 and 2417.2 Oe at x = 0.05 composition. The en-
hancement in coercive fields with Eu>* and Nd®* substitutions might
be due to an intrinsic reason, which can be credited to a rise in the
magneto-crystalline anisotropy, or extrinsic reason related to the mi-
crostructure or a contribution of both of them [37]. It should be noted
that H. has a correlation with the magneto-crystalline anisotropy con-
stant ‘K’ (H, ﬁ, where (1, is the permeability of free space) [30].
Therefore, a reason of the enhancement in the coercivity might be a
reason for the reinforcement in the magneto-crystalline anisotropy with
Eu®* and Nd** substitutions. Furthermore, the products containing
smaller particles size have higher porosity and display higher coercivity
since H. is inversely proportional to the grains size [41]. Structural and
morphological investigations indicated a gradual reduction in the
crystallites/grains size with Eu®* and Nd®* substitutions, which could
explain the progressive enhancement in coercivity. Numerous in-
vestigations reported that a coercive field around 600 Oe is required for
the longitudinal magnetic recording media [37]. Moreover, hexaferrite
products could be used in the novel developing technology of perpen-
dicular recording media when H, value is higher than 1200 Oe [37]. In
the current study, all the H. values for all the prepared samples are
greater than 1200 Oe, indicating that Eu and Nd doped SrBa HFs can be
suitable candidates for high-density magnetic recording. Furthermore,
these products could be used for absorbing materials for high frequency
applications since they are hard magnets [37].

3.5. Textural and structural properties

Fig. 8 displays the N, physisorption isotherms collected from the
textural and structural analyses and Fig. 9 shows the pore size dis-
tribution obtained from the calculations.

Based on the IUPAC classification of hysteresis loops named as H1
through H4, the loop observed in Fig. 9 is assigned to type H3 loops,
attributed to mesopores (d = 2-50 nm pores, where d stands for the
diameter) being present in the product [42]. In the type III isotherm in
the Brunauer classification, no distinct monolayer formation is present;
and the most favorable sites of the surface of macroporous or nonporous
materials are surrounded by the adsorbed molecules. At high relative

pressures, the absence of a limiting adsorption in the hysteresis loop is a
typical characteristic of type 3 curves. When we use the desorption part
of the N, isotherm and apply BJH technique, we obtain the size dis-
tribution of pores with an average pore size ranging from 9 to 17 nm
along with for the nano-sized HFs. We also calculated the BET surface
area of the prepared BagsSrosEuyNd,Fejs_ 50,9 HFs. Table 3 sum-
marizes the textural and structural parameters obtained for the pre-
pared materials. Hierarchical factor (HiF) was estimated from the tex-
tural parameters according to the equation below as explained in the
literature [43,44].

HiF = (Vmicm/V[o[al) * (Smeso/SBET)

where V,,icro is the micropore volume, V. is the total pore volume,
Smeso is the mesopore surface area and Spgr is the total surface area.

4. Conclusion

Eu-Nd double-substituted Ba-Sr hexaferrites were synthesized by an
ultrasonic-assisted approach. The single-phase M-type hexaferrite for-
mation for all samples were confirmed by FT-IR spectroscopy as well as
XRD and scanning and transmission electron microscopy techniques.
Surface properties including the textural analysis of nano hexaferrite
were analyzed via Brunauer-Emmett-Teller (BET) technique. M-H loops
measured at RT and 10K showed hard ferrimagnetic character for all
products. The values of Mg, M, and H, are between 63.0-68.8 emu/g,
24.6-39.2 emu-g~ ! and 2252.4-2782.1 Oe, respectively at RT. At 10K,
M, M, and H, values lie in the ranges of M, M, and H. lie in the ranges
of 87.5-97.1 emu/g, 33.5-40.1 emu/g and 2060.6-2417.2 Oe, respec-
tively. When the temperature decreases from RT to 10 K, M and M, are
improved, however, H, is diminished. The highest M and M, magni-
tudes were observed for x = 0.00 composition. With increasing the x
value, there was an increase in the total pore volume adsorbed with
great uniformity of particle sizes while other textural characteristics
remain similar without significant change. With increasing Eu®>* and
Nd3* substitution contents, M and M, values showed a decreasing
tendency. This is principally due to the different ionic radii of Eu®",
Nd®* and Fe®** ions, generation of local strains, the super-exchange
interaction weakening among Fe®™ sites; reduction in the total mag-
netic moment by substituting Fe** ions (5 pg) with Eu®* (3.5 yg) and
Nd®* (3.6 ) ions displaying lower magnetic moments, etc. On the
other hand, the coercivity is enhanced with Eu®* and Nd**



M.A. Almessiere, et al.

=
a
]

Quantity Adsorbed (mmol/g)
o -
3 &

&
5]
-1

-0.23

Quantity Adsorbed (mmol/g)
2

wm

e

Quantity Adsorbed (mmol/g)
F

(a)

0 0.2 0.4

0.6 0.8 1

Relative Pressure (p/p°®)

(c)
Ubl..D:Z'bI.D:-il'lI0:6.l'lﬂl8.ll'1
Relative Pressure (p/p®)

(e)

0.6 0.8 L
Relative Pressure (p/p®)

1.0

Quantity Adsorbed (mmol/g)

0.0

Quantity Adsorbed (mmol/g)
(15
o

LB L% s

Quantity Adsorbed (mmol/g)

Ultrasonics - Sonochemistry 62 (2020) 104847

(b)
0 02 0.4 0.6 0.8 1
Relative Pressure (p/p®)
1 (d)
0 0.2 0.4 0.6 0.8 1
Relative Pressure (p/p°)
(f)
0 0.2 0.4 0.6 0.8 1
Relative Pressure (p/p®)

Fig. 8. Nitrogen physisorption isotherm plots (180 °C) of Bag 5Srg sEuxNdyFe 22,019 (x = 0.00-0.05) HFs (a) x = 0.00, (b) x = 0.01, (c) x = 0.02, (d) x = 0.03, (e)

x = 0.04; (f) x = 0.05.

substitutions, which is associated with the increase in the magneto-
crystalline anisotropy as well as a reduction in the crystallite size.
Furthermore, the observed magnetic properties in this study could
make the prepared products promising candidates in the high-density
recording media devices along with high frequency applications.
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Table 3

Textural and structural properties of Bag sSro sEuxNdyFe;5_ 21019 (x = 0.00-0.05) HFs.
X Sgrr (m?/g) Smicro” (M?/8) Smeso” (m?/g) Vi (em®/g) Vinicro (cm®/g” dp (am)® APS (nm)”! HF’
0.00 3.1494 5.7561 2.3791 0.00258 0.00062 17.4907 99.7 0.1802
0.01 2.6658 4.4966 3.4018 0.00269 0.0003 9.8164 73 0.1421
0.02 3.9957 6.4508 4.9225 0.00416 0.00047 9.1187 72 0.1396
0.03 2.9076 4.5992 3.3317 0.00474 0.00014 12.1891 67 0.0341
0.04 4.524 7.2034 5.223 0.008 0.00021 12.8809 63 0.0296
0.05 4.0313 4.0313 4.3314 0.00543 0.00093 14.1855 59 0.1841

@ Micropore area/volume calculated using the t-plot.

Y External surface area calculated using the t-plot.

9 Total pore volume adsorbed at p/p® = 0.95.

9 BJH Adsorption average pore width (4 V/A).

e) Average particle size (APS).

9 Hierarchical factor (HF); HF = (Vyicro/ Viota) * (Smeso/Sgr)-
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