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Highlights

La*" doped Mg-Cd-Cu ferrites samples synthesized via co-precipitation.

The lattice constant increased with La®*" substitution.

At 303 K, for La®*" concentration x = 0.025, maximum resistivity was observed.
Magnetization saturation was increased with La®* concentration.
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1. Introduction

Soft spinel ferrites AFe>Os (A = metal ions) have played an active role in the
development of science and technology with potential applications in medical, storage devices,
electric, electronics, optoelectronics, microwave, and electromagnetic devices [1-7]. For the
synthesis of soft spinel ferrites particles, there have been several methods including spray
pyrolysis [8], citrate gel [9-11], hydrothermal [12], microwave refluxing [13], and co-
precipitation [14-18]. Co-precipitation is one of the common and low price synthesis
techniques with vast potentials [19] of which the microstructural, optical, electric, dielectric,
and magnetic properties of the materials can be controlled by the synthetic process. Also, Co-
precipitation is one of the most effective methods for controlling crystallite size and other
material characteristics [20].

In spinel ferrites AFe20s4, the electric and magnetic properties can be changed by the
locations of different metal ions A on tetrahedral or octahedral sites as well as changes in
chemical compositions [9, 10, 12, 13]. In sonochemical synthesized CuFe1 gsLao.1504 ferrite, it
was reported a reduction in saturation magnetization and a rise in coercivity as compared with
CuFe204 [21]. The influence of La®* on (Cu-Cd)Fez-«xLaxOs soft ferrites was investigated,
where it was seen a decrease in saturation magnetization with the addition of dopant La* [22].
The incorporation of La®* in the MgFeO, ferrite can improve the magnetic parameters to be
useful for microwave applications. La®* doped MgLaxFe,xOs ferrites fabricated by sol-gel
process were reported a potential candidate for microwave absorption applications of which
the saturation magnetization was observed to increase from 12.51 emu/g (for x = 0.0) to 19.39
emu/g (for x = 0.05) [23]. Patil et al., [24] reported that the intensity of peaks reduces with
substitution of La®* up to x=0.025 and then increases for x=0.035. It indicates that at lower
concentrations the La®* ions substituted completely in the spinel lattice having compositions
X<0.025. On the other hand, at higher concentrations (x=0.035), the La®" ions are less
substituted in the spinel lattice. Therefore, the LaFeOs phase was developed at the grain
boundaries due to unsubstituted La®* ions. Chaudhary et al. [25] reported that in Ni-Cu-Zn
ferrites the maximum limit for replacement of Fe®* by La®* are up to x=0.025. Zhou et al.,
[26] also reported that the maximum limit of the substitution of La®* is x = 0.02 then the
LaFeOs phase appeared. Rehman et al., (2021) [27] reported Zno5C00.25CUo.25La0.125F€1.87504
ferrite and observed the LaFeOs phase at 33°. Asma et al., [28] observed that the intensity of
LaFeOs phase in La** doped Mg-Ni-Co-Cu ferrites was increased for La®*" concentration x =
0.06 to x = 0.15. Rehman et al., (2020) [29] also report La®** doped Zn-Co-Cu ferrites and
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observed the additional peak of LaFeOs phase at 33° from La** concentration x = 0.0125 to x
=0.05. Gadkari et al., [30] reported Mg-Cd ferrites with the addition of La* ions prepared via
the co-precipitation method. Pure Mg—Cd ferrites have a smaller saturation magnetization as
compared to La®*" added Mg-Cd ferrite. This can be due to the higher density and structural and
chemical uniformity achieved by chemically preparing ferrite. With the addition of La®*, the
saturation magnetization, coercivity, and remnant magnetization all increased and these
findings were encouraging for high-frequency applications. For microwave frequency
applications, it is desirable to have high saturation magnetization. Microwave operating
frequency was determined using relation w,, = 8m2My, where y is a gyromagnetic fraction
with the significance of 2.8 MHz/Oe [23, 27, 31, 32]. The larger the saturation magnetization,
the greater will be the microwave operating frequency. According to the literature, the addition
of La®*" in the CuFeO4 and Cu-Cd ferrites reduced the saturation magnetization. On the other
hand, the substitution of La®** in MgFeOs and Mg-Cd ferrites enhanced saturation
magnetization. Therefore, the literature study motivates for deeper analysis of the impact of
La%* on the Mg-Cd-Cu ferrites.

In current work, we examine the impact of La®* doping in Mg-Cd-Cu ferrites (x = 0, 0.0125,
0.025, 0.0375 and 0.05) prepared via co-precipitation route. We have examined the structural,
optical, electric, vibrational, dielectric, and magnetic properties to employ the materials for
commercial usages.

2. Synthesis of La®** doped Mg-Cd-Cu samples

Mg(NOs3)..6H20, Cd(NO3)2.4H20, Cu(NO3)2.3H20, Fe(NO3)3.9H20, and La(NO3)3.9H20
salts from Sigma Aldrich with 99.99 % purity were used to fabricate MgosCdo.25Cuo.2sFe>.
xLaxOs4 (X = 0.0, 0.0125, 0.025, 0.0375 and 0.05). x is predicted based on the precursor
stoichiometric fractions (Table 1). The salts with stoichiometric fractions were dissolved in
deionized water having mixed solution pH 2 and placed on a hot plate at 60 °C with magnetic
stirring. Caustic soda solution was prepared with the combination of 12 g NaOH in 100 mL
deionized water to maintain the solution with pH 12. The mixed solution of the precursor was

kept in an 80 °C preheated water bath for 24 h to complete the ionization of metal nitrates.
The precipitates were cleaned with ethanol and deionized water several times and filtered with
Whatman papers to eliminate impurities and then dehydrate in the oven at 80 °C. After that
the sintering was performed in a muffle furnace at 850 °C at the rate of 5 °C/min for 8 h.
Sintering is the process of compacting powders at high temperatures below melting point until

a change in microstructure occurs, including grain growth, higher density or shrinkage, pore
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reduction [33]. Then the obtained materials were ground into fine crystal powder. The whole

process of the experiment is shown in Fig. 1.

Table 1 Stoichiometric Calculations of all the compounds used

X Mg (NO3)2.6H20  Cd (NOs)2.4H20  Cu (NO3)2.3H20  Fe (NO3)3.9H20  La (NOs)3.6H20
0.0 128.2 mg/ mL 177.1 mg/ mL 46.89 mg/ mL  806.00 mg/ mL 0.0 mg/ mL
0.0125 128.2 mg/ mL 177.1 mg/ mL 46.89 mg/ mL  802.95 mg/ mL 4.06 mg/ mL
0.025 128.2 mg/ mL 177.1 mg/ mL 46.89 mg/ mL  797.90 mg/ mL 8.12 mg/ mL

0.0375 128.2 mg/ mL 177.1 mg/ mL 46.89mg/mL  792.85mg/mL  12.18 mg/ mL

0.05 128.2 mg/ mL 177.1 mg/ mL 46.89mg/mL  787.80mg/mL  16.20 mg/ mL

Mg (NO,),.6H,0 cd [NO,),.4H,0

Solution Solution
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Fig. 1 Schematic diagram for the synthesis of La** doped Mg-Cd-Cu soft ferrite samples

The crystallographic structure of the soft ferrites is investigated using XRD and
Rietveld refinement performed using FullProf software. The Fourier transformation infrared
spectroscopy (FTIR) was utilized to reveal absorption bands and force constant. Perkin Elmer,
Model Lambda 25, UV-Visible Double Beam Spectrophotometer (UV-DS) was used to
determine the optical bandgap of the as-prepared sample. It offered an easy way to analyze the
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different features such as energy bandgap and ion transition from lower to higher energy levels.
The electric properties were studied using two probes connected with Keithley 2401 Source
Meter. The dielectric behavior was measured via an IM3536 LCR meter. The magnetic
behavior was studied using VSM 7400, at 303 K.

3. Experimental Results and Discussion

3.1 Structural Study
XRD patterns of La*>* doped Mg-Cd-Cu ferrites are given in Fig. 2. Various peaks were

detected with Miller indices (hkl) = (220), (311), (222), (400), (422), (511) corresponding to
the structure of the spinel ferrites and secondary phase LaFeOs [29]. The XRD peaks confirm
La®* being successfully doped into the spinel structure. From the XRD patterns, the lattice
constant (a) and crystallite size (D) were derived, and the values are given in Table 2. It can be
seen from Fig. 3 that the nonlinear relationship between the crystallite size (D) as well as the
lattice parameter (a) on the lanthanum content. From the XRD pattern, the X-ray density (dx)
and bulk density (db) were determined using d,, = M/mtr?h, where ‘M’ indicates the mass of
the pellets while ‘h’ and ‘r’ represent the thickness and radius of the pellet, respectively [34-
36], and given in Table 2. It was observed that the bulk density (dy) rises with increasing La
doping being consistent with the fact that La®* has an atomic weight of 138.905, much higher
than 55.845 of Fe**. From Table 2 it is clear that the “dx” is larger than the “dyp” for all the as-
prepared samples, which might be due to the presence of unavoidable pores during the process

of sintering [37].

¢LaFeO, (311)

(220) “
|
| (511)

x=0.05 o (222) ~ (400) (422)

Intensity (a.u)

20 30 40 50 60
20 (Degree)

Fig. 2 XRD pattern for La** doped Mg-Cd-Cu ferrite samples
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Table 2 Structural parameters for La** doped Mg-Cd-Cu ferrites
samples

Concentration (x)
0.00 0.0125 0.025 0.0375 0.05
20 (311) peak  35.06 34.99 35.02 34.96 34.85

Parameters

d (A) 2.56 2.56 2.57 2.57 2.58
a(A) 8.50 8.49 8.51 8.52 8.54
D (hm) 26.5 29.4 32.2 25.3 26.0
V (A)3 614.12 613.69 61629 619.34 624.14
dx (gcm'?) 5.01 5.03 5.04 5.04 5.02
db (gcm?) 3.91 3.93 3.95 3.97 3.99

—&— Theoratical lattice constant

8.0759  —%=— Experimental lattice constant & [854
Crystallite size
8.070 - [ ass
4
=70 /* 8.52
ol - 8.
8.060 - oé/ o
@© * > 851
8.055 =
4
8,050 *>< 8.50
8.045 = ¢ * - 8.49

T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05

La>* concentration (x)
Fig. 3 The graphical representation of theoretical and experimental lattice constant

Fig. 4 shows the XRD patterns refined using the Rietveld refinement method for La®*
doped Mg-Cd-Cu ferrites. The space group of ferrite systems belonging to F d -3 m was
revealed by the Rietveld refinement. The exitances of the LaFeOs phase are also reported in
the literature [29, 38]. The R-factors including, the Bragg factor (Reragg), €xpected factor (Rexp),
weighted profile factor (Rup), profile factor (Rp), and goodness-of-fit (x?) are all used to
determine the refinement's reliability (are listed in Table 3). With the inclusion of La%* ions
into the Mg-Cd-Cu ferrite, the lattice constant (ar) determined via the Rietveld refinement
method was increased from 8.4617 to 8.5198 A. The unit cell volume (V) was also increased
from 605.86 to 618.43 (A)3 as the substitution of La®* increased. A similar increasing trend
was reported by Aslam et al. [38]. It was found from Table 3 that the crystallite size was
reduced from 13.88 to 12.59 nm with the substitution of La* change from x = 0.0 to x = 0.05.
It may be due to a stronger La—O bond as compared to Fe—O [38]. This means that high energy

is needed for the substitution of La%* at the octahedral site in Mg-Cd-Cu ferrite as reported by
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Aslam et al., [38]. The strain (g) was increased with the addition of La%* in the spinel lattice

(as seenin Table 3).

Table 3 R-Factors, goodness-of-fit (GoF), and lattice constants determined by Rietveld
refinement (an) methods for La** doped Mg-Cd-Cu ferrites samples

R-Factors GoF Lattice Parameters
X R R R R 2 arv Vv D
P we Tew Tem Re X A A @om)  °
0.0 145 10.8 9.63 2642 2703 1.12 8.4617 605.86 13.88 0.00864
0.0125 156 9.78 9.30 2.759 2.687 1.05 8.4773 609.23 13.74 0.00874
0.025 135 939 854 2872 2864 1.09 8.4826 610.38 13.30 0.00903
0.0375 153 9.34 912 2275 2549 1.02 8.4998 614.09 13.24 0.00909
0.05 125 999 893 2698 2961 111 85198 618.43 1259 0.00959
400
(a)x=0.0 = ° Experimental data 6009 (b) x = 0.0125 I o Experimental data
s o = Calculated N ® Calculated
300 8 Difference 7 5004 * LaFeO, Difference
,g ~ g‘ | Bragg-positionﬁ 5400_ | Bragg-position
3 200 § 3 ] 5 g
e S = > 300+
2 100 % 2001
g Lo 1 £ 100
-0 | Il | |
0+
-100 T T T -100 T T
20 30 40 50 60 20 30 40 50 60
20 (Degree) 20 (Degree)
. (c)x=0.025 = o Experimental datal %01 (d)x=00375 3 ¢ Ex:)erlime(r;tal data
s R * o Calculate
2 600 * LaFe0, N gﬁlle:;tfg = 222 LaFeO, ” Differencel '
§ | Bragg-position c | Bragg-position
S 400 § 200
% 200 1 2 100
. R I =% Lo I
0
-200 y y ' e 30 40 50 60
20 30 ” [;18% ) 50 60 20 (Degree)
4004 @) x=005 & o Experimental data
I i — Dierence
g § | Bragg-position
g/ 200

o

20

30 ) 50 60

26 (Degree)

Fig. 4 XRD patterns using Rietveld refinement
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Cd?* ferrites have a normal spinel structure and occupancy only into the tetrahedral (A)
site [39]. The occupancy of Mg?*, Fe**, and La" ions into the tetrahedral and octahedral sites
[39]. The cations distribution of La®* substituted Mg-Cd-Cu ferrites are given in Table 4. This
cations distribution is based on the following hypotheses: (1) At the tetrahedral site, the sum
of cation distribution is one, and at the octahedral site, it is two. (2) The net charge of the spinel
ferrite must be zero. As a result, to create an electrically neutral crystal matrix, the number of
positive charges in the compound is equal to the negative charges [39]. It can be observed that
tetrahedral radii (ra) remain constant because there is no change in the distribution of cations
at the tetrahedral site, and octahedral radii (rg) is increased with the substitution of dopant ion
(Table 4). The extension in “rg” is due to higher ionic radii La®* (1.06 A) as compared to the
cationic radii of Fe3* (0.64 A). By utilizing the calculated results of “ra” and “rg” radii at
different lattice sites, the theoretical lattice constant (awm) [17] is determined and is reported in
Table 4. The graphically both theoretical lattice constant (awn) and the experimental lattice
constant (a) versus La* concentration (x) as shown in Fig.3. The theoretical lattice constant
(aw) is slightly smaller than the experimental lattice constant (a) may be due to the difference
in ionic radii and an account of the supposition of cations and anions normal arrangements in
perfect unit cell structure obtained for theoretical computations [40].

Table 4 Cationic distribution at sub-lattice A and B sites, tetrahedral and octahedral ionic radii
(ra and rg), the theoretical lattice constant (awm)

X Tetrahedral (A) site Octahedral (B) site ra(d) rs(d) an(A)

0.0 Mgo.225Cdo.25CUg.025F€05  MQo.275CUg.225F€1 5 0.4685 0.6649 8.0466
0.0125 Mgo.225Cdo.25Cuo.025F€05  MQo.275CU0.225F€1 48751800125  0.4685  0.6671  8.0525
0.025  Mgo.225Cdo.25CUo.025F€05  MQo.275CU0 225F€1.475L.80.025 0.4685 0.6699 8.0599
0.0375 Mgo.225Cdo.25Cuo.025F€05  MQo.275CU0.225F€1 46251800375  0.4685  0.6725  8.0669
0.05 Mgo.225Cdo.25CUo.025F€05  MQo.275CUo.225F€1.45L80.05 0.4685 0.6754 8.0746

The smallest distance at A-site cations and O? ions are known as bond length (Ra), and
the shortest distance at B-site cations and O? ions are known as bond length (Rg) [17]. The
values of bond length (Ra) and bond length (Rg) were determined from Rietveld refinement
and the theoretical bond length (R)y) and bond length (Rg) were also determined [17]. It is clear
from Table 5 that the bond length “Ra” is increased, and “Rg” is also increased with the
increment of dopant cations. The values of “R),” and “Rp” is larger than “Ra” and “Rs”,
respectively. The increasing values of “Rj” suggests that La®* are spread across octahedral (B)
site in the spinel structure.

The interatomic distances involve daL, dsL, and dsLu represents tetrahedral edge length,

shared octahedral edge length, and unshared octahedral edge length. The calculated values are
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given in Table 5. Magnetic properties of spinel ferrites depend on the exchange interactions as
well as on the interionic lengths and bond angles amongst the metal ions. Magnetic interaction
A-B, A-A and B-B are related to bond length and bond angles among cations—cations and
cations— anions. Further, it has been observed that bond angles have direct relations with the
strength of magnetic exchange interactions. In contrast, interionic lengths have an inverse
relationship with the strength of magnetic exchange interactions [41]. The cations—anions (Me—
O) and cations—cations (Me—Me) interionic distances along with bond angles were calculated
using relations as given in Table 6. The values of interionic distances are reported in Table 7.
Bond angles were also calculated with the help of cations-cation and cations-anions interionic
distance for all the as-prepared ferrites [42]. It can be seen from Table 8 that with increasing
the concentration of La*, the bond angles 01, 02, and 0s increased and indicates stronger (A-B)
and (A—A) interaction. The decrease in 02 and 04 bond angles show weaker (B—B) interaction
with the doping of La®" cations [43]. The relation between interionic distance and bond

angles is shown in Fig.5.

Table 5 Bond lengths (Ra, Re, Ry, Rg), Bond edge lengths (dac, ds., and
dsLu) for La®" doped Mg-Cd-Cu ferrites

y Bond lengths (A) Bond edge lengths (A)
Ra Rs R) Ry daL deL dsLu
0.0 19439 2.0508 1.8892 2.0967 3.0851 2.9252 3.0057

0.0125 1.9459 2.0555 1.8856 2.0950 3.0792 2.9240 3.0021
0.025 1.9455 2.0577 1.8883 2.1010 3.0836 2.9338 3.0092
0.0375 19479 2.0627 1.8889 2.1044 3.0846 2.9399 3.0127
0.05 1.9508 2.0685 1.8915 2.1104 3.0889 2.9497 3.0197

Table 6 Relation used to find out the interionic distances and

bond angles
Cation-Anion Cation-Cation Bond angles
p= (g - u) a b = \/7(%) 0, = <p2 +22)2q_ Cz)
(1 o) oo (
rz(u—i)\/ﬁa d=\/§(%) 93=<%p_2b2>
= (queghme e=3(3) o=("5)
a 2 4 g2 — g2
=5 (3) 95=<r 2qrq )

10
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Table 7 Values of interionic lengths among cations — cations (Me — Me) and cations — anions (Me — O)

of soft ferrites

Cation — Anion (Me - O)

Cation — Cation (Me — Me)

pPA qg@A  rAA s (A) bA cA dA e@) f(A)
0.0 2.0967 1.8892 3.6176 3.6969 3.0052 3.5239 3.6806 5.5209 5.2051
0.0125 2.0950 1.8856 3.6107 3.6921 3.0016 3.5197 3.6762 5.5144 5.1990
0.025 2.1010 1.8883 3.6159 3.7002 3.0087 3.5280 3.6849 55274 5.2112
0.0375 2.1044 1.8889 3.6170 3.7040 3.0122 35322 3.6892 55339 5.2174
0.05 2.1104 1.8915 3.6220 3.7121 3.0193 3.5405 3.6979 55468 5.2296
Table 8 Bond angles for La** doped Mg-Cd-Cu ferrites
soft ferrites
X 01 02 03 04 05
0.0 124.19 148.94 9155 12562 76.84
0.0125 124.22 149.09 9151 125.61 76.93
0.025 124.26 149.28 9145 12560 77.04
0.0375 124.29 149.46 91.40 12558 77.14
0.05 124.33 149.66 91.34 12557 77.25
A—B Interaction BB Interaction A—A Interaction
x=0.0
-t I
@, @: ®:
2 :: ‘\\:{” NG L5 p=2.0967 & S‘:’B |
W @ o i ; 5 B . s
= - ?1.:\:?7:, f.l?:-‘-‘” ‘ e, i g/’h /! r=}'bﬂh? & ‘w::
39_2({ > Gy "~ | z '/\.G‘ 0’,}‘“‘-\ l —
91 =124.19° 02 = 148.94° B =901.55° 0, =125.62° B; = 76.84°
x=10.0375
< 3
1 ) ®: U
@, DO O @,
N, NN P @
@ @) @ >
0 =124.20° 02 = 149.46° 0: =91.40° 0, =125.58° 8: = 77.14°
i) A-site B-site " ez
O (Mg?+, Cd*, Cu?, Fe* (Mg?*+, Cu?* Fe3*, La3+)\

Fig. 5 Interionic distance and bond angles relation

3.2FTIR Analysis

The absorption bands and functional group analysis of La** doped Mg-Cd-Cu ferrites were

studied by FTIR and the results are presented in Fig. 6. Two most prominent frequency bands
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vz in between 415.01 — 470.90 cm™ related to the octahedral site having oxygen octahedron (O

— Fe — O) vibrations and v1 in between 528.06 — 538.08 cm™ being specified to the tetrahedral

site having oxygen tetrahedron (Fe — O) vibrations [44] are seen confirming the La®* doping in

spinel matrix and similar trend reported in the literature [38]. It can be seen from Table 9 that

the frequency band range for both v, and v1 increases with the addition of La®** contents. As

Mg?* and Cu?* partially occupy tetrahedral sites, the insertion of La* does bring remarkable

deviations in the octahedral site and confirmed the substitution of La** ions at the spinel lattice.

Bands occurring at 3750 cm™ and 1500 cm™ are due to O —H stretching vibrations [45]. The

values of the force constants at the tetrahedral site (Kv) increased from 2.5769x102 N/m to

2.6757x10% N/m and at the octahedral site (Ko) increased from 1.5917 x10% N/m and 2.0492
x102 N/m with the doping of La** ions.
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Fig. 6 FTIR spectrum of La** doped Mg-Cd-Cu ferrite samples

Table 9 Absorption band positions, Force constants (Kt and Ko)
for as-prepared samples

v1 Kr v2 Ko
X (cm™) x102N/m (cm™) x102N/m
0.00 528.06 2.5769 415.01 1.5917
0.0125 533.78 2.6331 428.98 1.7006
0.0250 535.22 2.6473 441.79 1.8037
0.0375 536.65 2.6615 455.47 19171
0.0500 538.08 2.6757 470.90 2.0492
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3.3 Lattice structure and Molecular Vibration analysis

To have information on the lattice structure and vibrational possession properties of the
La®" substituted in Mg-Cd-Cu soft ferrite samples, the Raman scattering experiments were
carried out and the Lorentz fit spectra [46-48] of the ferrites in the range of 250-800 cm™ 1, is
represented in Fig. 7. The crystal structure of the inverse cubic spinel ferrites is a part of the (F
d -3 m) space group having eight formula units per unit cell. The complete unit cell of cubic
symmetric consists of 56 atoms, but the Bravais cell of a small scale consists of 14 atoms. So,
there are almost 42 vibrational modes. Group theory anticipated the subsequent optical phonon
distribution:  A;4(R) + Eg (R) + Tyg + 3T,4(R) + 2A,, + 2E, + 5Ty, (IR) + 2T, [47].

The mutual exclusion of Raman (R) and Infrared (IR) activities is shown by the
presence of an inversion center in the centro-symmetrical space group F d -3 m for the same
vibrational mode. The five first active modes in the Raman spectrum at 303 K are Ay (R), Eq
(R), and 3T2g (R). The notations A, E, and T denote one, two, and three-dimensional
representations, respectively, as well as “g”, which represents symmetry to the center of
inversion [49, 50]. The interpretation founded on the quasi-molecular characterization of spinel
structure correlated to the normal mode motions of the tetrahedron (Fe-Os) in the following
way: The A (1) is due to symmetric stretching of oxygen atoms ahead Fe-O tetrahedral bonds
and occurred at 665.53-684.70 cm™ with respect to the metal ion in tetrahedral (A) site [51,
52], Eg and Tag (3) are assigned to symmetric and asymmetric bending of oxygen at the
octahedral (B) site [51, 52] relative to Fe appeared at 328.60-398.11 cm™ and 533.85-544.28
cm, respectively. Ty (2) is assigned to asymmetric stretching of Fe-O bond also at the
octahedral (B) site [51, 52] and found at 459.65-471.51 cm™, and Taq (1) is assigned to
translational motion of complete tetrahedron [51, 52] (Fe-O4) and present at 292.10-319.99 cm”
!, The observed values are reported in Table 10. In the Raman spectra of La** doped Mg-Cd-
Cu ferrite samples, the five Raman active modes can be observed together with some extra
vibrational bands other than the active ones. Here, the presence of these modes is generally
assigned to the dislocations or impurities present in the matrix. The Raman active modes
appeared because of the polarizability change in the course of molecular vibration in the
structure, which was based on a loss of symmetry, activating the Raman modes [50, 53]. The
doping in spinel ferrites does not affect the number of modes but results in a shift in their
values. This factor is based on the position of ions in the crystal lattice and apparent mass in
the crystal field. The intensive Raman peaks are attributed to the asymmetric reaction of the

structure via vibrating dipole. Hence the expansion gives rise to the idea of a deformed matrix.
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Intensity (counts./s)

Intensity (counts./s)

The doping of copper didn’t alter the space group of spinel structure but deformed the crystal
matrix of vibrating molecules. The vibrational modes that occurred above 600 cm™ are
attributed to the translatory movement of the A-site that is engaged by oxygen in the AO4
composites [54, 55].
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Fig. 7 Raman spectra for La** doped Mg-Cd-Cu ferrite samples
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Table 10 Raman modes for La** doped Mg-Cd-Cu ferrite samples
Raman shift (cm™)

T2g (l) Eg T2g (2) T29 (3) Alg
Tetrahedral (A) octahedral (B) Tetrahedral (A)
Site [51, 52] site [51, 52] Site [51, 52]
0.0 319.99 398.11 47151 537.69 675.46
0.0125 306.29 371.03 469.08 544.28 667.73
0.025 299.62 347.70 459.65 533.85 684.70
0.0375 292.10 328.60 465.82 539.22 680.16
0.05 308.14 356.63 468.45 537.42 665.53

3.4 Optical Study
The absorption coefficient (o) for La®* doped Mg-Cd-Cu ferrites was determined by
employing the following equation [32]:
a = 2303254 (1)
where ‘A’ indicates absorbance and ‘I’ is the path length of light in which absorbance takes

place. To find optical bandgap energy (Eg), Tauc’s relation narrated to photon energy and

absorbance was employed as [32]:

By == )
ahv = B(hv — Eg)™ 3)

where ‘B’ is the transition probability dependence constant, ‘h’ is the Planck constant, ‘v’ is
the frequency, and ‘m’ is the number that expresses the absorption transition process.

From the using equation 4.3, the Tauc-plots are represented in Fig. 8 from which the optical
band gap (Eg) is determined being 3.03 eV, 3.29 eV, 2.95 eV, 3.38 eV, 3.18 eV, with the
substitution of La®" ions. It can be seen that the optical band gap reduced up to x = 0.025 and
then increased with the addition of La®>" contents. Such an increase in the bandgap would
potentially make the material being applicable in microwave frequency devices [56]. Another
optical band gap (Ejg) is also emerging inside of the plots for x = 0.0 —0.05 as expressed in Fig.
8 and their values with increasing x are 2.50 eV, 2.37 eV, 2.17 eV, 1.95 eV, 2.20 eV. The
optical band gap firstly decreases and then increases is maybe due to dopant ion concentration,
lattice strain, lattice structural parameters, the presence of impurities, and surficial impact [57].

Here, the fact that E; being lower than Eg is associated with the impurity phases because of the

charge transfers amongst Fe**/La®" at the octahedral site. At the tetrahedral site, the charge
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exchange energy is not much influenced by the La®* insertion, while on the octahedral site,

charge exchange energy is larger [58]. Furthermore, a hump appearing at the mid of the curves

is increasing with the increase of La®* contents and similar behavior reported in the literature
[57].
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Fig. 8 Tauc-plot for optical band gap (Eg and Eg) of La** doped Mg-Cd-Cu ferrite samples

3.5 Electrical Analysis

Two probes current-voltage (1-V) measurements were employed to study electrical
properties of La®** doped Mg-Cd-Cu ferrites in the temperature range of 303-823 K and the
results of DC electrical resistivity (poc) versus 1000/T are presented in Fig. 9. Here the Curie
temperature was determined from the kink as shown in the (ppc) versus 1000/T curves, and it
can be seen that it rises with increasing La doping being 363 K, 383 K, 403 K, 423 K, and 453
K for x = 0.00, 0.0125, 0.025, 0.0375, 0.05, respectively. It can be seen that, in the
ferromagnetic region, the resistivity increases with increasing temperature, whereas it becomes

the opposite in the paramagnetic region, which is consistent with that reported in the literature
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[59]. The decline in resistivities at high temperatures shows the semiconducting nature of the
fabricated soft-ferrites. The observed reduction in resistivity at high temperatures could be due
to the rise in drift mobility of thermally activated charge carriers, which depends on impurities,
particle size, density, etc. [60]. The “ppc” at RT for all the samples are 2.67 x 10* Q cm, 8.94
x 10% Q cm, 7.95 x 10* Q cm, 2.68 x 10® Q cm and 1.40 x 10* Q ¢m for x = 0.00, 0.0125,
0.025, 0.0375, 0.05, respectively. The maximum resistivity occurs for the sample with x =
0.025, and it would make the material more suitable for use in high-frequency electronic
devices [61].
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Fig. 9 1000/T versus the log of resistivity of La** doped Mg-Cd-Cu soft ferrite samples

The results of the resistivity versus concentration of doped La®* at different
temperatures in the ferromagnetic and paramagnetic regions are presented in Fig. 10. It can be
seen that at x = 0.025, the resistivity has a maximum value in the ferromagnetic region and the
minimum value in the paramagnetic region. The resistivity has lower values in paramagnetic
region before x = 0.025 but then it becomes higher values for x = 0.0375 and 0.05 in the
ferromagnetic region (Fig. 10a). In the ferromagnetic region (Fig. 10b), the resistivity has
random behavior, but as the temperature increases up to 373 K, it becomes almost constant
with respect to the La®* content. After Tc = 373 K, the resistivities tend to increase with

increasing La®" concentrations.

AE
The Arrhenius equation (p = ppoe *8T) was employed to investigate the activation

energies for all La®* concentrations. The activation energies in the paramagnetic region (Ep)
are seen greater than those in the ferromagnetic region (Ef) in accordance with the Irkhin and

Turov theory and affirms the ordering and disordering arrangements of atoms in paramagnetic
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and ferromagnetic states, respectively [62, 63]. In a paramagnetic state, charge carriers required
more energy to transfer than those in the ferromagnetic state where the conduction procedures
in soft ferrites are manipulated through the magnetic arrangements [64]. The activation energy
(AE=E,-Ef) versus La®*" doped concentration is presented in Fig. 11. In the ferrites, the
conductivity depends on activation energy, and the nonlinearity in AE with the insertion of La®*
might be related to the effect of spin disordering [65-67]. The high resistivity ranges observed
in our synthesized ferrites make them potentially applicable in telecommunication devices [66,
67].
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Fig. 10 Log of resistivity versus La®*" concentration at various temperatures of La*" doped
Mg-Cd-Cu soft ferrite samples: a) comparison between ferromagnetic and paramagnetic

nature, b) La®* concentration versus resistivity at different temperatures
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Fig. 11 Activation energy AE versus La** doped concentration in Mg-Cd-Cu soft ferrite
samples

The drift mobility (pg) for all the samples have values 3.84 x 108 cm?v-1st(x = 0), 11.5
x 1018 cm?V1s(x = 0.0125), 1.31x 1018 cm?Vv-is? (x = 0.025), 38.9 x 108 cm?Vv-is?t (x =
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0.0375) and 7.52 x 10"*® cm?V-1s (x = 0.05). It is clear that the samples with greater electrical
resistivity have small value of drift mobility, and vice versa, because both drift mobility and
electrical resistivity have inverse relation [68, 69].
3.6 Dielectric Analysis

In the ferrites, dielectric properties are influenced by the fabrication mechanism, sintering
temperature, nature of materials, and compositional variations [70]. The dielectric tangent loss
(tan &) as a function of applied frequency is shown in Fig. 12. The polarization occurred
because of the intra-grain conduction by exchange interaction, which is responsible for the
dielectric loss tangent. A barrier is formed at the grain boundary because of the space charge
of the accumulated electrons, which restricts the inside grain conduction of soft ferrites.
Therefore, a large number of electrons accumulated, and more will be the space charges at the
grain boundary. When the grain boundary conduction occurred, the polarization decreased and
resulted in the dominance of inside grain conductions due to a small barrier; hence, the strength
of the barrier will be reduced. This decreased grain boundary polarizability appears as the tan
d loss [71]. It can be seen from Fig. 12 that due to space charge polarization, the dielectric loss
tangent rapidly decreases for low frequency and the rate of reduction in tan & is slow at high
frequency. Minimal values are observed in the frequency range from 6 to 7 MHz, which are
ideal for high-frequency applications [72].

5
4 —=—x=00
—0— X = 0.0125
34 —A— x = 0.025
—¥—x =0.0375
0 —— x = 0.05
c 2=
s
14
04
T T T T T

] ]
30 35 40 45 50 55 60 65 7.0
log f (Hz)

Fig. 12. The dependence of dielectric tangent loss versus applied frequency La** doped Mg-
Cd-Cu soft ferrite samples

The concentration of doped La®*" versus dielectric tangent loss at different applied

frequencies is depicted in Fig. 13(a-c). It can be seen in Fig. 13(a-c) that the “tand” has a
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minimum for La** concentration x = 0.025. On the other hand, at low frequency (Fig. 13(a))
the maximum dielectric tangent loss was observed for La®* concentration x = 0.0125 and at a
medium range of frequency (Fig. 13(b)), the “tan §” has maximum value for La®" concentration
x = 0.05. It was observed from Fig. 13(c) at high frequency the “tan 6 has a large value for

La®* concentration x = 0.0375.
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Fig. 13(a-c) Concentration of doped La* versus dielectric tangent loss at the different applied
frequency

3.7 Magnetic Properties

The magnetic hysteresis loops of La®* doped Mg-Cd-Cu ferrites measured at RT are
presented in Fig. 14. From the hysteresis loops, the values of coercivity (Hc), remnant
squareness (SQ or M,/Ms) remanent magnetization (My), and saturation magnetization (Ms) are
obtained and reported in Table 11. In Mg—Cd—Cu ferrites, the Mg?* and Fe3* ions share A and
B sites in the spinel structure. The insertion of paramagnetic La®* ions enhance Ms from
15.4057 (x = 0) to 49.3850 emu/g (x = 0.05). On the other hand, the coercivity is seen to
decrease with increasing La®* content from 793.1 Oe (x = 0) to 661.4 Oe (x = 0.05). The change
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in coercivity is due to the combination of different factors, including particle size, crystallinity,
crystal structure, morphology, strain, and anisotropy [56]. For the squareness ratio (SQ or
M/M;), the obtained values are in the range of 0.6505-0.7869. The small value of the SQ ratio
shows that the as-prepared samples are single domains [22]. The trends of coercivity, saturation
magnetization, and remanence indicate that higher spin-orbital coupling is created by La®" ions

at the octahedral site as compared to bulk material [31, 73]. Magneto crystalline anisotropy

constant (K) calculated using K = % and initial permeability (y;) calculated via p; =

MZxD
K

increase with increasing La* concentration. The Bohr’s magneton (ng) was calculated using

are also given in Table 11. It was observed that the anisotropy constant K as well as y;

ng = (MxMs)/(5585dy), where M, and dxare molecular weight, and X-ray density, respectively.
It was found that Bohr’s magneton increased from 0.1275 (x = 0) to 0.4156 (x = 0.05) which
is because the doping of La®* results in a strong La—Fe interaction on the B site [30]. The spin
canting angle known as Yafet and Kittel (Y—K) angles were determined using Yafet and Kittel
model from ng = (6 + x) cos ay,_x — 5(1 — x). The calculated values of Y-K angles are also
added in Table 11, which increases with La®* concentration indicating an increasing triangular
spin arrangement at B-site in soft-ferrites. This improved triangular spin arrangement at B sites
is responsible for decreasing A-B interaction in soft-ferrites [71]. The rare earth La®* ions have
zero magnetic moments, and hence, A-B interaction become decreases as the concentration of
La®* increased in Mg—Cd—Cu soft-ferrites. Microwave frequency can be studied through the
application of the following relation w,, = 8m2Mgy, where v is a gyromagnetic fraction with
the significance of 2.8 MHz/Oe [23, 27, 31, 57]. The applied field versus microwaves operating
frequency w,, of La** doped Mg-Cd-Cu ferrite samples is plotted in Fig. 15. With x from 0 to
0.05, w,, can be found in the range of 3.36 — 10.80 GHz, indicating that La** doped Mg-Cd-
Cu ferrites are exceptionally applicable in longitudinal recording media and microwave
absorbance purposes and similar behavior was reported in the literature for microwave

applications [57].

Table 11 Magnetic parameters for La®* doped Mg-Cd-Cu ferrite samples

Hc My Ms K ) Oy-k Om

X (Oe) SQ (emu/g) (emul/g) ne (erg/cm3) Hi (Degree) (GHz)

0.00 793.1 0.6859 10.5669 15.4057 0.1275 12727.35 0.4936 31.2849 3.36
0.0125 780.5 0.6505 12.9106 19.8469 0.1642 16135.94 0.7173 319482 4.50
0.025 768.0 0.7055 15.7455 22.3167 0.1851 17853.36 0.9006 32.8743 4.89
0.0375 7429 0.7869 28.4709 36.1794 0.3021 27997.57 1.1840 32.0969  7.99

0.05 6614 0.7072 34.9283 49.3850 0.4156 34024.20 1.8637 31.3694 10.80
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Fig. 14 Hysteresis loops for La** doped Mg-Cd-Cu ferrite samples
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Fig. 15 Applied field versus microwaves operating frequency of La®*" doped Mg-Cd-Cu
ferrite samples

3.8 Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) Analysis

Inductively coupled plasma mass spectrometry was used to evaluate the chemical
compositions (ICP-MS). In 1 mL of HNOgz, 2 mg of each powder sample was dissolved. Table
12 shows the findings of a study of the Fe, Mg, Cd, Cu, and La compositions of synthesized

La®* doped Mg-Cd-Cu ferrite samples. The predicted value is based on the stoichiometry of
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La®* doped Mg-Cd-Cu ferrites. It was observed that the stoichiometry is quite close to the

expected values.

Table 12 ICP measurements for La** doped Mg-Cd-Cu ferrite samples
Fe (ngper Cu(pgper Mg (ng  Cd(ngper La(ng per

X

mL) mL) per mL) mL) mL)

0.0 1232.5 185.8 138.3 291.9 0.5
0.0125  1027.2 157.4 117.0 245.2 15.7
0.025 993.8 152.3 112.1 248.6 47.2
0.0375 893.5 137.0 103.5 419.9 38.6
0.05 945.5 142.4 107.9 432.4 61.0

4 Conclusions

La3* doped Mg-Cd-Cu ferrites were fabricated via co-precipitation. The structural
parameters are dependent on La®" concentration. The existence of tetrahedral and octahedral
bands was seen in the FTIR spectra. Considerable magnification in optical bandgap energy in
the range of 2.95 — 3.38 eV was recorded due to the less conductive La®** ions doping. Electrical
resistivity demonstrated the opposite trend in paramagnetic and ferromagnetic regions.
Dielectric losses were revealed in declining order, with increasing frequency. The magnetic
performances of La®* substituted Mg-Cd-Cu ferrites are enhanced with an increase in saturation
(M) and remanence (M) magnetization. The calculated frequency range of La®* inserted spinel
ferrites by the application of Ms was detected in the microwave range of 3.36 — 10.80 GHz.
From the results of our studies, the La®* doped spinel ferrites appear to be highly applicable in

longitudinal recording media and microwave absorbance.
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