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Abstract
The Li0.5-xNixCuxFe2.5−xO4 for x = 0.00, 0.05, 0.10, 0.15, 0.20, and 0.25 were synthesized through the ceramic process fol-
lowing double sintering. Their structural, morphological, compositional, functional, and magnetic properties were analyzed 
with the help of X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy 
(EDS), Fourier Transform Infrared Spectroscopy (FTIR), and Vibrating Sample Magnetometer (VSM). The XRD patterns 
confirmed the single-phase spinel cubic structure. Lattice parameters increase from 8.3558 Å to 8.3615 Å. The increase in 
lattice parameter suggests the occupancy of Cu ions in the tetrahedral site, which can also be seen from the FTIR spectrum 
between 390 and 580 cm−1. The SEM images show the grain size in the 2.28 to 3.75 μm, whereas the porosity ranges between 
4.4% and 9.7%. A squareness ratio ranges between 0.18 and 0.24; the specific magnetization is between 26 and 42 emu/g. 
The coercivity is observed to range between 138 Oe and 145.75 Oe. The attached EDS spectra show the composition of the 
samples that agree well with their stoichiometry. The VSM study shows the occupancy of copper on both A- and B-sites as 
observed by cation distribution. Low electric and magnetic loss, low ac conductivity, and temperature-independent electric 
and magnetic properties are the fundamental properties of microwave devices that were obtained for the considered composi-
tion. Therefore, the substitution gives rise to the ferrite, which is appropriate for microwave devices.

Keywords  Lithium ferrite · Scanning electron microscopy (SEM) · Cation distribution · Vibrating sample magnetometer 
(VSM) · Microwave materials

1  Introduction

However, expensive, yttrium iron garnets (YIG), low Curie 
temperature, lower magnetic saturation, etc., are the micro-
wave materials used in memory cores, circulars, isolators, 
gyrators, phase shifters, etc. Hexagonal ferrites have prom-
ising properties, such as dielectric, magnetic and super-
conducting, making them suitable for practical uses [1–6]. 
Lithium ferrites and their derivatives are becoming alterna-
tive materials due to their higher frequency performance 
with low losses [7–10]. Highly resistive materials with low 
dielectric losses and appropriate saturation magnetization 
are preferable for microwave devices [9]. Lithium ferrites are 
also studied for their application in energy storage applica-
tions [11–13]. They are chemically and thermally stable, 
with low losses in magnetism and eddy current [14]. There 
is still a need for such cheap and quality microwave materi-
als to work efficiently at high frequencies. The ions' nature 
and cations distribution in the two interstitial sites plays 
an essential role in the device's performance. Ferrites have 
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higher magnetic saturation of around 3550 Gauss and Curie 
temperature of around 640 °C.

Some efforts were made with the substitution ions with 
two, three, and four oxidation states [15, 16]. Since lithium 
ferrite is a spinel ferrite and these materials are observed 
to be promising materials for several practical applications 
[17–19]. Different substitutions (Ti, Zn, Cd, etc.) have been 
observed in the lithium ferrites to modify the properties 
of lithium ferrites. Since a couple of years ago, we have 
been conducting several experimental works on other fer-
rite materials Ni–Zn ferrites [20–25] and Co–Cu ferrites 
[26, 27]. We have doped Ni in Co–Cu and found the mate-
rial compatible with the spin transistor [27]. However, the 
efficiency of microwave devices from such works was not 
significant. Continuing that work, we are working further on 
those microwave materials.

Aravind et al. reported the lithium nickel ferrite nanopar-
ticles by the low-temperature citrate gel auto-combustion 
method. They noted the decrease in saturation magnetization 
from 56 emu/g to 28 emu/g with increased Ni2+ ions concen-
tration [28]. Similarly, Venketochalapathy et al. synthesized 
Ni and Al-doped lithium ferrite nanoparticles and observed 
that saturation magnetization decreased from 48.3 emu/g to 
46.2 emu/g. A noticeable change is also observed in the coer-
civity of the prepared sample [29]. Thus, Nickel, a ferrimag-
netic metal, can be magnetized easily, even at room tempera-
ture and can act as a suitable dopant to improve the magnetic 
properties. In addition, Cu2+ ions are paramagnetic, and their 
doping can favour the appearance of a superparamagnetic 
ground state at room temperature. The Cu2+ (d9) ion in the 
3d transition metal group is well-known for its metallic and 
paramagnetic behaviour. Thus, the presence of Cu2 + ions in 
the octahedral environment of spinel ferrites minimises the 
system's overall energy [30, 31]. Ramesh et al. 2019 investi-
gated the cation distribution of these ferrites [32].

The above discussion shows that lithium ferrite has 
exceptional properties, and Nickel and Copper can readily 
improve spinel ferrite's magnetic and structural properties. 
Thus, observing the effect of Ni and Cu doping on lithium 
ferrite becomes an interesting topic. In this work, we have 
studied the structural, morphological, compositional, func-
tional, and magnetic properties of nickel- and copper-sub-
stituted lithium ferrite using XRD, SEM–EDS, FTIR, and 
VSM to improve their electromagnetic properties.

2 � Materials and methods

The Li0.5-xNixCuxFe2.5−xO4 for x = 0.00, 0.05, 0.10, 0.15, 
0.20 and 0.25 were synthesized through the ceramic pro-
cess followed by double sintering. For that, Li2(CO)3, 
CuO, and Fe2O3 were used as precursors with an analyti-
cal grade of the highest purity (> 99%). Precursors were 

mixed with methanol in a mortar pestle. Obtained powders 
were calcinated at 750 °C for 6 h and then cooled natu-
rally. The resultant powders were mixed with 5% PVA as a 
binder to form the pellets of cylindrical and toroidal shape 
with the help of a hydraulic press of 5 tons. The pellets 
were sintered at 1000 °C for 8 h. The powder was used for 
structural analysis through XRD incorporated with Cu-Kα 
radiation, SEM–EDS, FTIR, and the pellets were used for 
the magnetic properties analysis through VSM.

3 � Results and discussion

3.1 � X‑ray diffraction studies

The X-ray diffraction pattern of Li0.5-xNixCuxFe2.5−xO4 
for x = 0.00, 0.05, 0.10, 0.15, 0.20 and 0.25 are shown in 
Fig. 1. For the concentration x = 0.00, it is simply Fe2O3 
(Hematite with antiferromagnetic nature) having some 
additional peaks (210), (211), (310), (321), and (421) 
along with (220), (311), (400), (422), (511), and (440). 
As the concentration increases, the phase changes slightly, 
disappearing the additional peaks seen at x = 0.00, which 
finally disappeared for concentration x = 0.20. The initial 
phase with space group P4132 is changed into the Fd3m. 
These are the essential characteristics of lithium ferrites.

Substituting Li and Fe with Ni and Cu makes the hematite a 
cubic spinel. However, some initial peaks (210), (310), etc.) in 
the patterns show that the spinel still has an additional secondary 
hematite phase.

a)	 Observed lattice parameter

Fig. 1   XRD of Ni–Cu-substituted lithium ferrites
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The Nelson–Riley error function was plotted against 
the lattice parameter to get a minimum error with the help 
of prominent peaks (220), (311), (400), (422), (511), and 
(440) of the samples [33]. The rising straight lines were 
obtained, which can be extrapolated to get the observed 
value showing the increasing lattice parameter (up to 
x = 0.10) with concentration. The increase in the lattice 
parameter is due to the larger ionic radii of the substi-
tuted elements (Ni2+ − 0.069 nm and Cu2+ − 0.073 nm) 
than that of the host elements (Li+ − 0.073 nm and Fe3+ 
− 0.0645 nm). The observed and calculated values are 
plotted in the graph, as shown in Fig. 2. The larger ion 
gives rise to the lattice strain and changes its elastic prop-
erty, thereby changing the interplanar spacing and the dif-
fraction peak shifting towards the lower angle side [34, 
35]. The symmetry of the lattice is preserved as indicated 
by the uniform increase in lattice parameter and hence the 
volume of the unit cell to accommodate the larger ion [36] 
as is reported in the previous literature [37].

b)	 Theoretical lattice parameter

The difference between the theoretical and observed 
lattice parameters is mainly due to the cation distribution 
[12], as cations have different sizes for site occupancy. e. 
g., Cu2+ ions have a tetrahedral radius of 0.57 Å and an 
octahedral radius of 0.73 Å due to their fourfold and six-
fold coordination, respectively. Therefore, careful assign-
ment of the cations in the respective site is necessary to 
have the exact reason and value of the lattice parameter. 
The assignment of the cations on the site is listed in 
Table 1. The value of the lattice constant is determined 
theoretically by [38]

Here, rA, rB, and Ro are the mean radii of the A site, B 
site, and oxygen ion. The rA and rB of the LNC series can 
be calculated using the following expressions [38].

Both (A and B site) ionic radii of Li+, Ni2+, Cu2+, and 
Fe3+ are taken from Shannon 1970 [34]. Table 2 gives a 
comparison between the calculated and experimental lat-
tice constant values. The same has been shown as a graph 
for easily depicting the trends in Fig. 2.

Figure 3 shows the Williamson–Hall plot for all the 
prepared samples. All the samples show anisotropic 
behaviour. The lattice strain and crystallite size are esti-
mated from the Williamson–Hall plots and presented in 
Table 3. The lattice strain increased till x = 0.10 and fur-
ther decreased. For x = 0.25, the strain is compressive. The 
highest strain is observed for x = 0.10, which is due to the 
large number of Cu ions at the B-site and afterwards, the 
Cu ions start distributing over both the A-site and B-site. 
The crystallite size increases with the concentration of 
dopants till x = 0.1, after which it decreases.
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Fig. 2   Comparison of variations of observed and calculated LNC lat-
tice constants with concentration (x)

Table 1   Cation distribution of LNC series (proposed)

x A site B site

0.00 Fe Li0.5Fe1.50

0.05 Fe Li0.45Ni0.05Cu0.05Fe1.45

0.10 Fe Li0.40Ni0.10Cu0.10Fe1.40

0.15 Fe0.97Cu0.03 Li0.35Ni0.15Cu0.12Fe1.38

0.20 Fe0.94Cu0.06 Li0.30Ni0.20Cu0.20Fe1.36

0.25 Fe0.90Cu0.10 Li0.25Ni0.25Cu0.15Fe1.35

Table 2   Experimental and 
calculated lattice constants of 
Li0.5-xNixCuxFe2.5−xO4 (LNC 
series)

x aobs (Å) acal (Å)

0.00 8.287 8.3558
0.05 8.282 8.3568
0.10 8.298 8.3578
0.15 8.364 8.3589
0.20 8.350 8.3602
0.25 8.386 8.3615
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3.2 � Microstructural studies by SEM

The SEM micrographs of Li0.5−xNixCuxFe2.5−xO4 for 

x = 0.00, 0.05, 0.10, 0.15, 0.20, and 0.25 are shown in 
Fig.  4. The grain distribution seems to be distributed 
homogeneously and almost without agglomeration. The 
size of the grains increases with concentration showing 
its possible effect on the properties, viz., electrical and 

Fig. 3   Williamson–Hall plot for Li0.5−xNixCuxFe2.5−xO4 (LNC series)
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magnetic of the sample. These grain size variations are 
used to determine the magnetic and resistive properties.

3.3 � EDS study

The allocation of the two absorption  studied with the help 
of energy-dispersive spectroscopy (Phillips XL30 ESEM), 
and the spectra obtained are shown in Fig. 5. The figure 
shows that the sample contains Ni, Cu, Fe, and O elements 
in their stoichiometry ratio (the Ni and Cu are not present 
for x = 0.00). The atomic and weight percentage is also pre-
sented in Table 4, which shows the presence of all the ele-
ments, and their weight percentage signifies the chemical 
purity of all the samples.

Table 3   Crystallite size and lattice strain values estimated from Wil-
liamson–Hall plot for all the sample

x Crystallite size ‘d’ (nm) Lattice strain (ε)

0.0 27.39 0.00396
0.05 29.31 0.00316
0.10 33.91 0.00493
0.15 27.56 0.00324
0.20 22.31 0.00263
0.25 11.63 -0.00706

Fig. 4   SEM images of the LNC 
series
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Fig. 5   EDS spectra of LNC series of samples
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3.4 � FTIR characterization

The FTIR spectra of the LNC sample taken at room 
temperature in the range of 300–750 cm−1 are shown in 
Fig. 6. The allocation of the two absorption peaks around 
580 cm−1 (ν1) and another around 390 cm−1 (ν2) shows 
their spinel structure.

The octahedral band is central and is shifted towards 
the higher frequency side between x = 0.10 to 0.20 with 
the increase in concentration. The shoulder peaks ν2s1, and 
ν2s2 arise due to its (B site) divalent metal ion–oxygen 
system [39], and ν1s1 and ν1s2 arise due to divalent metal 
ion–oxygen complexes in the A-site. The values of υ1, υ2, 
υ1s1, υ1s2, υ2s1, and υ2s2 are listed in Table 5.

Waldron et al. showed that the vibration of cubic spinel 
unit cells could be generated in the two sites that cause the 
stretching of the metal–oxygen bonds of the respective 
sites [40]. The bond length in the two sites (Fe3+–O2− in 
the A site is 1.89 Å and Fe–O in the B site) is different, so 
the vibration frequency is also different [41]. The smaller 
length gives rise to a more significant frequency making 
the central band move towards the larger frequency. This 
takes place in the concentration between 0.10 and 0.20. 
Therefore, an increase in frequency indicates a decrease 
in bond length which further indicate the occupancy of 
Copper ion in the respective site [42].

In addition, the bands are wider on the substitution of 
Ni–Cu elements. The variation of wave number and ionic 
radii with concentration for tetrahedral and octahedral 
sites are shown in Figs. 7 and 8, respectively. The widen-
ing of the bands was due to the distribution of Fe3+ ions 
in both sites [38]. Furthermore, the intensity of the sample 
depends almost on cation distribution. Pure lithium and 
iron are found in a 1:3 ratio in the B site. The replacement 
of Ni2+ and Cu2+ ions by Li2+ and Fe3+ ions in both sites 
for concentrations beyond 0.15 and that from the B site 
creates disorders in the system which is indicated by the 
widening of the IF bands [43, 44]. The study shows the 

necessity of the Ni and Cu substitution for their applica-
tion in microwave devices.

3.5 � Magnetic properties

a)	 Saturation magnetization

Figure 9 shows the room temperature hysteresis loops 
of the Li0.5-xNixCuxFe2.5-xO4 for x = 0.00 to 0.25 in steps of 
0.05. The saturation magnetization decreased with concen-
tration up to x = 0.01 and then increased beyond. Further-
more, the lower coercivity indicates the nature of soft ferrite.

The change in the magnetic saturation with the substitu-
ent was due to the super-exchange interaction between the 
two interstitial sites, A and B [45, 46]. There are mainly 
three types of such interactions; AA, AB, and BA, among 
which AB interaction is most prominent. This gives rise to 
the alignment of magnetic spin in A and B in two opposite 
directions. As a result, the total magnetic moment is given 
by M =|MB–MA|. The ionic nature and valence state greatly 
affect the intensity of the exchange interactions [47, 48]. 
Junaid et al. observed that with the increase in Zr and Ni 
dopant concentration on lithium ferrite, saturation magneti-
zation increased from 9.52 to 19.31 emu/g, and coercivity 
decreased from 2241.34 to 214.65 Oe and remnant mag-
netization increased from 4.14 to 5.92 emu/g [49]. Mali 
et al. also observed the magnetic properties of Cr-doped 
lithium ferrite and observed that saturation magnetization 
decreased from 71.1 emu/g to 16.5 emu/g with increased 
chromium concentration [50]. Junaid et al. doped lithium 
ferrite with Indium and observed that saturation magneti-
zation decreased from 53.08 to 43.03 emu/g, coercivity 
increased from 186.35 to 206.18 Oe and remnant magneti-
zation decreased from 12.52 to 8.78 emu/g [51].

However, in our samples, we observed a decrease in satu-
ration magnetization at the first instance and then an increase 
in saturation magnetization with the increase in Nickel and 
copper. Li+ is a monovalent cation, and Ni2 + and Cu2 + ions 

Table 4   Atomic percentage and 
weight percentage of elements 
in Li0.5−xNixCuxFe2.5−xO4

x 0.00 (%) 0.05 (%) 0.10 (%) 0.15 (%) 0.20 (%) 0.25 (%)

Wt% of Li 1.62 1.49 1.36 1.23 1.10 0.97
Wt% of Ni 0.00 0.63 1.26 1.88 2.51 3.14
Wt% of Cu 0.00 0.63 1.26 1.88 2.51 3.14
Wt% of Fe 67.48 65.14 62.80 60.46 58.12 55.78
Wt% of O 30.80 30.47 30.14 29.81 29.48 29.15
Atomic % of Li 7.14 6.47 5.81 5.14 4.48 3.81
Atomic % of Ni 0 0.72 1.45 2.17 2.89 3.62
Atomic % of Cu 0 0.72 1.45 2.17 2.89 3.62
Atomic % of Fe 35.71 35.25 34.79 34.33 33.87 33.41
Atomic % of O 57.14 57.84 58.50 59.16 59.81 60.47
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Fig. 6   FTIR spectrum of Li0.5−xNixCuxFe2.5−xO4, where x = 0.00–0.25
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are divalent. When divalent cations substitute monovalent 
cations, some higher spin Fe3+ ions are transferred into 
lower spin Fe2+ ions, decreasing saturation magnetization. 
However, with further doping x > 0.10, the Cu2+ ions also 
started shifting to A-site, compensating for the formation of 
low-spin ions from high-spin ions and hence the saturation 

magnetization increases. Since, for the initial doping, Ni and 
Cu ions are present at B-site, and Fe2 + ions are at A-site, 
affecting the magnetic behaviour of Fe3+ ions. The Cu ions 
shift to A-site for higher concentrations, contributing to the 
A-B interaction. Table 6 shows the coercivity, grain size, 
porosity, saturation magnetization, remnant magnetization, 
and squareness ratio of the Ni–Cu lithium ferrite for different 
compositions (x).

b)	 Effect of grain size on coercivity

The coercivity is decreased with an increase in grain size. 
This is due to the large number of domain walls in larger 
grain. The larger number of domain walls indicates their 
larger motion during magnetization or demagnetization, 
with a smaller field needed for rotation [52]. This means the 
coercivity is lower for larger grain sizes. The variation of 
coercivity and grain size with the concentration in the LNC 
series is shown in Fig. 10.

In the LNC series, one reason for the variation in the 
grain size and significant lowering of the coercivity was due 
to defects arising from maximum Cu ions substitution on the 
A site, and the other is due to the transfer of Fe ions to the 
B sites mainly for higher concentration.
iii)	 Effect of porosity on coercivity

Table 5   Vibrational frequencies 
variation with concentration (x) 
in LNC series

x υ1 (cm−1) υ1s1 (cm−1) υ1s2 (cm−1) υ2 (cm−1) υ2s1 (cm−1) υ2s2 (cm−1)

0.00 579.39 545.40 484.48 395.24 371.15 331.49
0.05 585.06 549.65 466.07 389.57 364.07 342.82
0.10 583.64 477.39 467.48 395.24 379.65 359.82
0.15 580.81 473.15 457.57 388.15 376.82 365.49
0.20 582.22 475.98 458.98 393.82 386.74 362.65
0.25 585.06 478.82 466.07 390.99 378.24 365.49

Fig. 7   Relation between absorption band wavenumber and site radius 
for tetrahedral sites in LNC series

Fig. 8   Plot of the octahedral band and radii against the concentration 
of dopants

Fig. 9   Room temperature hysteresis loops of Li0.5−xNixCuxFe2.5−xO4
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The variations of the coercive field and the per cent 
porosity with concentration (x) in the LNC series are 
shown in Fig. 11. The change in the coercive field and 
porosity is in the same direction for higher and opposite 
direction for a lower concentration of Ni–Cu content as 
in the previous literature [53]. The different values for 
0.25 are due to the structural defect arising from the 

discontinuous growth of grains. The suitable intra-gran-
ular pores or phase plays an important role in increasing 
the grain sizes and hence the coercivity due to the solid 
magnetic isolation effect. It further indicates that a field 
required for rotating the domain wall is against the poros-
ity amount [54].
iv)	 Effect of squareness ratio on porosity

The ratio of remnant magnetization (Mr) to the satu-
ration magnetization (Ms) is the squareness ratio and is 
given by the Mr/Ms of the hysteresis loop. If the ratio 
value is around 0.5, the samples have a single magnetic 
domain system [53]. The present samples display square-
ness ratio values in the range of 0.18 to 0.26, typical of 
multidomain magnetic grains in the structure. This ratio is 
also directly proportional to the coercivity values and the 
per cent porosity data.

The variations in squareness ratio (Mr/Ms) and the 
porosity with concentration (x) for the LNC ferrite systems 
are shown in Fig. 12. This is attributed to the change in 
site preferences of Cu ions at higher concentrations, as dis-
cussed in the assigned cation distribution for this system.

Table 6   Coercivity, grain 
size, porosity, saturation 
magnetization, remnant 
magnetization, and squareness 
ratio of the Ni–Cu lithium 
ferrite for different compositions 
(x)

x Hc (Oe) Grain size (μm) Porosity (%) Sat. Magn. 
(Ms) (emu/g)

Remnant Mag. 
(Mr) (emu/g)

Squareness 
ratio (Mr/Ms)

0.00 138.00 2.75 8.8 41.6 9.152 0.22
0.05 139.00 3.75 9.7 36.1 6.498 0.18
0.10 144.80 2.80 8.1 25.6 5.276 0.21
0.15 145.75 2.40 7.1 32.0 7.680 0.24
0.20 144.00 2.28 5.9 34.9 8.027 0.23
0.25 143.00 0.65 4.4 45.9 8.721 0.19

Fig. 10   Variations of coercivity (Oe) and grain size (μm) in LNC 
series

Fig. 11   Coercive field and Porosity plot against concentration

Fig. 12   Variations of squareness ratio, coercivity, and porosity with 
concentration(x) in LNC series
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4 � Conclusions

In this report, we synthesized Li0.5−xNixCuxFe2.5−xO4 
(where x = 0.00, 0.05, 0.10, 0.15, 0.20 and 0.25) using a 
ceramic process followed by double sintering. XRD con-
firmed the formation of pure cubic spinel ferrite nanopar-
ticles. Lattice parameters are observed to increase from 
8.3558 Å to 8.3615 Å. The cation distribution and FTIR 
spectra suggested that Cu ions are distributed over A-site 
and B-site, whereas Ni ions are distributed over B-site. The 
SEM images showed the grain size within the 2.28 µm and 
3.75 µm, whereas porosity was between 4.4% and 7.9%. The 
VSM analysis showed that saturation magnetization (Ms) 
ranges between 25.6 emu/g and 45.9 emu/g and coercivity in 
the 138 and 145.75 Oe ranges. The squareness ratio ranged 
between 0.18 and 0.24. The VSM analysis showed the occu-
pancy of copper on both A and B sites. The substitution is 
observed to have a positive impact on lithium ferrite.
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