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A mixture of spinel and rock-salt phase was synthesized for (Cu-Zn-Ni-Mg-Fe)O HEO High Entropy Oxide (HEO) 
through the modified solid-state synthesis and studied for the dielectric properties. Three different (Cu-Zn-Ni-Mg-Fe)O 
HEO samples were synthesized by the variation of synthesis parameters, i.e., 10 hour (hr) ball-milling followed by sintering 
at 1050 C for 20 hr (10BM-HEO-20), 20 hr ball-milling followed by sintering at 1050 C for 20 hr (20BM-HEO-20) and 
sintering for 10 hr (20BM-HEO-10) separately. The synthesized samples were studied for the effect of synthesis parameters 
on phase evolution and their correlation with dielectric properties. The volume phase fraction for the spinel and rock-salt 
phase changed with the variation of the synthesis parameters. The value of dielectric constant decreased for the sample 10 
BM-HEO-20, 20BM-HEO-20 and 20 BM-HEO-10 HEOs due to the synergistic effect of decrease in particle size, volume 
phase fraction of spinel phase as well as more distorted unit cells of spinel HEO phase. The value of dielectric loss is in 
decreasing trend for 10BM-HEO-20, 20BM-HEO-20 and 20BM-HEO-10 samples. The value of the dispersion factor for 
10BM-HEO-20, 20BM-HEO-20, and 20BM-HEO-10 are found to be 1.839, 2.313, and 2.156, respectively. The present 
study provides insight the dielectric properties of HEO can be tuned broadly by the change in the synthesis parameters. 
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1 Introduction 
In 2004, a new method for alloy design was 

introduced independently by Cantor et al. and 
Yeh et al.1,2. They simultaneously developed different 
single-phase multi-principal alloys with more than five 
alloying elements in an equimolar ratio1,2. Through this 
approach new class of materials named High Entropy 
Alloy (HEA) bring forth in the material world, 
exhibiting unique, extraordinary tuneable, and 
multifunctional properties3. HEAs have many-fold 
benefits over conventional alloys. Furthermore, 
different High Entropy Materials (HEMs) such as high 
entropy oxides, high entropy metal borides, high 
entropy nitrides, high entropy carbides, and high 
entropy sulphides were synthesized and reported as a 
potential material for different functional properties4-10. 

Based on the concept of HEA, Rost et al. 
synthesized rock-salt phase structure of 
(Mg0.2Co0.2Cu0.2Ni0.2Zn0.2)O HEO with equimolar 
ratio of constituent oxides (MgO, CoO, CuO, NiO, 
ZnO) and concluded that mixed HEO phase was 
formed at low temperatures due to the dominance of 
the enthalpy effect over entropy4. However, single 
rock-salt phase was formed at high-temperature 

because the configurational entropy effect was more 
pronounced than enthalpy at high temperatures4.Till 
now, different HEOs have been developed by the 
variation of constituent oxides and/or by the change in 
the composition of particular constituent elements11-14. 
These HEOs have different phase structures and 
microstructures, which possess unique tuneable 
functional properties. Several HEOs have also 
been synthesized with different crystal structures 
such as spinel, fluorite, perovskite, rock-salt, 
bixbyite, magneto plumbite, pyrochlore, and O3-type 
layered4,15-25. HEOs have extraordinary potential to 
overcome the limitations of conventional oxide 
materials due to the presence of different cations in a 
single lattice, which creates a synergistic effect on the 
overall properties of a particular HEO26. Recent 
reports confirmed that HEO has extraordinary 
structural-compositional property correlation and can 
be considered vital technological materials for 
different applications such as electrochemical, 
catalytic, magnetic, and as an electrode for battery 
and supercapacitors13,27-38. 

Recent reports confirmed that HEOsalso possessed 
excellent tuneable dielectric performance39-41. The 
multiple transition metal cations or rare earth cations 
in the oxygen sublattice creates a unique synergetic 
effect on the dielectric properties of HEO. Moreover, 
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the dielectric properties of HEO can be significantly 
tuned with other functional properties either by 
variation of different cations or by the variation of 
composition of a particular cation in the HEO. Rodor 
et al. synthesized a novel (ZnMgNiFeCd)Fe2O4 high 
entropy ferrite structure42. They discussed that the 
polarization occurred due to the mobility of electrons 
between Fe(+2) and Fe (+3) ions in the ferrite 
structure42. Also, they concluded that the reason 
behind the A.C. conductivity is the transfer of charge 
carriers between Fe+2 and Fe+3 ions through quantum 
mechanical tunneling. The dispersion in permittivity 
and modulus was driven by the charge carriers' 
short and long-range mobility42. In another study, Ba 
(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2) O3 perovskite structured 
HEO was synthesized by the solid-state synthesis 
method43.This study also confirmed the role of high 
configurational entropy on phase formation through 
the selection of different transition metal cations in 
place of Me = Y3+, Nb5+, Ta5+, V5+,Mo6+, W6+43. They 
found excellent temperature stability of permittivity 
in the temperature range of 25 to 200 °C, and low 
dielectric loss (0.002) occurred in the frequency range 
of 20Hz to 2MHz. It has been concluded that tuneable 
perovskite structure can be synthesized by the 
variation of configurational entropy. Vinnik et al. 
developed a single-phase perovskite structure of 
(Na0.30 K0.07Ca0.24La0.18Ce0.21)TiO3 HEO through solid 
state method and compared the dielectric properties 
of (Na0.30 K0.07Ca0.24La0.18Ce0.21) TiO3HEO and 
BaTiO3 system44. They reported that the dielectric 
permittivity of the HEO system increased quickly at 
lower temperatures (200-300 C) as compared with 
the BaTiO3 (400 C) system specifically for the low-
frequency range. The tangent loss for the developed 
HEO system was found to be higher as compared to 
BaTiO3 at different frequency44. 

Stygar et al. synthesized seven different equimolar 
compositions of Co-Cr-Fe-Mg-Mn-Ni-O HEO45.  
The HEO system was synthesized through solid-state 
method at sintering temperature range of 900-1100 C. 
They found that (Co-Cr-Fe-Mg-Mn-Ni-O), (Co-Cr-
Fe-Mg-Ni-O), (Co-Cr-Mg-Mn-Ni-O) and (Co-Fe-Mg-
Mn-Ni-O HEO exhibited dual phase i.e. rocksalt and 
spinel structure at sintered temperature of 1000 C. 
However, in the case of (Co-Cr-Fe-Mg-Mn-O), 
(Co-Cr-Fe-Mn-Ni-O), and (Cr-Fe-Mg-Mn-Ni-O) only 
spinel phase structure was formed.  

Although only few reports are available on the 
dielectric properties of HEO, the reported studies 

showed promising and tuneable dielectric behaviour 
of these materials. Here, we synthesized novel(Cu-
Zn-Ni-Mg-Fe)OHEO by a modified solid-state 
synthesis and investigated the effect of synthesis 
parameters (ball-milling duration and sintering 
duration) on phase evolution and dielectric properties. 
Three different samples were synthesized through 
different ball-milling durations followed by the 
sintering at 1050 °C for different durations, i.e., 10 hr 
and 20hr, and investigate in detail about the phase 
formation microstructure and their correlation with 
the dielectric properties of the synthesized (Cu-Zn-Ni-
Mg-Fe)OHEO samples. 

2 Materials and Method 
A modified solid-state synthesis method was 

adopted to synthesize novel (Cu-Zn-Ni-Mg-Fe)O 
HEO. The initial constituent oxides, i.e., CuO, MgO, 
NiO, ZnO, and Fe2O3, whose particle size ranges from 
50 to 100 m, were taken in equimolar ratio to 
synthesize the HEOs. Three different synthesis 
approaches were adopted to synthesize (Cu-Zn-Ni-
Mg-Fe)O HEO. Initially, the constituent oxides are 
admixed through a motorized mixer and sintered at 
1050 °C for 20hr. Secondly, the mixture of initial 
constituent oxides is pre-milled for 10hr and sintered 
at 1050 °C for 10hr and 20hr, separately. Further, to 
investigate the effect of pre-ball-milling duration on 
the phase formation, the constituent oxides are pre 
ball-milled for 20hr, then sintering at 1050 °C for 
10hr and 20hr. The planetary ball-miller was used to 
reduce the particle size of the constituent oxides and 
also get a homogeneous distribution of the selected 
constituent oxides for proper diffusion. The ball-
milling of initial constituents oxides was performed in 
a hardened steel vail with zirconia balls for a different 
duration. The milling was performed in the 
indigenously developed Ball Miller in the vail of 
volume 250 ml at 400 RPM with the ball-to-powder 
weight ratio of 25:1. All the ball-milled samples were 
pelletized by a hydraulic press machine with 10-ton 
load. The pelletized samples were sintered at 1050 °C 
for different duration in a preheated furnace followed 
by room temperature cooling. 

The structural analysis of the synthesized samples 
was performed through the XRD (Rigaku-smart lab 
S.E.) with the wavelength of Cu Kα = 0.15406 nm at
an operating voltage of 40 kV, with a current of
40 mA. The XRD data were recorded with a step size
of 0.02 and scan speed of 5° per minute for 2𝜃 range
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10° to 100°. The XRD analysis of the samples was 
performed through JANA-2006 software. The 
crystallite size and lattice strain of different 
synthesized HEOs samples were evaluated  
through the pseudo-voigt function analysis46. The 
microstructure analysis of HEO samples was studied 
through a Field Emission Scanning Electron 
Microscope (FE-SEM) at 10 kV accelerating voltage 
(JEOL-JSM-6380A). The PSM-1735 Numertriq 
frequency response analyzer was used to performed 
dielectric measurements. The dielectric parameters of 
different samples were observed through the 
frequency analyzer in the frequency range of 103-
106Hz and in the temperature range of 25 °C -200 °C. 
Silver paste has coated on both sides of the sample 
before the measurement process. The thickness and 
area of 10BM-HEO-20, 20BM-HEO-20, and 20BM-
HEO-10 samples used for the dielectric measurements 
are 1.02  11.09, 1.02 66.15, 1.28 mm  63.5 mm2 
respectively. 

3 Results and Discussion 
Initially, the constituent oxides were admixed and 

sintered at 1050 °C for 20hr.The supplementary 
Fig. S1(a), represents the XRD pattern of admixed 
constituent oxides. All the peaks are indexed with the 
peaks of the constituent oxides. Fig. S1(b)represents 
the XRD pattern of the sintered sample at temperature 
1050 °C for 20hr, reveals the formation of the mixture 
of spinel and rock-salt phase structure with 
low-intensity peaks at 2 position 34.32°, 35.57°, 
36.21°, 42.69°, 56.67°, 62.34° which are identified as 
the un-diffused initial constituent oxides. Thus, it can 

be concluded that the admixing is not sufficient to get 
the homogeneous distribution of particles of five 
different constituent oxides for proper diffusion and 
hence, the formation of pure HEO phase does not 
occur through this synthesis approach. The peaks 
marks with arrow in Fig. S1(b), represent the peaks of 
undiffused oxides. 

In order to enhance the diffusion of constituent 
oxides for the synthesis of HEO phase. In the second 
synthesis approach, the mixture of constituent oxides 
was initially ball-milled for 10 hr followed by 
sintering at 1050 °C for 10hr and 20hr, separately. 
Fig. 1(a) represents the XRD pattern of a 10 hr ball-
milled mixture of constituent oxides and it reveals the 
presence of peaks corresponding to the initially 
selected oxides. Considerable broadening can be seen 
in the ball-milled sample due to the incorporation of 
significant lattice strain and reduction of the 
crystallite size of the constituent oxides. Fig. 1(b) 
represents the XRD pattern of a pre-milled sample 
sintered at 1050 °C for 10hr. The XRD analysis 
reveals the formation of a mixture of spinel and rock-
salt phase indexed with space groupFd-3m and 
Fm-3m, respectively (fitted through Jana 2006 
software). Some low intensities peaks can also be 
seen at 2= 36.46°. This may correspond to the initial 
constituent ZnO. For the synthesis of complete HEO 
phase, the ball-milled sample was further sintered at 
1050 °C for 20 hr. From the XRD pattern (shown in 
Fig. 1(c)), it can be seen that the sample sintered at 
1050 °C for 20hr has only peaks corresponding to the 
spinel and rock-salt phase structure of the HEO phase. 
The XRD pattern is further analyzed in detail through 

Fig. 1 — XRD patterns of (a) 10 hr ball-milled constituent oxide, (b) sample sintered at 1050 °C for 10 hr, (c) sample sintered at 1050 °C
for 20 hr, (d) The Le-bail fitting of 10BM-HEO-20. 
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the Le-bail refinement of XRD data by Jana 2006 
software. All the observed peaks are indexed with 
Bragg’s position obtained by considering space group 
Fd-3m and Fm-3m for spinel and rock-salt structure, 
respectively. Thus, the formation of the HEO phase is 
confirmed by the refinement of XRD data and the 
sample is abbreviated as 10BM-HEO-20. The lattice 
parameter for the formed spinel and rock-salt phases 
are 8.4083Å and 4.2388Å, respectively, determined 
through the best-fitted XRD data. The phase fraction 
of spinel to rock-salt phase is estimated through the 
intensity ratio of most intense spinel (I(311)), and rock-
salt (I(002)) peak is evaluated and found to be 1.38. The 
relative volume phase fraction of the synthesized 
sample was also evaluated through the following 
formula Eq. 461. 

 

Phase fraction (RT) = 
்

∑்୧
*100% ...(1) 

In equation (1), R.T. expresses the volume fraction 
of the phase, T represents the relative intensity, and 
∑𝑇i the summation of the relative intensity of all 
phases indexed in the XRD pattern. For 10BM-HEO 
20 sample, the respective volume phase fraction 
for spinel and rock-salt phase was found to be 58 and 
42 %, respectively. 

Further to investigate the effect of pre-ball-milling 
duration on the phase formation, the constituent 
oxides are initially prolonged ball-milled for 20hr and 
then sintered at 1050 °C for 10hr and 20hr, separately. 

Fig. 2(a) represents the XRD pattern of 20hr ball-
milled initial constituent oxides and reveals the 
significant broadening in the most intense peak of the 
constituent oxides as well as low intense peaks of 
these oxides are now disappeared due to the reduction 
in the crystallite size and crystallinity after prolong 
milling. Fig. 2(b) represents the XRD pattern of the 
20hr ball-milled sample followed by sintering at 
1050 °C for 20hr. The Le-Bail fitting of the XRD 
pattern confirms that the mixture of spinel and 
rock-salt phases are formed for this synthesis 
approach. This sample is abbreviated as 20BM-HEO-
20.The 20hr ball-milled sample is also separately
sintered at 1050 °C for 10 hr. Fig. 2(c) represented the
XRD pattern of sample ball-milled for 20hr and
sintered at 1050°C for 10hr. As can be seen from the
XRD pattern, all the peaks are indexed to the spinel
and rock-salt phase structure. This sample is
abbreviated as 20BM-HEO-10. Fig. 2(d,e) represent
the Le-bail fitting of 20BM-HEO-20and 20BM-HEO-
10 samples, respectively. The intensity ratio of the
most intense peak of spinel (I311) and rock-salt (I002)
of (Cu-Zn-Ni-Mg-Fe)O HEO is found to be 1.17 and
1.07 for 20BM-HEO-20 and 20BM-HEO-10 samples,
respectively. This clearly indicates that for same
duration pre-milled (20 hr BM) sample, the volume
phase fraction of rock-salt phase is increased with
decreasing sintering duration. The respective volume
phase fraction of rock-salt HEO phase and spinel
HEO phases are 46% & 54% and 49 %, & 51 % for

 

Fig 2 — Represent the XRD patterns of (a) mixture of constituent oxide ball-milled for 20 hr, (b) XRD pattern of 20BM-HEO-20, (c) 
XRD pattern of 20BM-HEO-10 sample, (d) and (e) are the Le-bail refinement of 20BM-HEO-20 and 20BM-HEO-10 samples, 
respectively. 
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20BM-HEO-20 and 20BM-HEO-10 samples, 
respectively. 

Table 1 summarizes the different structural 
parameters evaluated through the detailed XRD 
analysis. The crystallite size for both the synthesized 
phases increases and strain decreases with an increase 
in sintering duration. Moreover, a significant change 
can be observed in the ratio of I(311)S/I(002)R peaks. 
From the detailed XRD analysis of different 
synthesized samples, we can conclude that the 
mixture of pure HEO phase (spinel and rock-salt HEO 
phase) is formed with increasing pre-milling duration. 
Pre-milling before the sintering provides two-fold 
benefits: first, it homogenizes the particle distribution 
of constituent oxides (regarding size), and second, it 
incorporates lattice strain of the constituent oxide. 
Both these effects provide a driving force for the 
homogenous proper diffusion of constituent oxides 
and hence only the formation of HEO phases are 
occurred. Even we found that 10hr sintering is 
sufficient to synthesize a mixture of pure spinel and 
rock-salt HEO phase structure for 20 hr pre-milled 
samples. The mixture rock-salt and spinel phase was 
occurred because we selected both divalent and 
trivalent initial constituent oxides for the synthesis of 
HEO samples. 

Figure 3 represents the SEM micrographs of HEO 
samples synthesized at different synthesis parameters. 
The microstructure analysis confirms the formation of 
faceted particles of various sizes for all the HEO 
samples as shown in Fig 3(a-c). The average 
agglomerated particle size of small and large particles 
of 10BM-HEO-20, 20BM-HEO-20, and 20BM-HEO-
10 are found to be 0.388  27.46 m, 0.414  34.47 

m and 0.469  75.92 m, respectively. However, 
the average grain size for 10BM-HEO-20, 20BM-
HEO-20, and 20BM-HEO-10samples are found to be 
6, 52, 8.25 and 10.9 m respectively. It has been 
found that the 20BM-HEO-10 sample has large 
particles as compared to the other two synthesized 
samples. As can be seen from 3(c) 20BM-HEO-10 
sample has also large numbers of pores whose size 
ranges from 6.54 m and 12.95m. These pores may 
form because in sintering process there are 
agglomeration phenomenon inside the constituent 
oxides and the arrangement of atoms at grain 
boundaries are irregular with low atomic density, and 
grain growth is faster than the diffusion of the grain 
these phenomenon resulting the formation of holes at 
the grain boundaries. The elemental analysis for the 
samples having HEO phase was performed through 
the elemental mapping and shown in Fig. 4. From the 
figure, it can be seen that the cation of Cu, Mg, Ni, 
Zn, and Fe have homogenously dispersed throughout 
the region for 10BM-HEO-20, 20BM-HEO-20, 
20BM-HEO-10 samples. EDAX spectra is also 
recorded from random three-four region and found 
that for each selected place all the cations are present 
in the equimolar ratio. 

Dielectric properties of different HEO samples 
synthesized at different synthesis parameters are 
investigated in detail. These investigations include the 
dielectric constant, dielectric loss, dielectric loss 
tangent, and ac-conductivity measured w.r.t frequency 
and temperature. Fig. 5 (a), (b), and (c) represent the 
variation of the dielectric constant with frequency 
recorded at different temperatures for HEO samples 
synthesized at different synthesis parameters. It is 

Table 1 — Different structural parameters evaluated through XRD pattern analysis 

S. no Parameters
Sample 

Lattice parameter (in Å) Crystallite size (in nm) Lattice strain ×10¯³ Phase ratio 
Spinel/Rocksalt 

Vol. phase 
fraction 

Spinel Rocksalt Spinel Rocksalt Spinel Rocksalt Spinel Rocksalt 
1. 10BM-HEO20 8.408357 4.238836 101.80 57.075 1.2182 1.9351 1.38 0.58 0.42 
2. 20BM-HEO20 8.394126 4.23141 72.39 58.62 1.5972 1.6297 1.17 0.54 0.46 
3. 20BM-HEO10 8.395871 4.232244 56.503 55.421 1.9800 1.83065 1.07 0.51 0.49 

Fig. 3 — SEM micrographs of (a) 10BM-HEO-20, (b) 20BM-HEO-20, (c) 20BM-HEO-10 sintered at 1050 °C for different durations. 
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observed that for all the samples, the dielectric 
constant is high at the low-frequency range. This may 
be occurred due to the space charge polarisation at 
grain boundaries47. The value of 𝜀ᇱ decreases as the 
frequency of the A.C. field increases. 

Moreover, the dielectric constant becomes very 
low at the high frequency for each temperature, which 
clearly shows that the dielectric constant becomes 
independent of temperature at a higher frequency. The 
variation of the imaginary part of permittivity with 
frequency at different temperatures for the HEO 
sample synthesized at different parameters is shown 
in Fig. 5 (d,e,f). The value of dielectric loss is in 
decreasing trend for 10BM-HEO-20, 20BM-HEO-20 
and 20BM-HEO-10 samples. The value of dielectric 
constant is different for the same HEO sample 
synthesized at different synthesized parameters 
(as shown in Fig. 5). This may occur due to the 
following reasons. (a) The variation in crystallite 

and/or particle size with a change in the processing 
parameters, (b)the change in the ratio of the formed 
spinel and rock-salt phase present in the selected 
HEO, and (c) the variation of lattice distortion 
with the variation of synthesis parameters. For 
conventional ceramic materials, it is well known that 
the 𝜀ᇱis directly proportional to particle size. The 
particle size creates two significant effects in regard 
to the dielectric response of the materials48. Firstly, 
the grain boundary has low permittivity; hence, the 
polarization at the grain boundary is either poor or 
negligible. Secondly, the depletion layer can form on 
the surface of the grain boundary, which creates 
discontinuity of the polarization on the grain surface, 
and hence polarization decreases as can be seen from 
Fig. 5. The dielectric constant decreases for 
samples10BM-HEO-20, 20BM-HEO-20, 20BM-
HEO-10. The decrement in the dielectric constant 
value is directly related to a decrease in crystallite 

Fig. 4 — Elemental mapping of (a) 10BM-HEO-20, (b) 20BM-HEO-20, (c) 20BM-HEO-10 sintered at 1050 °C for different durations. 
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size(as shown in Table 1). Moreover, as can be seen  
from the SEM micrograph, 20BM-HEO-10 samples 
have large number of pores/vacant grains in particles. 
These pores further create discontinuity in the 
polarization and are responsible for a large number of 
the depletion layer. Hence increase in the number of 
grain boundaries, and porous microstructure reduced 
the net polarization for the 20BM-HEO-1049,50,51. 
Secondly, as can be seen from detailed XRD analysis, 
the phase fraction of the rock-salt structure increased, 
and the spinel phase was decreased in the following 
order for the samples 10BM-HEO-20, 20BM-HEO-
20, and 20BM-HEO-10.It is well known that the 
spinel structure is more asymmetrical than rock-salt52; 
hence, the 10BM-HEO-20 sample has a high-value 
dielectric constant compared to the other two samples. 
It is well known that HEOs have distorted lattices due 
to different-sized cations in a unit cell. We can 
quantify the lattice distortion of the spinel structure by 
comparing the ratio of the intensity of (220) and (311) 

XRD peaks of the spinel phase and comparing these 
values with the value for the standard cobalt-based 
ferrite. For cobalt-based ferrite, the intensity ratio of 
I(220) and I(311) peaks is 0.35. Hence we can 
quantify the distortion by determining the value of 
(I(220)/I(311))/0.3553. The found value of lattice 
distortion for 10BM-HEO-20, 20BM-HEO-10 , and 
20BM-HEO-20are 17,13 and 9%, respectively. Thus, 
the 10BM-HEO-20 sample has a more distorted unit 
cell compared to the other two samples; hence, it 
possessed a high dielectric constant value. We can say 
that the 10BM-HEO-20 has high value of the 
dielectric constant among other two HEOs samples 
due to the synergetic effect of the particle size, 
microstructure, volume phase fraction of spinel phase 
and the presence of more distorted lattice of the spinel 
phase in a particular HEO. 

The ratio of the imaginary part to the real part of 
permittivity represents the significant energy loss. 
Fig. 6 depicts the value of tan 𝛿, i.e., the ratio of 

Fig. 5 — (a), (b), (c) represents the variation of 𝜀ᇱwith frequency and (d), (e), (f) represents the variation of 𝜀ᇱ′ with frequency for 10BM-
HEO-20, 20BM-HEO-20, and 20BM-HEO-10 at sintered temperature 1050 °C, respectively. 
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imaginary to the real part of permittivity tan 𝛿 = 
ఌᇲᇲ

ఌᇲ
. In 

general, such losses are mainly due to the migration 
of space charges. From the XRD analysis, it was 
concluded that the reduction in the crystallite size 
occurred for 20BM-HEO-20 and 20BM-HEO-10 as 
compared to 10BM-HEO-20, and the value of 
tan 𝛿 increases with the reduction in crystallite size of 
HEOs phases. 

The A.C. conductivity is frequency dependent, 
and it is related to the dielectric constant 
(𝜀ᇱሻ 𝑎𝑛𝑑 dielectric loss tangent(tan𝛿) through the 
relation:𝜎௔௖=𝜔𝜀଴𝜀ᇱtan𝛿. 𝜎௔௖ for the samples related to 
the hopping or tunneling of charge carrier in 
high-frequency region, where as in low-frequency 
region it is due to diffusion of carrier54. It is described 
by 𝜎௔௖ ൌ 𝐴ሺ2𝜋𝑓ሻs +𝜎ௗ௖ሶ where A is the characteristic 
parameter,𝑓 𝑖𝑠 frequency, and s is the exponent 
dependent on frequency and temperature. The plot 
between ln(𝜎௔௖) and 1000/T for the frequency range 
of 103 Hz for the HEO samples synthesized at 
different synthesis parameters is shown in Fig. 7. The 
slope of the best-fitted straight line gives the 
activation energy. The activation energy (𝐸௔ሻ of the 
process correlated with 𝜎௔௖ different samples is 

evaluated by Arrhenius law:𝜎௔௖=𝜎௢ 𝑒𝑥𝑝 ቀ
ିாೌ
௞ಳ்

ቁ where 

𝑘஻ is Boltzmann constant and 𝜎௢ is a pre-exponential 
factor. The value of activation energy for the 10BM-
HEO-20, 20BM-HEO-20, and 20BM-HEO-10 at 
frequency 103 Hz are 0.211eV, 0.238eV, and 
0.286eV, respectively. The slight increase in 
activation energy is due to a decrease in grain size and 
an increase in grain boundary in the samples. As a 
result, the transfer of electrons among grain decreases, 
and 10BM-HEO-20 behaves as more conducting than 
both samples. Moreover, for the 20BM-HEO-10 
sample, the SEM image represents the formation of 
porous grain and minimizes the conductivity of the 
20BM-HEO-10 sample. 

 

Fig. 7 — The plot between ln (σୟୡሻ Vs 103/T at frequency 103 Hz 
for (a) 10BM-HEO-20, (b) 20BM-HEO-20, (c) 20BM-HEO-10 at 
sintered temperature 1050 °C. 

Fig. 8 — The plot of 𝜀ᇱ Vs temperature at frequency 103 Hz for 
three samples. 

To understand and investigate the ferroelectric to 
paraelectric transition for the selected HEO, we also 
performed the dielectric measurement at 103 Hz for 
the temperature range of room temperature to 310 C. 
The change in dielectric constant as the function of 
temperature at frequency 103 Hz for three samples are 
shown in Fig 8. For all these samples, the value of 
dielectric constant increases with an increase in 
temperature due to expediting orientation of dipoles 

Fig. 6 — Variation of tan 𝛿 with frequency for (a) 10BM-HEO-20, (b) 20 BM-HEO-20, (c) 20BM-HEO-10 at sintered temperature 1050 °C. 
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and increase in phase stability as the removal of the 
sample's internal strain are associated with the 
crystal's synthesis process. It shows the maximum 
value at a transition temperature (T.C.), where there is 
phase transition occurs from ferroelectric (less 
symmetric) to paraelectric (more symmetric) phase. 
The dielectric constant of samples 10BM-HEO-20, 
20BM-HEO-20, and 20BM-HEO-10 at transition 
temperature (T.C.) is 9731, 9813, and 5916, 
respectively. Curie -Weiss law describes the 
ferroelectric to para-electric phase transition as 
ଵ

ఌᇲ
ൌ

்ି்಴
஼

, where C is curie-weiss constant and 𝑇஼  is 

the curie temperature. To find the degree of disorder 
in the solid solution phase, the modified curie- Weiss 
law was developed by Uchino et al. and expressed 

as55.
ଵ

ఌᇲ
െ

ଵ

ఌಾೌೣ
ᇲ ൌ

ሺ்ି ೘்ሻƳ

௖
, where Ƴ refers to the 

dielectric dispersion factor that shows the attribute of 
the phase transition, and Tm denotes the temperature 
at which 𝜀௠௔௫ᇱ  it achieves maximum value at a 
particular frequency56. Fig. 9(a-c) represents the plots 

of ln (
ଵ

ఌᇲ
െ

ଵ

ఌಾೌೣ
ᇲ  ) vs ln (ሺ𝑇 െ 𝑇𝑚) for three different 

samples at a frequency 103 Hz. The behaviour of 
phase transition for other frequency is almost same. 
The value of dispersion factor (Ƴ) for10BM-HEO-20, 
20BM-HEO-20 and 20BM-HEO-10 are 1.839,2.313, 
and 2.156, respectively. It is well known that for Ƴ=1, 
the sample behaves as classical dielectric material, 
however the value of Ƴ close to 2 represents the ideal 
relax or type ferroelectric material. From the depicted 
value of Ƴ, we can conclude that all the three samples 
show diffuse transition and having Ƴ value close to 2 
hence these samples may behave as a good relax or 
ferroelectric material. 

4 Conclusion 
We successfully synthesized HEO phase with a 

modified solid state synthesis method, i.e., ball-

milling followed by sintering. The pre-ball milling 
before sintering is sufficient to produce the 
homogenous distribution of constituent oxide 
particles, which further enhances the diffusion of 
different oxides, and the formation of HEO phase was 
occurred for (Cu-Zn-Ni-Mg-Fe)O sample. The 
detailed XRD analysis confirmed the formation of 
spinel and rock-salt phase structure with different 
volume fractions for different synthesis parameters. 
The volume phase fraction for spinel and rock-salt 
phase for the selected (Cu-Zn-Ni-Mg-Fe)O oxide is 
found to be 58 and 42%, 54 and 46%, and 51 
and 49% for 10BM-HEO-20, 20BM-HEO-20, 
20BM-HEO-10 samples, respectively. The value of 
dielectric constant decreased for the sample 10BM-
HEO-20, 20BM-HEO-20 and 20 BM-HEO-10 HEOs 
due to the synergistic effect of decrease in particle 
size, volume phase fraction of spinel phase as well as 
more distorted unit cells of spinel HEO phase. 
Moreover, the value of dielectric loss is in decreasing 
trend for 10BM-HEO-20, 20BM-HEO-20 and 20BM-
HEO-10 samples.. We also evaluated the activation 
energy and found it to be 0.211eV, 0.238eV, and 
0.286eV at a frequency 103 Hz for the 10BM-HEO-
20, 20BM-HEO-20, and 20BM-HEO-10 samples, 
respectively the slight increase in activation energy is 
associated with an increase in grain boundary with the 
synthesis parameters. Also the dispersion factor for 
10BM-HEO-20, 20BM-HEO-20, and 20BM-HEO-10 
and found to be 1.839, 2.313, and 2.156, respectively. 
Thus in conclusion we can say that the dielectric 
properties of HEO can be tuned broadly by the 
variation of synthesized parameters. 
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