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Abstract
This work was suggested to study the impact of Cr ions doping on the structural, opti-
cal, electrical and magnetic behavior of ZnO nanoparticles (NPs). The Zn1-xCrxO (with 
0 ≤ x ≤ 0.14 wt %) samples were fabricated by the co-precipitation technique. The obtained 
samples were characterized by the X-ray diffraction (XRD) technique, (FTIR) spectros-
copy, UV–vis spectrophotometer, Ac measurements and Vibrating Sample Magnetometer 
(VSM). As a key results of all the mentioned above tools we can be summarized them 
as following; XRD patterns showed the presence of wurtzite (hexagonal) crystal structure 
with secondary phase formation in all doped samples. Also, it was found that as Cr ions 
were increased the particle size showed gradually decreasing in the samples that doped 
with Cr ions content of (0.06 and 0.1 wt %), while at 0.14 Cr content a slight increase was 
observed. The FTIR spectroscopy spectra showed the existence of chromium ions in the 
structure of ZnO nanoparticles. UV–vis spectra showed a red shift in the centers of the 
absorption bands. The energy band gab was found to be increased from 3.84 to 4.02 eV 
with increasing Cr content. The dielectric parameters such as, dielectric constant ( �′ ) and 
dielectric loss ( tan� ), were investigated as a function of frequency and Cr doping content. 
The results showed increasing values of �′ at lower frequencies especially with high Cr 
doping content, whereas  tan� gives a higher value for the blank sample at a lower fre-
quencies and decreased as the doping of Cr concentration increased. The ac conductivity 
(σac) for Cr doping samples showed increasing values, especially the sample of 0.14 wt % 
Cr concentration. In addition, the Cr doped ZnO nanoparticles exhibited a ferromagnetic 
behavior at room temperature. All the results obtained from the different techniques were 
considered promising for different applications i.e. energy storage devices, gas and humid-
ity sensing and spin based electronic devices applications.
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1  Introduction

Nanostructure materials have shown superphysical features that differ from bulk mate-
rials over the previous few decades, although they are considered to be promising 
for the development of new electronics (Omri et al. 2016). It is also regarded that an 
extensive variety of nano-sized powders have been fabricated for different applications 
such as electrical and optical applications (Moazzen et al. 2013). Recently, II-VI semi-
conductors have been intensively studied for photonic and optoelectronic applications 
(Khan et al. 2018a; Arora et al. 2014). ZnO is a promising and extensively well-stud-
ied II-VI semiconductor with a straight band gap energy of 3.37 eV and a significant 
exciton binding energy of (60  meV). Nano-spheres, nano-rods, nano-powders, nano-
flowers, and nano-wires are all examples of ZnO nano-structures. With size modula-
tions, this nanostructure ZnO exhibits fascinating optical, dielectric, and other physical 
properties, positioning it as the most promising candidate for the production of nano-
devices (Li et al. 2007).

Pure ZnO contains a wide range of inherent defects, including substitutional and 
interstitial Zn vacancies, paramagnetic O vacancies, and interstitial O. These inherent 
defects are typically produced in the band gap at the acceptor or donor stages, and they 
alter the physical properties of ZnO. Recent research has focused on its application 
in short-wavelength optoelectronic devices (Zargar et  al. 2020), Zhigang Zang et  al., 
have studied the effect of ZnO nanoparticles decoration on different types of perovskite 
thin films to be used as optoelectronic materials (Li et  al. 2017; Wang et  al. 2020). 
ZnO nanoparticles has many different applications such as photocatalytic, dentistry 
and solar cell (Pushpalatha et al. 2022; Wu et al. 2022). More enticingly, results from 
prior theoretical and practical research have suggested that ZnO doped with appropri-
ate transition metals can be used as diluted magnetic semiconductors (Sharma et  al. 
2012; Siddheswaran et  al. 2013).Recently, transition metal oxide nanoparticles, such 
as zinc oxide (ZnO), titanium oxide (TiO2), and tin oxide (SnO2) that doped with a 
transition metal atoms have been studied in-depth for some applications. (Ansari et al. 
2013; Wang et al. 2012). Researchers are interested in transition metals (TMs) doped 
with ZnO nanoparticles for multifunctional device applications. The optical proper-
ties of ZnO (NPs) are also influenced by doping a TM into ZnO (Farouk et al. 2020). 
Blue and UV light-emitting diodes, micro-electromechanical systems, surface acoustic 
wave devices, spintronic devices, transparent conducting electrodes, gas sensors, and 
other applications have all been made possible by chromium doped ZnO nanoparticles. 
(Ansari et  al. 2012a; Jin et  al. 2013). Chromium is a suitable transition metal with 
either a significant electron shell structure and a Cr3+ ionic radius (0.063 nm) that is 
similar to Zn2+ (0.074 nm). As a result, Cr3+ can be used as a simple doping agent in 
ZnO (NPs) (Jin et al. 2013). However, more researches of the Cr doped ZnO nanopar-
ticle is required. That is because Cr in particular, has important magnetic, semicon-
ductor, and optical characteristics (Ansari et  al. 2012a). Several investigations have 
found that Cr-ions doped ZnO promotes the single-phase polycrystalline character of 
the wurtzite lattice (Kaur et al. 2015; Sirijan and Yongvanich 2014). This work aims 
to study the structural, optical, electrical and magnetic properties of ZnO nanoparticle 
doped with chromium that synthesize by co-precipitation method at room temperature, 
this method of preparation was rarely used in the previous publication.
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2 � Experimental details

Pure and Cr doped ZnO nanoparticles were prepared by the chemical co-precipitation 
method. All chemicals in the present work are commercial grade (LOBA Chemical) with 
high purity grade. Raw materials including Zinc acetate dehydrate [Zn (CH3COO) 2.2H2O, 
purity 98%], Chromium (lll) Chloride hexahydrate [CrCl3.6H2O, purity 93%], sodium 
hydroxide [NaOH, purity 93%], distilled water and ethanol. Pure and doped samples with 
different Chromium concentration with compositional formula of Zn1–xCrxO, (x = 0, 0.06, 
0.1, and 0.14 wt %) named as (ZnO, ZnCr1, ZnCr2, ZnCr3) respectively.

The experimental system for the instruction of bulk and Cr- doped ZnO nanoparticles 
are as follows: for synthesis of blank ZnO nanoparticles, 21.950  g of Zinc Acetate was 
dissolved in 100 ml distilled water and magnetically stirred at room temperature (RT) to 
obtain homogenous solution, then 16 g of sodium hydroxide was dissolved in 100 ml dis-
tilled water. After that NaOH solution was supplemental drop wise acquire homogenized 
mixed solution, productive a white precipitate. The white powder was stirred at room tem-
perature for 2 h. Afterward the solution was washed with ethanol and distilled water.

The white powder was dried at 70 °C for 3 h followed by further heating at 400 °C for 
4  h. Then, the white powder was grind using agate mortar. For the synthesis, Cr-doped 
ZnO nanoparticles, the amount of CrCl3.6H2O [1.59 gm (0.06), 2.66 gm (0.1), and 3.7303 
gm (0.14) were dissolved in (20  ml) distilled water, and added to (19.755, 19.316, and 
18.877 gm) of zinc acetate respectively for each sample dissolved in (80 ml) distilled water 
with continues stirring for 1 h. Chromium was added dropwise to zinc acetate solution with 
continuous stirring then (16 g) of sodium hydroxide which dissolved in (100 ml) distilled 
water was added dropwise to the homogenous mixture to get a white precipitate. Finally, 
the white solution precipitate was treated as above to gain Cr-doped ZnO samples. The pre-
pared samples were then used for experimental characterization. The nanoparticles samples 
were examined by X-ray diffraction (XRD). FTIR technology is used to obtain informa-
tion about the local structure of all prepared samples. Optical properties were detected by 
UV–Vis spectrophotometer. Dielectric measurements were examined with Novo- control 
high resolution alpha dielectric analyser in the frequency range 0.01 Hz to 10 MHz. Using 
Lakeshore-7404 vibrating sample magnetometer to measure magnetic properties.

3 � Results and discussion

3.1 � X‑ray diffraction

X-Ray Diffraction (XRD) studied the crystalline phases formation of synthesized ZnO 
nanoparticles that doped with Cr-ions using CuKα radiation of wavelength 1.5406  Å in 
the range of (2θ) from 20 to 70˚. Figure  1a showed that the blank sample of ZnO, and 
ZnO (NPs) doped with Chromium (lll) Chloride, from Fig. 1a determine that the hexago-
nal wurtzite ZnO structure corresponding to the crystal planes (100), (002), (101), (102), 
(110), (103), (200), (112), (201) for blank ZnO nanoparticle. The two crystalline phases 
(311) and (400) were observed when added (CrCl3) to ZnO lattice, it is may be attributed 
to Cr2O3 and ZnCr2O4 (Zhao et al. 2020; Salahuddin et al. 2015).

According to the XRD results, there are observable secondary phases of ZnCr2O4 in 
doped samples within the detection limit of the XRD, and similarly a secondary phase of 
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Cr2O3 appeared in all dopant samples, where Duan et al., reported a similar results (Duan 
et al. 2010). The prominent peak (101) that showed a slight shift toward a higher angle 2θ 
about 0.1º for all doped samples compared with the pure ZnO as shown in Fig. 1b, this 
shift has nearly the same value as dopant value of Cr was increased gradually up to 0.14 wt 

(a)

(b)

Fig. 1   a X-ray diffraction patterns of bulk ZnO and Cr doped ZnO nanoparticles with different Cr contents. 
b Peak position shifts slightly to higher angle with increasing Cr concentration
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%. This can be ascribed as the Cr ions are successfully substituted Zn ions in ZnO lattice, 
because that the ionic radii value of Cr3+ (0.615 Å) is smaller than Zn2+ ion (0.74 Å), this 
may be the reason of slightly shift to a higher value of 2θ (Bhargava et al. 2010).

Small changes in diffraction angle due to Cr-doped ZnO (NPs) may be discovered by 
variances in the lattice constant when compared with bulk ZnO. As a result, the predicted 
values of the lattice parameter changed slightly, owing to the amount of NaOH employed in 
the sample preparation. To reach some valuable information regarding high dopant content 
some calculations have done. The average crystallite size was calculated by using Scherer’s 
equation (Habib et al. 2018).

where r is the average crystallite size in nanometers (nm), K is a constant (0.9), λ is the 
wavelength of incident Cu Kα radiation = 1.54060 Å, β is the whole width at half max-
imum intensity of the different peaks in radians, and θ is the diffraction angle. Table  1 
shows the crystallite size results for pure ZnO (NPs) and Cr doped ZnO nanoparticles.

It could be seen that the variation of crystallite size which obtained from Eq.  (1) 
with Cr concentration exhibited reduction from 28.29 to 18.97 nm as Cr concentration 
increased from (0.06 to 0.1 wt %) and increased once more by increasing the Cr content 
to 0.14 wt % as shown in Fig.  2. One of the reasons of the reduction in particle size 
may be due to the increase in Cr content that prevent particle growth, grain boundary 

(1)r =
K�

� cos �

Table 1   Calculated values of 
crystallite size, dislocation 
density (δ), and the micro-strain 
(ε) for bulk ZnO and Cr doped 
ZnO nanoparticles

Cr doping (x) 
wt%

r(nm) δ × 10–3 Micro-strain (ε × 104)

0 28.29 1.2494 0.000588
0.06 22.95 1.8974 0.000402
0.1 18.97 1.4826 0.000395
0.14 21.34 2.1958 0.000443

Fig. 2   Variation of crystal size 
with Cr doping content
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movement should be impeded (Kelsall et  al. 2006). This can provide an explanation 
for prevention to motion of the grain barriers that changed into stated by Zener pining 
(Wörner and Hazzledine 1992). While the moving barriers attached the zinc interstitial 
and substituted Cr ions, they will follow a retarding pressure between the barriers. If 
the retarding forces that have been produced is more than the driving forces for grain 
increase the particle size cannot grow any longer (Wang et al. 2008).

Also, it can be assumed that Cr3 + ions caused the decrease of lattice parameters 
because the smaller ionic radius which is already mentioned (Bhargava et  al. 2010). 
Meanwhile, the increase in the particle size that observed at x = 0.14 wt % may be due 
to the possibility of some residence chromium atoms on the octahedral interstitial site, 
as a strong preference of Cr for the octahedral coordinate instead of the tetrahedral one 
with oxygen (Hassan et al. 2015a). The micro strain (ε) and dislocation density (δ) were 
calculated for all the prepared samples by the following formula (Murugan et al. 2018; 
Srinivasulu et al. 2017):

where (δ) is the number of dislocation lines per unit volume present in the synthesized 
nanoparticles, the values of r, δ and ε is depicted in Table 1, The high value of δ for all 
doped samples compared with the bulk one may be due to the formation of crystal defects 
round the dopant ions, and these defects caused change of the stoichiometry of the doped 
samples. The micro-strain value of the bulk sample showed high value than that of doped 
sample.

While these values showed decreasing value with increasing the Cr content. These 
results may let us say that compression stress state is transformed to tensile stress 
(Karthika and Ravichandran 2015). The lattice parameters (a), (c) and unit cell volume 
for ZnO phase were calculated for all the prepared samples. The equation of inter planer 
spacing for a tetragonal unit cell is given by Habib et al. (2019)

where d is the inter-planar spacing and the h, k and l are the miller indices. d- Spacing is 
given by Braggs low:

where λ = 1.5406 Å, θ is the diffraction angle. n = 1 (order of diffraction).
The unit cell volume (V) of the hexagonal structure of the ZnO (NPs), is calculated 

from Eq. (6). (Habib et al. 2019).

Along the c-direction the bond length of Zn–O is given by Sangeetha et al. (2015)
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The positional parameter (u) which is an important variable in calculating the Zn–O 
bond length is given by Eq. (8).

The values of lattice constants, unit cell volume, bond length and (u) are presented in 
Table 2. It is remarkable to note that the values of (a) and (c) are slightly decreasing for 
all doped samples as Cr contents were increased. Firstly, decreased as Cr concentration is 
increased (from 0.06 to 0.1wt %) and then increased for higher Cr content (0.14 wt %) as 
shown in Fig. 3.

The decrease of the lattice constants and the slight shift in the XRD peaks is attributed 
to the incorporation of Cr doping within the ZnO matrix, which causes a small misfit due 

(7)l =

√

(
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Table 2   Lattice parameters, u parameter, cell volume and bond length of Blank ZnO and Cr doped ZnO 
nanoparticles

Cr content 
(wt %)

a (Å) c (Å) c/a u Cell volume (Å3) Bond length (Å)

0 3.2516 5.2152 1.603 0.3795 47.751 2.27
0.06 3.2465 5.2015 1.602 0.3798 47.476 2.26
0.1 3.247 5.204 1.602 0.3797 47.51 2.26
0.14 3.2496 5.1575 1.587 0.3823 47.164 2.24
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Fig. 3   Lattice parameters (a, c) vs Cr concentration
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to the difference of ionic radius of Cr ion and Zn ion. This result was also supported by the 
decrease in the unit cell volume with increasing of Cr content as shown in Fig. 4.

From Table 2 there is a relationship between the (c/a) ratio and the (u) parameter. The 
(c/a) ratio decreases as the (u) parameter increased, so that these tetrahedral lengths remain 
almost constant, and the tetrahedral angles are distorted due to extensive polar interactions. 
The length of the Zn–O bond with the lattice parameters has been found to decrease, con-
firming the decreasing in particle size for all doped samples (Ahmed et al. 2012).

3.2 � FTIR analysis

The FTIR spectroscopy technique was used to investigate the chemical bonding and exist-
ence of functional groups in the produced samples. Many elements, including chemicals, 
influenced the increasing number of peaks and bond positions. Structures, modulation, and 
crystal structure, etc. Figure 5 indicates the FTIR spectra of bulk and Cr doped ZnO nano-
powders prepared by co-precipitation method. The results exhibited the formation of the 
wurtzite ZnO structure in ZnO and Cr doped ZnO nanoparticles in the wave number range 
from 4000 to 400 cm−1.

The broad absorption bands between 2700 cm−1 and 3500 cm−1 are assigned to stretch-
ing vibration of hydroxyl groups of water in Zn–O lattice, indicating of presence of H2O 
absorbed on the surface of nanocrystals in the prepared ZnO nano-powders (Reddy et al. 
2011; Zahabi et  al. 2022). Bending vibration H–O-H is observed in the range between 
1636  cm−1 to 1655  cm−1 for all samples due to the little amount of water in ZnO nano-
particles (Dasari et al. 2018). The other peaks at around 1500 and 1540 cm−1 were attrib-
uted to C = C bonds this may be due to the carbonyl groups of the carboxylate ions which 
may remain adsorbed at the surface of nanoparticles (Saravanana et al. 2012). The peaks 
appeared in the range 1000–1500 cm−1 may be indicated to C = O symmetric and asymmet-
ric stretching (Shah et al. 2020). The FTIR spectra, in between the region 1000–400 cm−1 
as a most complex and reveals a good picture about ZnO host, all spectra can be deconvo-
luted around this region. As shown in Fig. 6 Stretching modes of Zn–O-Cr were observed 
around 833 cm−1 to 908 cm−1 that confirm the presence of defects that resulted from oxy-
gen vacancies which existing in the system due to Cr incorporation in the ZnO lattice 
(Bodke and Dole 2015). This band confirms that Cr cations have been occupied in the 

Fig. 4   Evolution of unit cell 
volume V of hexagonal wurtzite 
phase of Zn1-x Crx as a function 
of x
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ZnO (NPs) matrix, which matches the XRD results. The shoulder band at 612 cm−1 may 
be assigned to the stretching vibration of Zn–O bonds in octahedral coordinate (Hassan 
et al. 2015a). The increase of Cr+3 doping to ZnO nanoparticles caused the band around 
612  cm−1 to shift toward the higher wavenumber 640  cm−1 (in Cr-rich sample), which 
reveals an increase in the strength of Zn–O bond, that is may attributed to optical phonon 
confinement by nanostructures, it is highly possible because the nanostructures in our sam-
ples are bigger in size than the Bohr exciton radius in ZnO (2.3 nm), this in turn caused the 
observed increase in its height this is may be due to the stretching vibration of ZnO in the 
tetrahedral and octahedral coordination respectively may be caused the intensity increase 
as the Cr content was increased according to the existence of defects states that surround-
ing to Cr ions (42–43), While, the absorption wide range band 470–570 cm−1 may be due 
to the stretching vibrational mode of vibrational Zn, and Cr cations (Bodke and Dole 2015; 
Farag et al. 2022).

3.3 � Optical properties

UV–Vis absorption spectroscopy with high performance is unique powerful techniques 
to investigate the optical characteristic of semiconductor NPs. The band gap of a semi-
conductor materials changes with the formation of the impurities and Crystal defects 
(Hassan et al. 2014), the absorbance may be differ depending upon some factors such as 
particle size, oxygen deficiency, and defects in grain boundary (Soitah, et al. 2010). The 
UV–Vis absorption spectrum of bulk ZnO and Cr doped ZnO nanoparticle recorded in 
the range 290–900 nm at room temperature, the nano-powders were dispersed in glyc-
erin. As shown in Fig. 7 the absorption spectra of bulk ZnO and different Cr concentra-
tion doped ZnO nano-particle recorded in the range 290–900 nm. It can be seen from 
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Fig. 5   FT-IR spectra of bulk ZnO and Cr doped ZnO nanoparticles
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Fig. 7 bulk ZnO nano-powder showed slight absorbance around 371 nm in the visible 
region whereas all doped ZnO nanoparticle samples have little absorbance at wave-
length about 373 nm, this slight shift is due to doping of Cr ions which may be increase 
the electron concentration that cause more widen band gab of ZnO nanoparticles (Zak 
et  al. 2011). The incorporation does shift toward longer wavelengths (red shift), this 
shift may be due to spin sp-d exchange interactions between band electrons and the 
localized d electrons of the Cr3+ cation (Wang et  al. 2013). Tauc’s relation is used to 
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compute the optical band gap energy of pure ZnO and Cr doped ZnO nanoparticles for 
direct energy band gap (Sadeq and Ibrahim 2021):

where (α) is the absorption coefficient, (A) is a constant, and Eg is the optical band gap and 
n = 1/2 for the allowed direct energy band gab, and n = 2 for indirect band gap materials, 
where n = 3/2 for a forbidden direct energy gap for semiconductor nanoparticles (Sayyed 
et  al. 2022; Ibrahim and Sadeq 2021). The calculation values of band gap are given in 
Table 3. The most satisfactory results were obtained by plotting the quantity (αhv)2 as a 
function of (hv), as shown in Fig. 8. The values of (Eg) can obtained by extrapolating the 
linear fit and the intercept of this linear region on the energy axis at (αhv)2 = 0 gives the 
band gap. From inset Fig. 8, it is exhibited that the optical band gab (Eg) values increased 
with increasing Cr content from 0 to 0.14 wt %. The increase in energy band gap may be 
due to the increase of the charge carrier’s concentration that block the lowest state in the 
conduction band, this behavior is well known as Burstein –Moss effect (Sahal et al. 2008). 
The Fermi level rises into the conduction bands as charge carrier concentrations grow, and 
the rise in charge carrier concentration increases the optical energy band gap. This increase 

(9)(�h�)n = A (h� −Eg)
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Fig. 7   UV–Vis spectra for all the prepared samples

Table 3   Optical band gap energy 
of ZnO and Cr doped ZnO 
nanoparticle

Cr doping wt% Optical band gap 
energy Eg (eV)

0 3.84
0.06 3.91
0.1 3.98
0.14 4.02
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in band gap with increasing Cr content could be ascribed to the size quantization effect 
relative to the size of ZnO nanoparticles (Shan and Yu 2004).

3.4 � Dielectric characteristics

3.4.1 � Dielectric constant

The nano ZnO matrix has polar molecule with permanent dipole moment affected by the 
external electric field. It is complex dielectric permittivity ε* is known by equation (Has-
san et al. 2015b):

where �′ is the real part of dielectric permittivity that gives the stored energy of a material, 
and the �′ ′ is the imaginary part of dielectric permittivity or the complex part of ε, that 
means the dissipated energy that given from polarization and ionic conduction (Das et al. 
2017). Frequency dependence on the dielectric constant at 298 K of temperature for bulk 
ZnO (NPS) and Cr doped samples appear in Fig. 9. The values of �′ for the pure ZnO (NPS) 
and doped with 0.06, 0.1 wt % Cr was.( 0.0280 × 10

4 ) for log (f) = 0.1 Hz. Moreover, it is 
observed that the dielectric constant shows increasing values as Cr content was increased 
at the lower frequencies range, while it gives a high value 1.8 × 10

5  for log (f) equal 0.2 Hz 
at Cr concentration (0.14wt %), while it is decreased down to 3.3 × 10

3  at log (f) equal 
100  Hz. Then it became stable from 100  Hz up to 107  Hz likewise the other prepared 
samples. This behavior is related to the polarization mechanism and the relaxation pro-
cess that formally occur in the nanostructured materials. The Maxwell–Wagner interface 
model, which is also in excellent accord with phenomenological Koops’ theory of double 

(10)�
∗
= �

�
− j���

Fig. 8   Plots of (αhν)2 versus photon energy (hν) for all prepared samples
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homogeneity structure (Das et al. 2017), may be used to show the dielectric distribution 
of oxide nanoparticles in general. The charge carriers accumulated at the less conductive 
grain borders that were more influenced by applied electric field in this model according 
to the poor conductivity grain boundaries (Hassan et  al. 2015a). These charge carrier’s 
accumulations procedure on the edges of the isolating grain boundaries, resulting in strong 
polarizability, which leads to substantial polarization and a high dielectric constant at lower 
frequencies (Bhakta and Chakrabarti 2019). The significant value of the dielectric constant 
at lower frequencies less than (102 Hz) might be attributable to different phenomena in the 
lattice and at the grain boundary of ZnO nanoparticles, such as oxygen vacancies and grain 
boundaries defects (Das et al. 2018). Furthermore, the greatest value of �′  at low frequen-
cies may be owing to the combined contribution of many forms of polarization, such as 
ionic, electronic, interpolated, and dipolar (Das et al. 2018). According to the polarization 
process in compounds based on ZnO, the sample of 0.14 Cr (wt %) exhibits the lowest 
value with increasing frequency. At higher applied frequencies more than 100 Hz, the elec-
tric dipoles cannot follow the applied electric field so �′ value became constant at higher 
frequencies (Belkhaoui et al. 2019a). The lag between the frequency of oscillations of the 
dipole and that of the external electric field may produce a reduction in the number of 
dipoles contributing to the polarization process and/or the inability of dipoles to respond 
fast (Tabib et al. 2015). The high value of dielectric constant at temperature 298 K makes 
the 0.14 Cr wt % sample a promising sample for charge storage applications.

3.4.2 � Dielectric loss (tanδ)

The dielectric loss occurs when the polarization of the dielectric material is not able to fol-
low the variation of the applied electric field. The dielectric loss is calculated by the rela-
tion (Tabib et al. 2015):

Fig. 9   Variations of dielectric constant vs. log (f) for ZnO:Cr nanoparticles at 298 K
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Figure 10. Showed the variation of tan ẟ as a function of frequency at 298 K, it is evident 
that the dielectric loss decreases as the frequency of ZnO and Cr-doped ZnO nanoparticles 
was increased. The value of tan ẟ is found to be high at lower frequencies, while becomes 
lower at higher frequencies. The decreasing value of dielectric loss with increasing the 
applied frequency may be due to the domain wall resonance (Samkaria and Sharma 2013). 
Figure 10. Showed a hump that displayed in each tan (ẟ) with log (f) relation which may 
be indication to relaxation peak. This hump happens when the value of localized charge 
carrier’s frequency approaches that of the applied ac electric field (Samkaria and Sharma 
2013). In general, it is obvious that the value of tan (ẟ) decreased with increasing the Cr 
concentration up to 0.14 wt %. While the low values of dielectric loss at higher frequencies 
make it promising sample for nonlinear optical applications (Samkaria and Sharma 2013). 
In addition, materials with low dielectric constant values and dielectric loss at higher fre-
quencies are suitable candidates for high frequency operating devices (Khan et al. 2018b).

3.4.3 � Acconductivity

The ac conductivity (σac) for each sample is calculated from the following equation (Has-
san et  al. 2012), where � the angular frequency and ε0 is the permittivity of free space 
(8.854 10−12 F/m).

Figure 11 showed the variation of ac conductivity (σac) with the frequency of pure 
ZnO and Cr doped ZnO nanoparticles measured at 298  K. The (σac) values exhibit 
increasing values along with frequency especially at higher frequencies. This is refers 
to the enhancement of migration of the electrons (Ansari et al. 2012b). It is clear from 

(11)tan� =
�
��

��

(12)�ac = �
�
�
0
� tan �

Fig. 10   Variations of dielectric loss tan (ẟ) versus log (f) for bulk ZnO NPs and that doped with Cr at 298 K
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Fig. 11 that the increase of (σac) is nearly coincident at lower and middle frequencies, 
then it is increased rapidly and the relation of different samples became dispersed at 
frequencies from 104 to 107  Hz. This means that the (σac) value is more frequency-
dependent as the frequency increased. This variation of (σac) between the two ranges of 
frequency-independent into the frequency-dependent indicates the conductivity relaxa-
tion phenomenon (Ansari et al. 2012b).

Furthermore, the gradual increase of (σac) with frequency can be explained in terms 
of the Maxwell–Wagner interface model (Khan et  al. 2018b), that is due to the inter-
faces or grain boundaries represents a potential barrier against the flow of the charge 
carriers then these charges behave like particles in a box (Gürbüz and Okutan 2016). 
At low frequencies range insignificant increase in conductivity may be due to some of 
the charge carriers that flow through tunnel in the potential barrier giving a little rise 
in conductivity (Belkhaoui et al. 2019b). As the frequency of the applied electric field 
increased the charge carriers get enough energy to overcome the potential barrier, which 
promotes intensively the conductivity at higher frequency (Khan et  al. 2018b; Ansari 
et al. 2012b; Ashokkumar and Muthukumaran 2015). On the other hand, it can be seen 
from Fig. 11 that the (σac) increases with high doping concentration except the 0.06 wt 
% Cr doping sample which showed a little decrease of the electrical conductivity. This 
result may be referred to the defects that presented due to Cr doping that took place 
in zinc interstitials and oxygen vacancies in the ZnO nanoparticles host matrix. These 
defects caused isolation at the grain boundaries which acts as a block to the flow of 
charge carriers (Belkhaoui et  al. 2019a, Ansari et  al. 2012b, Belkhaoui et  al. 2019b). 
This caused reduction of conductivity of the low Cr dopant concentration sample. Also, 
the electrical conductivity increased with increasing of Cr concentration (0.1 wt % to 
0.14 wt %) in the ZnO (NPs) matrix this is refer to the fact that the increase of Cr con-
centration raises the hopping process of Cr ions between Cr+2 → Cr+3 that predominated 
over charge carriers blocking effect (Belkhaoui et  al. 2019b). These results make us 
suggesting that Cr doped ZnO nanoparticles may be considered a promising candidate 
for high-energy storage devices. Over and above, the improved electrical conductivity 

Fig. 11   Variations of AC conductivity versus log (f) for ZnO: Cr doped ZnO nanoparticles at 298 K
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caused an increase in the electron transmission which is important for gas and humidity 
sensing (Tabib et al. 2015; Khan et al. 2019).

3.5 � Magnetic measurements

The magnetic hysteresis (M-H) loops obtained by VSM at room temperature for 
selected samples of Zn1−xCrxO (x = 0.1 and 0.14) using a magnetic field (H) in the range 
of ± 5000 G. Figure 12 showed (M-H) loop of both selected samples were exhibited a 
ferromagnetic behavior at room temperature. The observed magnetic parameters such as 
saturation magnetization, remanent magnetization and coercivity displayed in Table 4. It 
can be seen from Table. 4 that the saturation magnetization increased with the increase 
of Cr content as well as the coercivity while the remanent is decreased slightly. These 
results nearly confirmed the results of B. Babu et al. (Babu et al. 2014). The expected 
two reasons for ferromagnetism that appeared in our data in Table 4, the first one may 
be due to the number of defects that mentioned in XRD results and oxygen vacancies 
(Liu et al. 2009). The second reason may be according to the interactions of transition 
metal (Cr) and spin moments of oxygen ions (Sanad et al. 2019). The obtained results 
make Cr-doped ZnO (NPs) samples promising for the spin-based electronic devices.

Fig. 12   Hysteresis loops M-H curve of two selected samples ZnCr2 and ZnCr3 at room temperature

Table 4   Saturation 
magnetization, remanent 
magnetization and coercivity for 
selected sample of ZnCr2, ZnCr3

Samples Saturation magnetiza-
tion (Ms) emu/g

Remanent magnetiza-
tion (Mr) emu/g

Coerciv-
ity (Hc) 
G

ZnCr2 25.02 × 10–3 2.5 × 10–3 89.5
ZnCr3 33.10 × 10–3 2.3 × 10–3 100
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4 � Conclusion

Pure ZnO and ZnO nanoparticles doped with Cr were synthesized via Co-precipitation 
method with different doping concentrations. The synthesized Zn1-xCrxO nanoparticles 
were characterized using XRD, FTIR Spectroscopy, UV–Vis Spectrophotometry, ac 
measurement and VSM. XRD showed the wurtzite phase formation in all Cr doped sam-
ples with two crystalline phases (ZnCr2O4 and Cr2O3) have been observed. The particle 
size for the blank sample is equal (28.29 nm) while it decreased in the Cr doped sam-
ples. A little shift in the position of XRD peaks and changes in cell parameters, bond 
length, unit cell volume and the micro-strain suggested the substitution of Cr into Zn–O 
lattice. FTIR analysis revealed the presence of Zn–O and Zn–Cr–O bonds. The optical 
absorption spectra showed a red shift due to the sp-d exchange interactions between 
band electrons and the localized d electrons of the Cr3+ ions in the absorption band edge 
with increasing Cr concentration which leads to increasing of optical band gap from 
3.85 to 4.02 eV. The dielectric constant �′ exhibited decreasing values at high frequen-
cies and increasing values at low frequencies along with increment Cr concentration 
especially sample of 0.14 wt % Cr content, and dielectric loss tan (δ) showed increas-
ing values at low frequencies and decreasing values as Cr doping concentration was 
increased along with the higher frequencies. The increase in ac conductivity (σac) values 
at higher frequencies were explained in terms of the Maxwell–Wagner interface model. 
The obtained results of Cr doped ZnO nanoparticle let us considered these samples 
are potential candidate for different applications such as high-energy storage devices, 
high frequency operating devices and nonlinear optical applications. In addition, the 
improved dielectric constant at room temperature makes the doped sample of 0.14 wt 
% Cr doping is a promising sample for charge storage applications. Samples doped with 
(x = 0.1 and 0.14 Cr wt %) showed ferromagnetic behavior at room temperature. Moreo-
ver these magnetic results are also applicable for the spin-based electronic devices.
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