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Abstract: The Impact of Co and Gd on the structural, magnetic and dielectric properties of ZnO
nanotubes synthesized by co-precipitation is reported. The results demonstrate that incorporating Co
and Gd into ZnO diminished crystallinity while retaining the optimum orientation. The outcomes
of transmission electron microscopy and scanning electron microscopy examined that the Co and
Gd dopants had no effect on the morphology of the produced nanotubes. It was also discovered
that as the frequency and concentration of Gd co-dopant decreased, the dielectric constant and loss
values increased. When doping was present, the dielectric constant and ac electrical conductivity
response was found to be inversely related. Ultimately, at 300K, Co and Gd co-doped ZnO nanotubes
exhibited ferromagnetic properties. When Gd doping was increased to 3%, the ferromagnetic response
increased. Since then, increasing the Gd co-doping, the ferromagnetic response decreased. For the
same sample (Zn0.96−xCo0.04Gd0.03O nanotubes), the electrical conductivity exhibited also superior
to pure and low Gd doped ZnO. Its high ferromagnetism is usually caused by magnetic impurities
replaced on the ZnO side. Therefore, considering the behaviour of these nanotubes, it can be sued
spin-based electronics.

Keywords: diluted magnetic semiconductor; ferromagnetism; dielectric properties; oxygen vacancies;
spintronic devices

1. Introduction

Diluted magnetic semiconductor (DMS) obtained by doping a dilute amount of transi-
tion metals [1–8] with semiconductors, has fascinated enormous interest among researchers
and is being intensively studied for spintronics-related applications. Significant improve-
ments in DMS for spintronic electrical devices, including the single electronic charge,
quantum hall effect, semiconductor laser, and resistive switching, have been made as a
result of the discovery of Ga1−xMnxAs ferromagnet (FM) material [9,10]. These devices
are intriguing due to the potential for obtaining DMS Curie temperatures (TC) above room
temperature ferromagnetism (RTFM). A number of earlier studies [11–14] showed that
by doping of TMs doped to host II–VI and III–V semiconductors created an FM. Many
practical applications favor this characteristic, however, it raised some debate regarding
FM origin. A recent study for spin-based electronics has the potential to learn more about
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the RTFM of these structures because many materials containing nonmagnetic ions have
displayed unexpected FM behavior. [14–20].

The insertion of 3d electron TMs into the lattice of II–VI semiconductor materials
results in the creation of the DMS [12]. Zinc oxide (ZnO) is a typical substance used as a host
for the introduction of TM ions. It has a wurtzite lattice, a huge direct band gap, and a high
exciton binding energy, and it is an optically transparent II–VI semiconductor. Furthermore,
room temperature ferromagnetism (RTFM) is observed in doped ZnO as a result of the free
charge carriers produced by the doping of specific transition metal ions [21]. Fe, Mn, Ni
and Co doping elements are discovered to be of considerable attention among the transition
metal ions due to the capacity to introduce ferromagnetic behavior by replacing out the non-
magnetic element Zn ion within the ZnO crystal lattice with a 3d transition metal ion. The
choice of co-dopant ions depends on their valence states, coordination number, ionic radius
and distinctive magnetic contribution. When contrasted with other three-dimensional
metals, Co is preferred specifically because of its similar ionic radius (0.58
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), as well as its large magnetic moment (µCo = 1.8 µB) (d7 low spin configuration).
Recently, Hao et al. published their findings on the discovery of the fundamental RTFM in
Mn-doped ZnO nanoparticles. [22]. Later, using this material, Oshio et al. [23] investigated
the ZnO epitaxial film’s leakage current. The performance of Co-ZnO nanoparticles RTFM
and semiconductor quantum dots was recently examined in order to demonstrate that Co
doping produced defects and oxygen vacancies [24]. These results indicate that samples of
(Co, Zn) co-doped SnO2 have tunable RTFM and that O2 annealing vacancies may be major
method to improve the RTFM. Optoelectronic and electronic devices, ceramic industries,
optical components, sensors, catalysis, biomedical, lighting, etc. are only a few of the
technological applications that the ZnO material demonstrates due to its many defect-
related features. According to Liu, Changzhen, et al., the optical band gap of Fe-doped
ZnO nanoparticles increased with increasing Fe concentration, and they concluded that the
observed RTFM is not caused by secondary phase ZnFe2O4 or the metallic Fe clusters. [25].
According to Saleh et al., A ferromagnetic secondary phase known as γ-Fe2O3 is responsible
for RTFM in Fe-doped nanocrystalline ZnO particles, and the energy gap reduced with
boosting Fe concentration [26]. The cause of ferromagnetism in ZnO-based DMSs is still
up for debate despite several experimental and theoretical publications on ZnO. High-
frequency electronic devices also require the superior dielectric, magnetic, and electrical
conductivity of TMs-ZnO. [27–29].

The co-precipitation method was used in this study to synthesis ZnO, Zn0.96Co0.04O
and Zn0.96−xCo0.04GdxO (x = 0, 0.01, 0.03, 0.04) nanotubes (NTs) with varying Gd contents
while keeping a fixed Co content. The results suggest that the crystallinity was affected by
the changing Co concentration, and this revealed a decrease in the rate at which photoin-
duced electron-hole pairs in ZnO recombined. Zinc NTs’ magnetic and dielectric responses
were improved as a result of this phenomena. The outcomes were evaluated in relation to
magnetic and optical properties in respect to structure and microstructure.

2. Materials and Methods
2.1. Synthesis

The compound, Cobalt chloride [CoCl2.4H2O], Zinc chloride [ZnCl2.6H2O] and
Gadolinium cloride [GdCl3.6H2O], were collected from Alfa-Aesar. The ZnO, Zn0.96Co0.04O
and Zn0.96−xCo0.04GdxO (x = 0, 0.01, 0.03, 0.04) nanotubes (NTs) were created by adopting
the co-precipitation method. The process involved dissolving zinc chloride (ZnCl2.6H2O)
in 50 milliliter of pure water (aqua), adding 20 milliliter of aqueous ammonia solution
(1.5 M) dropwise, and stirring vigorously while the pH was maintained between 1.0 and
10.2 [30,31]. After the reaction, washing and centrifugation were used to get brownish-type
powder. Afterwards, they were dried at 60 ◦C for 24 h before being annealed in a furnace
for 5 h at 400 ◦C. Before annealing, the powder was washed 6 times to remove the chlorine
from the samples. Zinc, Co, and Gd acetate were gently added while stirring, then the
precipitates were separated for the Co and Gd co-doped specimens, as shown in Figure 1.
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2.2. Instruments

Cu Kα radiation (λ = 1.5406 Å) was utilized from XRD in order to perform structural
characterization. The sample’s lattice parameters and volumes were calculated via Rietveld
refinements using the High Score Plus application. A field emission scanning electron
microscope, also known as a FE-SEM, was utilized so that the particle shapes could be
analyzed. The particles’ nature was determined using transmission electron microscopy. An
impedance analyzer was used to determine the dielectric properties as well as the electrical
conductivity from a frequency range of 40 Hz to 7 MHz and a frequency range of 50 Hz to
7 MHz. For the purpose of calculating the parameters of diluted magnetic semiconductors,
a Quantum Design superconducting Quantum interface Device was utilized.

3. Results and Discussions
3.1. Structural Properties

Figure 2 shows the XRD results for ZnO, Zn0.96Co0.04O and Zn0.96−xCo0.04GdxO
(x = 0, 0.01, 0.03, 0.04) nanotubes (NTs). All of the specimens crystallized with the hexagonal
structure (wurtzite-type P63mc space group) and exhibited no evidence of impurities. All
the Lattice constants of a = 3.244 Å, c = 5.186 for pure ZnO, Å, a = 3.243 Å, c = 5.190 Å for
only Co doped ZnO sample, a = 3.241 Å, c = 5.189 for 1% Gd doped sample, a = 3.237 Å,
c = 5.187 for 3% Gd doped sample and a = 3.235 Å, c = 5.178 Rietveld refinement software
was used to obtain a weighted profile factor RWP= 9.34% for a 4% Gd doped sample,
9.27 and the goodness-of-fit χ2 = 2.571, 2.581) for the all as shown in Figure 2a,d. The
unit cell volume (V) for pure ZnO is 47.19 Å3 and it is increased to V = 47.35 Å3 for
Zn0.96Co0.04Gd0.04O specimen. For Zn0.93Co0.04Gd0.03O, the unit cell volume raised to
V = 47.35Å3, which is more significant than pure and Zn0.96Gd0.04O. It is predicted since
the ionic radius of Co2+ (0.65Å) and Gd3+ (94Å) are larger than that of Zn2+ (0.60 Å). The
replacement of Zn2+ ions by Co2+ and Gd3+ ions in the structure of wurtzite explains this
phenomenon. This is due to the fact that zinc ions are less electronegative and have smaller
ionic radii than Co and Gd ions [1,24,26]. Also, the XRD findings are consistent with the
theory that Co2+ and Gd3+ ions were added to the wurtzite structure, most likely in place
of Zn ions. The geometry of the wurtzite unit cell changed as a result. According to the
XRD patterns, Co (fixed) and Gd co-dopants in ZnO enhances in concentration, causing the
peaks to shift at a smaller angle, as shown in schematic 2(b). Due to Gd and Co doping, it
is advised that samples be changed to a disordered state.
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For the purpose of using the Scherrer formula to evaluate the crystalline size of the
samples, the XRD peaks broadening was used [29,32], and it was discovered that as the
Co content rose from 0% to 4%, size shrank. This decline is explained by the limitation of
grain expansion brought on by the appearance of Co and Gd in ZnO. This demonstrates
that the high levels of Co both prevent grain formation and do not generate O2 vacancies
to enable densification. Particle size is reduced in strongly doped specimens due to grain
boundary segregation, though. The smaller ionic radius of Co (70 pm) ions contrasted to Zn
(74 pm) ions is the source of the drop in lattice parameter with a greater Co concentration.
The lattice parameters, X-ray density, unit cell volume and grain size calculations are
summarized in Table 1.
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Table 1. The fluctuation of structural values was estimated using ZnO, Zn0.96Co0.04O and
Zn0.96−xCo0.04GdxO (x = 0, 0.01, 0.03, 0.04) nanotubes (NTs).

Sample hkl 2θ
(◦)

d-Spacing
(Å)

Grain Size
(nm)

Lattice Constant Unite Cell
Volume (Å3)a (Å) c (Å)

ZnO
100 31.522 2.7773 18.34 3.244 5.186 47.19
002 34.442 2.5972 16.11 - - -
101 36.352 2.4704 17.45 - - -

Gd (0%)
100 31.847 2.8079 16.54 3.243 5.190 47.20
002 34.645 2.5973 15.61 - - -
101 36.465 2.4715 19.34 - - -

Gd (1%)
100 31.902 2.8082 19.32 3.241 5.189 47.27
002 34.670 2.5976 15.35 - - -
101 36.490 2.4719 19.01 - - -

Gd (3%)
100 36.498 2.8085 19.75 3.237 5.187 47.30
002 34.689 2.5980 19.54 - - -
101 36.512 2.4721 19.4 - - -

Gd (4%)
100 36.459 2.8088 20.25 3.235 5.178 47.35
002 34.692 2.5984 19.54
101 36.534 2.4727 20.46

The obtained compositions of Zn, O, Co, and Gd (in weight percent) are shown by the
EDX spectra in Figure 3a–c. As was to be expected, the majority of the chemical elements in
pure ZnO are composed of zinc and oxygen, however, specimens that have been co-doped
with Co and Gd also show Co and Gd peaks. As illustrated in the Figure 3a–c, the amount
required to produce the sample was found to be very near to the percent by weight of the
doped TMs. Figure 3a–c exhibits the morphological and elemental examination of pure, 3
and 4 weight percent Gd and Co co-doped ZnO that was subjected to scanning electron
microscopy examination. These findings suggest that the hexagonal wurtzite structure of
the NTs has the same morphology [33]. The samples have a tube-like structure and become
more aggregated as the Co and Gd concentration rises.

The transmission electron microscopy (TEM) images of ZnO, Zn0.93Co0.04Gd0.03O,
and Zn0.92Co0.04Gd0.04O Nanotubes are demonstrated in Figure 4a–c. The transmission
electron microscopy pictures of ZnO, Zn0.93Co0.04Gd0.03O, and Zn0.92Co0.04Gd0.04O Nan-
otubes showed a tube-like structure with a homogeneous dissemination. According to
the transmission electron microscopy investigation, the mean tube size for pure ZnO is
approximately 15 nm, 17 nm for Zn0.93Co0.04Gd0.03O, and 19 nm for Zn0.92Co0.04Gd0.04O.
Co and Gd co-doping increases tube size, which is reliable with the X-rays Diffraction
observations. The middle panels of Figure 3a–c show selected area electron diffraction
(SEAD) pictures of the generated Nanotubes. The selected area electron diffraction image
of the ZnO sample’s fringes reveals that ZnO formed into its polycrystalline tetragonal
structure. Furthermore, it is significant to observe that the broad X-rays Diffraction peak of
Co and Gd-doped ZnO indicates microscopic crystallite size and, thus, a substantial surface
area. The transmission electron microscopy micrograph makes it clear that Co-Gd co-doped
ZnO has a larger size than pure ZnO, which suggests that it has a larger surface area. For
improved photo degradation efficiency, the sample needs to have a bigger surface area.

3.2. Dielectric Properties
3.2.1. Dielectric Constant

For all of the samples that were annealed at 400 ◦C, Figure 5a displays the frequency
(f ) dependency of the dielectric constant (εr). The samples were created by using a presser
to form them into round pellets with an 8mm diameter, and then their dielectric loss,
capacitance and a.c conductivity was calculated. The capacitance was calculated using
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gold glue electrodes in accordance with the methodology described in Refs. [3,34]. The
following relationship (1) was utilized to evaluate the εr

εr = Cd/ε0 A (1)

where C denotes capacitance, d denotes cylinder height, and A denotes pellet cross-
sectional area. At frequencies over 1.5 × 104 Hz, all samples εr values decline equally
with rising f and remain constant. Large values of reported dielectric constants are often
induced by either space charge polarization (SCP) or rotation dielectric polarization. These
two types of polarization can be distinguished by their respective abbreviations: SCP
and RDP. The interfacial area contains oxygen vacancies (OVS), which can be ionized to
generate single or double ionized vacancies, vacancy clusters, dangling bonds, and other
defects [31,32].
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Because of the existence of positive and negative vacancies, a significant quantity of
dipole moments (which are randomly oriented) will be produced, and only polarization
may be caused by an external magnetic field in these dipole moments to cause RDP.
Furthermore, space charge moving in the alternative direction of the electric fields will
be entangled by interfacial defects in these nanocrystalline materials [35,36] As a result,
SCP and dielectric constant are increased. As a result, grain boundaries become electrically
active. The observed decrease in εr as (f ) increases can be attributed to the fact that any
species that helps to increase polarizability will always be behind the applied field. When
particles get smaller, the interfacial area increases, which rises RDP and SCP, but Co co-
doping improves the OVS, which raises RDP and SCP. As a result, both crystalline size and
doping concentration have an effect on dielectric properties. As the concentration of Gd
co-doping increases, the εr increases, as illustrated in Figure 5a,d, due to lattice distortion
caused by small-sized Co2+ ions replacing Zn2+ ions, as originally observed [28].

3.2.2. Dielectric Loss

The variations in dielectric loss (ε′′) with the (f ) of doped and co-doped ZnO nanopar-
ticles are shown in schematic 5(b). It is shown here that increasing the frequency causes ε′′

to drop. All of the specimens behaved similarly, with dispersal at low(f ) and independent
at high (f ). Ionic migration is responsible for the drop in ε′′ noticed at higher frequencies.
Ionic hopping and charge transfer conduction losses also contribute to the (ε′′) at low and
intermediate frequencies (fs). Ionic polarization losses can play a part to these phenomena.
Ion vibrations, however, might be the only cause at high (fs).
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3.2.3. Electrical Conductivity

Figure 5c illustrates the (f ) AC conductivity (αa.c), AC, of (Co, Gd) co-doped ZnO
samples. The σac rises with (f ) for each voltage, and these results are consistent from earlier
observations [37]. Hence, at low frequencies, σac grows gradually as f increases, whereas
conductivity rises dramatically at higher frequencies. The hopping idea is responsible for
this behavior; for f-dependent σac, charge carriers must hop while being transported, yet at
low frequency, the σac remains constant despite traveling over infinite paths. σac follows
the relationship shown below for all specimens.

αac = ε0ε′′ω (2)

where αa.c is the alternating current electrical conductivity, ε′′ is the imaginary, εr is the
dielectric constant of free space, which is a component of the dielectric constant, and
ω = 2πf is the frequency. f is the frequency. Equation (2) shows that αa.c is only affected by
the ε′′. As a result, as f increases, the ε′′ lowers but αa.c increases. This conclusion is reliable
with prior discoveries, It demonstrated that αa.c increases as (f ) increases because of the
series resistance effect [38]. To explain this phenomenon, two theories have been proposed:
(1) electric energy associated to the high (f ) area encouraging charge carrier hopping, and
(2) higher dielectric relaxation of ZnO Nanotubes polarization in the high (f ) zone. Co-
doped ZnO nanopowder is thus an excellent material for high-energy storage devices.
Furthermore, the enhanced σac discovered may be beneficial for industrial gas sensing
applications because to higher electron transmission [39,40]. The phase diagram of the
dielectric constant and conductivity vs doping was shown in Figure 5d. It demonstrated that
doping promotes dielectric behavior and conductivity (as seen in Figure 4c,d) because the
inclusion of impurity ions increases the quantity of free electrons, which aids in conduction.
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3.3. Magnetic Properties

Figure 6a displays the magnetic hysteresis (M-H) loops of (Co, Gd) co-doped ZnO
NTs observed at ambient temperature (a). At 300 K, the M-H loop in pure ZnO exhibits
diamagnetism, whereas samples of Zn0.96Co0.04O and Zn0.96−xCo0.04GdxO (Co = 0, 0.01,
0.03, 0.04) show a ferromagnetic (FM) reaction that is clearly visible. Remanent magne-
tization (Mr) values are 0.0093 emu/g, 0.014 emu/g, 0.0165 emu/g, and 0.0163 emu/g
for Zn0.96−xCo0.04GdxO (Co = 0, 0.01, 0.03, and 0.04) samples, respectively, according to
Figure 6a,b. Table 2 contains the saturation magnetization values, which are 1.02, 1.23, 2.47,
and 1.64 (10−2 emu/g). The Table displays that the Zn0.92Co0.04Gd0.04O sample’s Mr value
is higher than that of the literature [24]. Figure 6a shows the change from the paramagnetic
to the FM states. Ms readings for specimens of Zn0.96−xCo0.04GdxO (Co = 0.03) are higher
than those for pure ZnO. When O2 annealing raises the quantity of Co and Gd ions doped
into the host lattice, the number of defects increases. The room temperature ferromagnetism
in the specimen with 1% Co co-doped might be attributed to both intrinsic and external
magnetic sources. In contrast to extrinsic sources, intrinsic sources require the creation of
groups of transition elements or secondary phases.
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Table 2. The (Gd, Co) co-doped ZnO magnetic NPs’ magnetic parameters.

Sample
Remanent

Magnetization (Mr)
(emu/g)

Coercive Field
(Oe)

Saturation
Magnetization (Ms)

(emu/g)

Zn0.96Co0.04O 0.93 × 10−2 88 1.02 × 10−2

Zn0.95Co0.04Gd0.01O 1.41 × 10−2 50 1.23 × 10−2

Zn0.93Co0.04Gd0.03O 1.65 × 10−2 83 2.47 × 10−2

Zn0.92Co0.04Gd0.04O 1.63 × 10−2 80 1.64 × 10−2

The schematic 6(b) shows magnetization vs temperature charts in a 103 Oe magnetic
field to further clarify the magnetic behavior. According to these findings, FM behavior is
enhanced in samples of Zn0.96−xCo0.04GdxO (Co = 0.03) compared to pure Gd or specimens
with higher Co co-doping. It was discovered [39,40] that the earliest stages of FM in TM-
ZnO were generated by the interaction of TM ions and bound polarons, which resulted
in the creation of bound magnetic polarons. Experiments on defect-bound transporters
for point defect hybridization are helpful in the process of developing RTFM in doped
ZnO through the use of TM-doping. We demonstrate how O2 annealing can make the
process of replacing Gd and Co in the ZnO lattice more successful. The production of O2
vacancies during annealing to maintain charge balance is what causes room temperature
ferromagnetism in Zn0.96−xCo0.04GdxO Nanotubes. This is accomplished by doping Gd3+

and Co2+ for Zn2+ and O2. The method of preparing the specimens introduced these
intriguing new phenomena.

The lower 350 K Tc is discernible in the χ(T) Co = 0.03 as shown in Figure 6c. It is
possible that the structural features of the Co co-doped ZnO samples are attributable to
the observed reduction in the magnetic moment for Co with higher dependency on the
ZnO sample. The alterations in cell characteristics demonstrate that as cobalt content rises,
lattice constants rise as well, leading to an increase in unit cell volume. Because of the
increased volume of the unit cell, the cobalt ions that are closest to one another in the ZnO
matrix are now further apart. This causes antiferromagnetic super-exchange interactions
between the neighboring Co ions, which raises the magnetic moment. Between 2 and 300 K,
temperature has an impact on the inverse magnetic susceptibility of nanoparticles. The
inverse susceptibility is found to decrease linearly until 380 K, at which point it deviates
from the Curie-Weiss line. As shown in Equation (3) below, the modified Curie-Weiss
equation provides a close approximation of the susceptibility of the nanoparticles that were
utilized in the course of our research.

χ(T) = χ0 + (1/8)µ2
e f f x/T − θc (3)

where χ0 demonstrates the temperature-independent susceptibility, C the Curie constant
and θC is the Curie–Weiss temperature, x is the concentration of Co ions and µeff is the
effective moment. The calculated Curie–Weiss law parameters i.e., effective moment
µeff = 2.45 µB and θ = −25 K. The effective moment values, which range from 2.46 to
2.49 µB., provide insight into the substitute integral j, an evaluation of the degree to
which the magnetic ions interact with one another, but the results for the substituted
Zn0.96−xCo0.04GdxO samples (x = 0.0, 0.1, 0.3, and 0.4) drop as the concentration of Co
co-doped increases in the sample. The fact that has negative values suggests that the
magnetic dopants only have a weak antiferromagnetic interaction with one another [41,42].
The values for most other oxide compounds range from 24 to 27 K, which is nearly as low
as the value for Co-doped ZnO. Magnetic characteristics discovered at low temperatures
may be the outcome of manufacturing defects or the presence of impurity phases. Further
research is needed to clarify this point.
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4. Conclusions

This work effectively produced ZnO and ferromagnetic (Co, Gd) co-doped ZnO
NTs. All of the (Co, Gd) co-doped samples had a tetragonal structure, according to XRD
observations. The dielectric loss, dielectric constant and electrical conductivity rise when
the concentration of either (f ) or Gd dopant increases. Electrical conductivity was noticed
to be increased in annealed Co and Gd-doped ZnO samples. This happened when Zn ions
were substituted for Co and Gd ions, which boosted the number of charge carriers available.
When ZnO was co-doped with (Co, Gd), the switch from diamagnetic to ferromagnetic
caused a significant modification in the hysteresis loop. The increased O2 vacancies and
zinc interstitials are substantially related to the improved magnetic and dielectric responses
of the samples. According to our research, ferromagnetism in ZnO Nanotubes can be
generated via adding Co fixed and limiting Gd and annealing the material at 400 ◦C. The
magnetic analysis has showed that the magnetic behavior of the as prepared ZnO:Co, Gd
samples is dominated by a paramagnetic component over ferromagnetic component, which
is an indicative of dominant uncoupled Co spins. As a result, it is thought that raising the
ion concentrations to improve direct ion coupling may destabilise the polarons structure,
weakening the irreversible magnetic behaviour.
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