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Abstract: In this paper, we investigate the solubility effects of Co in ZnO (Zn1−xCoxO, where
x = 0, 0.03, 0.05, 0.1, 0.2, 0.25, 0.4, 0.8, and 1) by combining the results of perturbed angular correlation
(PAC) spectroscopy using highly diluted 111Cd as probe nuclei and ab initio calculations based
on spin-density functional theory (SDFT). This combined approach enables us to characterize the
local structure around Cd ions, where, through PAC technique, it was possible to measure the
EFG as a function of temperature and Co concentration and thereby monitor the changes in the
structure and the Co solubility threshold in ZnO and the ZnO/CoO/Co3O4 mixed phase. The
full-potential linear augmented plane wave plus local orbital (APW+lo) formalism were used here to
describe the electronic structure of the supercells, including the atomic relaxations. These Ab initio
calculations show an interesting behavior of the Cd and Co impurity levels in the band structure
of ZnO, which explains the experimental results in terms of the origin of EFG and the evidence of
ferromagnetic response.

Keywords: ZnO; Co doping; solubility behavior; electric field gradient; perturbed angular correla-
tions; Ab initio calculations; nuclear solid-state physics

1. Introduction

The technological and commercial importance of transition metal oxides (TMOs) has
grown in recent years [1–3]. The dissolution of transition metals (e.g., TM = Zn, Ni, Cu, Ti)
in a semiconductor matrix allows for the control of charge carriers, vacancies, and lattice
distortions, as well as magnetic behavior and optical gap changes. These properties can
enable advanced capabilities for materials in applications such as spintronics and magneto-
optics [4–6]. Another promising capability in semiconductors is the solid solution (doping
or alloying), which has proven to be efficient and useful, because it allows for the control of
band gaps in these materials [7].

On the other hand, the occurrence of magnetism in semiconductors is a subject of
intensive discussion in the literature, which may be associated with the following sit-
uations: (i) The nanometer-scale size reduction due to surface/volume effects brings a
spin decompensation at the surface, thereby inducing magnetism in these semiconductor
materials [8,9]; (ii) Magnetic coupling can also be turned on by the dilution of transition
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metal-3d (TM-3d types) or rare-earth-4f (RE-4f types), which are called diluted magnetic
semiconductors (DMSs), where long-range spin–spin interaction is a key factor [4]. (iii) The
magnetism arising from solid solutions has been studied intensively in the last decades,
since this mechanism allows for tuning the magnetism and band gaps in semiconductor
materials. The process of atomic dilution or the solid solution in semiconductor matrices
may involve different scenarios such as the following: the substitution of atoms (TM) in
the lattice, the location of the TM atoms in the lattice interstitial, the formation of clusters,
or the phase separation [10]. The control of these possible scenarios requires the ability to
plan the synthesis strategies, structure design, and composition, which in turn relate to the
different applications in materials engineering.

Among the semiconductor oxides, we can mention zinc oxide (ZnO), which is an
n-type semiconductor with a direct band gap of 3.37 eV and a large bond cohesion energy
of 60 meV at room temperature, thereby being a material with high thermal stability. Fur-
thermore, it is a diamagnetic material, but, when produced at the nanoscale, it exhibits
ferromagnetic behavior with high electrical conductivity at room temperature due to a large
concentration of defects [4,11]. Ferromagnetism in semiconductor oxides, such as ZnO,
remains questionable, since the issues of uniformity and reproducibility have yet to be un-
raveled, especially because the observed ferromagnetism, which has quite frequently been
reported in the literature, can be due to sources other than intrinsic ferromagnetism [12].

The crystal structure of wurtzite-type ZnO is the most thermodynamically stable
phase when compared to the zinc blend and rock salt structures. ZnO-wurtzite has a
non-centrosymmetric tetrahedral coordination of ZnO and a covalent nature, as well as sp3
bonding, which are responsible for the semiconductor and piezoelectric behavior [4,11].
Another important feature involves the ferromagnetic coupling mechanism between the
spins of TM-3d dopants in the ZnO structure. For example, cobalt (Co) doping can lead to
distortion of the ZnO lattice and, when exceeding the Co solubility limit, can lead to cluster
formation and the generation of metastable phases such as a ZnO-CoO, where Co2+ ions
replace Zn2+ ions. Depending on the synthesis methodology, this can make it possible to
obtain phase separation in spinel-type compounds, e.g., ZnO, CoO, and Co3O4 [13–17].

The identification and quantification of the physical and chemical properties related to
the solubility of TMs in semiconductor oxides necessitate the use of both conventional and
unconventional sensitive techniques. Perturbed angular correlation (PAC) spectroscopy
is an appropriate powerful hyperfine technique due to its high sensitivity to even small
changes in the system, which include local properties such as the electric field gradient
(EFG) tensor and magnetic hyperfine field (MHF) contributions. As a result, PAC spec-
troscopy can obtain data on defects (vacancies and distortions) [18], phase transitions, and
diluted clusters in bulk materials [19,20], as well as thin films and nanomaterials [21–23].
PAC, in particular, is a nuclear technique whose signal is unaffected by high temperatures,
thereby making it suitable for a variety of environments such as liquid phases, diffusion
measurements, and thermodynamic properties. Given the vast body of scientific knowl-
edge on pure ZnO and ZnO doped with TMs, we will list and explain the significance of
previous research that was critical to the development of our work.

Mercurio et al. [24] used PAC spectroscopy with 111Cd as a probe to measure hyperfine
interactions in ZnO nanoparticles that were systematically doped (where Zn atoms were
substituted with cobalt) in concentrations ranging from 5% to 35%, and the resulting νQ
was found to change only slightly as a result of doping. The results were explained in terms
of two quadrupole frequencies associated with 111Cd ions occupying two inequivalent
crystal sites in the ZnO. The major fraction of 111Cd probes occupied regular positions in
the crystal lattice replacing the native Zn atom. At 35% Co doping, the sample exhibited
the additional Co3O4 phase, because the Co fraction exceeded the solubility limit in the
ZnO. The authors compared these results to previous PAC measurements for In-doped
ZnO and found that they were very close [25,26].

Photoemission and X-ray absorption spectroscopy studies of ZnO doped with 10%
Co [27] confirmed that Co ions replace Zn ions in the regular position of the tetrahedral
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symmetric lattice and that both cations remain divalent, thereby demonstrating that there
are no significant differences in the electronic structures of pure and Co-doped ZnO.
Another study using optical techniques on ZnO nanosheets doped with Co (up to 9%) [28]
found that the band gap was analogous to that of pure ZnO (nanosheets and polycrystals
forms) and that the crystalline structure remained wurtzite. In the investigation of Co
solubility in ZnO thin films using resonant photoemission spectroscopy [29], the authors
showed that at a concentration of 15%, a Co cluster with a +3 valence incorporating d-states
formed in the band gap of the pure ZnO. The introduction of Cd into ZnO was described
in a paper reporting characterization using different methods [30]: the decrease in the band
gap (up to 10% Cd), the increase in the conductivity and grain size, and the absence of a
structural phase transition for concentrations up to 25% Cd.

Muñoz et al. [31] used a theoretical approach to study dynamic interactions (after
effects) in pure zinc oxide using first-principles calculations (and complementary PAC
measurements). The authors calculated the valence of the Cd ions in the studied oxides for
various charge states in supercells and deduced the correspondence between the theoretical
and experimental results of the EFG on Cd. In previous papers [32,33], the authors used
pseudopotentials to simulate a variety of pure ZnO crystal structure models, thereby
employing several parameterizations for the exchange and correlation functional (XC),
and they discussed the eletronic structure properties under pressure, e.g., the band structure,
the density of states (DOS), and the gap energy.

In previous works, the authors simulated two different magnetic arrangements of ZnO
doped with Co (ferro- and anti-ferromagnetic coupling) using LDA and LDA + U [34,35],
thereby focusing on the magnetic properties. Although the supercells used in these stud-
ies [34,35] were smaller than those used this paper, it was demonstrated that a semicon-
ducting behavior in (Co)ZnO exists, in which Co doping does not significantly alter the
DOS of pure ZnO. However, Sato et al. [36] reported that the LDA calculations predicted a
half-metallic material for several simulated diluted magnetic semiconductors, with ZnO
that was doped with some magnetic metals (including Co) exhibiting half-metallic behavior
in the DOS.

We present here a comprehensive study that combines PAC spectroscopy, X-ray diffrac-
tion, and Ab initio simulations to investigate the role of Co2+ solid solubility in ZnO.
The samples have been prepared using the sol–gel method, which allows us to obtain
reproducible results. We carried out X-ray diffractions (XRDs) and PAC measurements
using 111Cd nuclei probes as fingerprints of the local charge density. We also performed Ab
initio electronic band structure calculations based on spin-density functional theory (SDFT)
formalism.

2. Materials and Methods

The samples were synthesized using the well-established Pechini sol–gel method [37].
High-purity metallic elements were employed as starting materials, thereby following
the stoichiometric ratio Zn1−xCoxO (where x = 0, 0.03, 0.05, 0.1, 0.2, 0.25, 0.4, 0.8, and 1
represents the percentage of Co doping). Zinc (Zn) and Cobalt (Co) metals (Alfa Aesar
99.99%) were dissolved in nitric acid (HNO3) to form zinc nitrate (Zn(NO3)2) and cobalt
nitrate (Co(NO3)2) solutions. These solutions were blended with the addition of citric
acid (C6H8O7, dissolved in deionized water) and ethylene glycol (C2H6O2), in ratio of 2:1
of product, respectively, according to Equation (1). The resulting solution was heated at
100 ◦C under magnetic stirring until gel formation, which was subsequently sintered at
400 ◦C for 10 h in air to obtain a powder sample. After the sintering process, the resulting
powder was pressed with 3 tons to form small pellets. These pellets were sealed in quartz
tubes under a nitrogen atmosphere (99.99% pure N2) and annealed at 600 ◦C for 12 h. This
procedure was followed for each sample.

Equation (1) presents ZnO with Co doping using Pechini sol–gel method:

Zn(NO3)2 + Co(NO3)2 + C6H8O7 · H2O + C2H6O2 → Zn(1−x)CoxO + CO2 + 4NO2 + 4H2O (1)
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For PAC measurements, samples were prepared following the same procedure with
the difference that approximately 20 µCi of carrier-free 111In(111Cd) probe nuclei, in the
form of 111InCl3, was added to the mixed nitrate solution during synthesis. A small tubular
furnace was used for measurements of samples above room temperature, whereas a closed-
cycle helium cryogenic device was used to cool it down between 15 and 300 K. After ra-
dioactive nuclei decayed, these samples were characterized by XRD using a PANalytical
X-ray diffractometer, model X’Pert PRO with X’Celerator detector, using Cu-Kα radiation
(λα1 = 0.154060 nm e λα2 = 0.154443 nm) at 40 kV and 40 mA. A step of 0.05° was used for
the collection of data.

The well-known γ − γ cascade of 171–245 keV, populated from the decay of 111In to
111Cd and with an intermediate level at 245 keV (T1/2 = 84.5 ns and spin I = 5/2+), was
used to investigate the hyperfine interactions using a PAC spectrometer with a conventional
fast–slow coincidence setup consisting of four conical BaF2 detectors.

The electric field gradient (EFG) is usually characterized by the major tensor com-
ponent (Vzz), which is related to the quadrupole coupling constant νQ = eQVzz/h and its
asymmetry parameter η =

∣∣(Vxx − Vyy)/Vzz
∣∣ that varies from 0 to 1 and measures how far

from axial symmetry a charge distribution deviates. Q is the nuclear quadrupole moment,
whose latest accepted value is Q

(111Cd, 5/2+
)
= 0.664(7) b [38]. Based on the measured

time differential gamma–gamma coincidence spectra with detectors at 90◦ and 180◦, it
is possible to determine the relevent hyperfine parameters such as EFG, its assymetry
parameter, and MHF, as well as the site fractions ( fi) if there are more than one interaction.
Further details about the description of the PAC method, as well the treatment of data, can
be found from Refs. [39–41].

The simulation of a wide range of scenarios of Co solid solubility in ZnO required the
use of a periodic supercell (SC) approach, where a series of large structures with periodic
conditions were generated from the 3 × 3 × 2 replication of the conventional ZnO unit
cell (UC) along the Cartesian axes. Figure 1 shows an example based on an illustration
created in the XCRYSDEN software [42]. Considering the system’s magnetic moment, we
included the spin polarization in the calculations. The computational implementation was
performed using the full potential linearized augmented plane wave plus local orbital
(APW+lo ) scheme [43] within the WIEN2k code [44], where the exchange correlation (XC)
potentials were described through the local-density approximation (LDA) and generalized
gradient approximation (GGA) of Perdew–Burke–Ernzerhoff (PBE) [45] and Wu–Cohen
(WC) [46]; details of the theoretical procedure are now summarized.

Figure 1. A schematic representation of the standard crystal structures employed for Ab initio
calculations. (Left): ZnO unit cell (UC). (Right): 3 × 3 × 2 ZnO supercell (SC).

The atomic spheres radii (RMT) used here (in bohr) were RZn
MT = 1.88, RCd

MT = 2.03,
RCo

MT = 1.85, and RO
MT = 1.64. For better convergence, the cutoff parameter RO

MTKMAX
was set to 7, and a k-points sampling of up to 150 points in the Brillouin zone (BZ) was
used. The optimized lattice parameters predicted by APW+lo revealed values practically
identical to the experimental ones [47]. Finally, in order to obtain representative models
that describe the hyperfine parameters, a possible deep impurity acceptor or donor level
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in the band gap when host elements are replaced by dopants must be considered. As a
result, we made calculations for various charge states of the SCs. Furthermore, because the
supercell contains different types of covalent and ionic radii, an expressive lattice distortion
in internal parameters is expected. To obtain the equilibrium atomic positions where
the Hellmann–Feynman forces on atoms would be less than 0.01 eV/Å, an extensive
energy minimization process was carried out. The EFG tensor’s main components were
calculated directly from the multipole expansion of the Coulomb potential, as described by
Blaha et al. [48].

3. Results and Discussion
3.1. Experimental Results: XRD and PAC Measurements in Undoped and Co-Doped ZnO

In order to check the quality of the synthesized Co doped in ZnO samples, PAC
spectra at room temperature were recorded. The analysis of the R(t) spectra for pure ZnO
(Figure 2a) and ZnO samples doped (alloyed) with up to 25% Co (Figure 2b) were fitted
considering only quadrupole interactions for all the site fractions ( fi). The well-defined
quadrupole frequency in the R(t) spectra, νQ ≃33 MHz (Vzz = 1.99 × 1021 Vm−2), is
a fingerprint of 111Cd2+ probe nuclei in an environment which can be attributed to the
regular substitutional Zn2+ sites in the crystalline lattice of ZnO belonging to the space
group P63mc [24,25].
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Figure 2. PAC spectra collected from sample B at room temperature for 111In-111Cd probe nuclei in
pure and Co-doped ZnO as indicated by concentration (atoms %). The solid lines are the least square
fits to the theoretical function.

For the R(t) spectra observed above 25% Co-doped ZnO samples, a damped behavior
was observed. The analysis of these spectra revealed a decrease in the fraction of the probe
nuclei at the 111Cd2+ in ZnO, as well as the need for two additional sites to provide a
good fit to the experimental data (see Figure 2c). Consequently, the fit results show a site-1
with a population of f1 = 37%, which was characterized by a quadrupole frequency of
νQ1 ≃ 32 MHz and assimetry, η = 0.28; this was most likely due to a distorted environment
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caused by the high doping concebtration. The additional site-2 corresponded to 111Cd2+

in a cubic crystalline environment with νQ2 ≃5 MHz and f2 = 6%. This site fraction was
ascribed to 111Cd2+ replacing Co2+ in fcc-CoO rock salt, because magnetic interactions are
absent in fcc-CoO at room temperature, and the cubic environment yields a zero EFG [23].
The site-3 showed a νQ3 ≃152 MHz with f3 = 57% but a very high frequency distribution
of δ = 50%, thereby indicating a low degree of crystallinity or a high degree of disorder.

In addition, in order to develop a better understanding of the Co dilution data in ZnO
and to identify additional phases, two Co3O4-rich samples were synthesized following
the same Co-doped ZnO synthesis procedure. The R(t) spectra for the cobalt-rich regions
presented a single and well-defined quadrupole frequency of νQ1 = 147 MHz with δ1 = 1%
(Vzz = 9.17 × 1021 Vm −2) and a very low asymmetry parameter η1 = 0.05 (see Figure 2d,e).
These hyperfine parameters are characteristic of 111Cd2+replacing the (Co2+) substitutionaly
at the octahedral site in the spinel lattice of Co3O4 [49]. However, at 80% Co (Figure 2d),
a good fit of the spectrum was obtained using, in addition to the 111Cd2+ at the octahedral
site ( f = 54%), a second site fraction with a high frequency distribution (δ = 40%) and
population of f = 46%. This site with a wide frequency distribution is usually related to a
noncrystalline environment or could be related to probe nuclei that did not diffuse properly
throughout the samples, thereby residing instead in sites near the grain boundary and/or
intrinsic defects in the sample.

X-ray diffraction (XRD) patterns recorded after the decay of the radioactive probe
nuclei also confirmed the presence of additional phases. These patterns confirmed the
presence of cobalt oxide in the dilution limit region of the Co in ZnO (see Figure 3) for both
cobalt concentrations of 25% and 40%, where a small fraction of Co3O4 and a high fraction
of fcc-CoO were present in the samples.

In the threshold Co solubility, according to Figure 4, the line with a positive slope indi-
cates an increase in the degree of distortion (R) in wurtzite-structure ZnO with increasing
Co concentration. This result is similar to the previous report by Kumar et al. [50]. A slow
linear variation in the degree of distortion can be attributed to the small difference in the
ionic radii between the substitution of the Zn2+ (0.60 Å) by Co2+ (0.58 Å) [51], which results
in a contraction in the cell parameter (c) and a slight elongation in (a). The line with a
negative slope represents a decrease in the c/a ratio variation of the cation–anion bond
length to Co ions, thereby showing that the c/a ratio of the hexagonal structure decreases
with the corresponding increase of Co concentration. This results in the development of
a tolerable tensile stress in the sample, thereby leading to an improvement of the ionic
character in X–O bonding (X = Zn, Co) with Co doping.

Note that in the Co solubility limits, the XRD results confirm a single-phase with
a space group P63mc. Similar results were observed by Mesquita et al. [52], where the
appearance of a CoO phase was detected for Co concentrations higher than 25%. The PAC
and XRD results support the presence of a CoO–rock salt phase. However, we did not
obtain specific information about the spinel–Co3O4 phase. Nevertheless, it is essential
not to identify phases observed in XRD, using the fractions ( f1, f2, f3) observed by PAC
spectroscopy, because the fractions of 111Cd are dependent on the chemical and physical
affinity of the probe nuclei with the crystalline environment. As a result, we can have a
phase that is barely observed in XRD but with a high fraction of probe nuclei or vice versa.
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In Figure 5, we show the hyperfine parameters of the samples obtained from the PAC
spectra for various Co concentrations. The small values of η and δ (frequency distribution
parameters) and λ (parameter indicating the presence of dynamic interactions) in these
data indicate that the probe nuclei at the substitutional Zn sites have high axial symmetry,
a narrow frequency distribution, and a small dynamic interaction. However, as shown in
Figure 5a,b, as the cobalt concentrations increased, νQ and η increased, thereby indicating
a possible shift from the hexagonal structure of the ZnO lattice in the near-neighbor
environment of the 111Cd atoms. The quadrupole frequency (νQ) changed very little from
pure to 3% Co-doped samples, with both falling below 32 MHz, as shown in Figure 5a. This
finding suggests that, although the asymmetry (ηpure ≲ ηdoped) changed slightly, the probe
nuclei 111Cd did not interact with the dopant, and, thus, doped ZnO below 3% behaved
like a pure sample. A small increase in νQ was observed for 3% to 20% Co, where it reached
an almost saturation frequency around 33 MHz. This increase, along with the increase
in η, is attributed to the presence of Co dopants in the vicinity of the probe nuclei, and it
saturates for Co concentrations greater than 20% due to the formation of cobalt oxide
clusters, as observed by XRD (see Figure 3 and Ref. [52]).

Figure 5. Dependence on the cobalt concentration of the hyperfine parameters obtained using PAC
data collected at room temperature for samples: (a) quadrupole frequency νQ (MHz); (b) asymmetry
parameter η; (c) frequency distribution parameter δ (%); and (d) dynamic interaction λ (MHz).

3.2. Ab Initio Results: EFG Predictions and DOS Calculations

According to the methodology proposed for the Co solubility effects in ZnO within
the SDFT scheme, we present a systematic analysis of the EFGs of Zn-Cd substitutional
sites, as well as the electronic density of states (DOS) composition of the supercells. Table 1
shows the EFG predictions of the ZnO-Cd and ZnO-Cd-Co supercells.



Crystals 2024, 14, 51 9 of 15

Table 1. Predicted EFG component Vzz (in 1021 Vm−2) at Cd probe in supercells of ZnO, thereby
considering three- and one-charge states for representations of undoped and Co-doped ZnO samples,
respectively. The EFG experimental results reported in this work and Ref. [24] are included for
comparison purposes.

EFG XC-LDA XC-PBE XC-WC

[ZnO-Cd]1−

Vzz 1.31
η 0

[ZnO-Cd]1+

Vzz 1.07
η 0

[ZnO-Cd]0

Vzz 1.43 1.15 1.68
η 0 0.14 0

[ZnO-Cd-Co]0

Vzz 1.55 1.12 1.81
η 0.62 0.15 0.29

EFG exp. data: Pure ZnO Vzz ≃ 1.99 η ≃ 0
Pure ZnO [24] Vzz ≃ 1.93 η ≃ 0
20% Co in ZnO Vzz ≃ 1.99 η ≃ 0
40% Co in ZnO Vzz ≃ 1.25 η ≃ 0.28

We started considering a first scenario without the Co doping, i.e., one Zn atom was
replaced by one Cd “probe” atom in the supercell. For this, we simulated supercells assum-
ing a “neutral charge state” by adding and removing electrons. The APW+lo predictions
show that in the neutral supercells for the three XC functionals the EFG’s computation were
very similar to each other and to the experimental EFG results of this paper (Figure 1a,b)
and those of Mercurio et al. [24]. It is interesting to note that there was no systematic
relation between the impurity valence and the Vzz, because when we compared the Vzz in
the neutral supercell with respect to the charged supercells, a less accurate prediction of the
Vzz values was obtained; thus, the Vzz in the neutral supercell had the best agreement with
experimental measurements. It can be inferred that in the experiments the real charge state
of the Cd in the ZnO samples is 2+. Also, this was demonstrated in a dynamic hyperfine
interactions study [31] where the Cd impurity decayed to the final neutral charge state
(Cd2+) in pure ZnO.

We then considered the second scenario where the Co solubility effects were included,
wherein we replaced one Zn atom of the structure with Co; for a neutral charge state,
there was no significant change in the EFG tensors between the ZnO-Cd and ZnO-Cd-Co
supercells (see Table 1): The Vzz computation varied subtly, while the symmetry the EFG
tensors (η) was practically the same for all functionals except the LDA. As can be seen
in angular correlation patterns in the PAC spectra, a low asymmetry parameter (η ∼0.1)
was observed, and our predictions corroborate that this is associated with the Co impurities
that induce a small local geometrical distortion in the host lattice.

In general, the EFG calculations for ZnO-Cd-Co supercell agree with previous exper-
imental results of PAC [24] and photoemission spectroscopy [27] for a wide range of Co
doping in ZnO, where Vzz has been shown to be practically unchanged. Indeed, we built
the ZnO supercell using two dopants (second-shell atoms) as the first cationic neighbors.
Cadmium and cobalt additions in the supercell resulted in a broken symmetry leading
to only one symmetry operation. Then, from a symmetry perspective, replacing any Zn
atoms with Co is equal, meaning that the doping at the second neighborhood of cadmium
can be accomplished with (i) one Co atom in a different position of the Zn or (ii) two or
more Co atoms at Zn sites. This is because all zinc atoms that are second neighbors of
cadmium have the same point group. Furthermore, the result would remain the same even
if (iii) at the Cd fourth neighborhood, there were one or more Co atoms; the supercell’s
space group would not change. As is well known, the hyperfine interaction parameters are
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very sensitive to the local surroundings and the EFG tensors decrease with the cube of the
distance of the charges from the nucleus. Thus, taking these two concepts into account, we
did not simulate the (ii) and (iii) scenarios because our experimental systems had several
Co concentrations, and the Cd EFG values for those samples were, in general, independent
of the Co doping up to 20%—above which the CoxOy and ZnO separation occurs.

After the explanations about the EFG in this work, we gave more confidence to
this Ab initio study through the analysis of the DOS compositions (Figures 6 and 7) for
understanding how the impurity levels of Cd and Co ions affect the band structure of the
ZnO as follows.

Upon analyzing the results, it is possible to observe that the introduction of Cd in pure
ZnO (Figure 6) generates a sharp peak that is spatially confined between the energies of
−6 to −7 eV, where the valence band (according to the (a) and (b) insets in the Figure 6),
moves directly above the Fermi level, thereby decreasing the gap from 2.2 eV to 1.0 eV
and following a general trend of narrowing the band gap already reported in experimental
and Ab initio studies of Cd doped in ZnO [30,53,54]. This theoretical approach was
also validated by comparing our predictions with GGA+U calculations [55], in which the
authors introduced the U potential to improve the gap prediction in ZnO supercells with Cd
doping concentrations ranging from 2–25% and in a similar way as observed in this paper;
the impurity level did not significantly change the band structure of the system, thereby
showing DOS curves of the same shape and thus preserving the semiconductor character.

Proceeding with the analysis, we present the DOS graphs obtained from the ZnO-
Cd-Co supercell (Figure 7); a half-metallic behavior can be noted that suppressed the
gap that was once observed in the DOS composition (Figure 6) for the ZnO and ZnO-
Cd calculations. In the meantime, previous works in photoemission spectroscopy [27]
and LDA+U calculations [34] demonstrated that ZnO impurified by cobalt remained a
semiconductor just like pure ZnO (for a more detailed discussion, (see Supplementary
Materials). In the inset (a) of Figure 7, we can see that the DOS contributions of Cd (red
line) and Co (green line) are small in the energy range, which corresponds to the band
characteristic of the pure ZnO. By means of this inset image, it becomes clear that around
the Fermi level the valence band (VB) top and conduction band (CB) bottom are dominated
by the impurity levels of Cd and Co ions (which are partially filled) coexisting on the same
energy range. There is also another interaction band between Cd and Co; it is defined at
−8.5 eV, which is exactly at the main impurity level of the Cd in DOS. Since these impurity
levels are completely hybridized with the levels corresponding to the ZnO crystal matrix,
the Cd ion “sees” its Co dopant neighbor, whose most important interaction between them
occurs in the characteristic band of ZnO (responsible for the origin of the EFG), where
the threshold solubility corroborated by the fully hybridized state compositions in the
DOS provide clear proof that the systematic addition of Co slightly alters the electric field
gradient of ZnO and the local environment around the Cd probe, thereby justifying the
slight variation in the EFG reported in this paper.

The Refs. [35,36] show the DOS composition for supercells with larger Co doping
concentrations (above the threshold solubility), where the research focus was aimed mainly
to clarify the Co-Co interactions; however (just like this work), the authors found that
their calculations with LDA presented errors, thereby establishing half-metallic behavior
in ZnO-Co. This is in contrast to what we visualize in the inset (b) of the Figure 7, which
indicates metallic behavior with the same number of electrons for the spins up/down, both
at the Fermi level and in the other bands, thereby implying a magnetic moment equal to
zero for our ZnO-Co supercell. In the meantime, after comparing both our results and those
mentioned, it appears that they do not match the experiment.
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Figure 6. Calculated total DOS and projected DOS of the Cd ion for ZnO-Cd SC predicted by the
GGA-PBE functional. Inset (a): The calculated total DOS of the ZnO UC employed in this work is
included for comparison purposes. Inset (b): The highlighted graph makes it easy to see the curves
in the range −8 to 4 eV. The Fermi level is indicated by the vertical dot line at 0 eV.

Figure 7. Calculated total DOS and projected DOS of the Cd and Co ions for ZnO-Cd-Co SC predicted
by the GGA-PBE functional. Inset (a): The highlighted graph makes it easy to see the curves in the
range −9 to 4 eV. Inset (b): The calculated total DOS of the ZnO-Co SC employed in this work is
included for comparison purposes. The Fermi level is indicated by the vertical dot line at 0 eV.

Here is a caveat regarding the false half-metallic ferromagnetic state of the Co: this
well-known error in band theory prediction is intrinsic to the XC potentials, and our
accurate predictions with respect to the experimental results validate the use of these
standard functionals applied in our simulations, even if in the absence of strongly correlated
methods in XC functionals. When directly treating the electronic correlation in a given
cation site (DFT + U), it is possible to determine the magnetic moment in nonmagnetic
TMO’s impurified by magnetic probes. For example, by employing LDA + U calculations
in ZnO-Co [34], it was possible to obtain the magnetic moment of µCo = 2.8 µB; this value
is reasonable to the experimental µCo in CoO [56]. It is noteworthy, as shown in Figure 7,
that the DOS curves arround the Fermi level for the Co states spins up/down were not
identical, thereby indicating that the ZnO-Cd-Co supercell exhibited a magnetic moment;
the value found was 3.02 µB, thus agreeing very well with Refs. [34,56].
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According to the inset image (a) of Figure 7, the small spin decompensation in the Cd
states that comes from hybridization with OCd-Co present at the top of the VB was not enough
to generate an expressive magnetic moment, which was very close to zero (0.0017 µB); this
explains why we did not predict the HFF transferred from the Cd. In this context, there is
still debate concerning the origin of the ferromagnetic response in DMS [57–61], whereas
Zn and Cd had many similar chemical properties. Our results for the TM-doped ZnO
indicate that about certain circumstances related to the nonextreme environments acting in
the experiment; it can be concluded that the enhanced magnetic response in ZnO through
Co doping still remains unclear. Further studies also are needed to establish a control
mechanism in carrier-mediated versus defect-mediated transport and thus distinguish
between extrinsic and intrinsic defects induced as being due, respectively, to the direct
interaction between the local moments in magnetic impurities and the exchange coupling
between spin carriers and local magnetic moments.

4. Conclusions

Through Ab initio calculations and PAC spectroscopy, we have showed that the
EFG is a great monitoring tool for mapping of the threshold Co solubility in ZnO. In our
PAC measurements, Co-doped ZnO samples showed a single phase ZnO structure with
up to 20% Co concentration, as corroborated by XRD. Above this concentration, X-ray
results confirmed the occurrence of the segregation of ZnO/CoO/Co3O4 phases, while
PAC showed strong distortions and a damping in the spectra. For ZnO with 40% Co, we
obtained through the PAC technique weak evidence of Co3O4 due to the low fraction of
this phase.

By means of SDFT calculations using APW+lo methodology, it was possible to obtain
a prediction of the electronic structure of ZnO focusing on the EFG computation and
DOS composition. The systematic supercell modeling was made according to the need of
representation of the PAC experiments; therefore, the study of ZnO doped by Co and/or
Cd was done by modeling ZnO crystals with a single dopant and double doping (Cd and
Co being neighbors). Thus, using three XC functionals, we observed that the EFG values in
the two systems with Cd (ZnO-Cd and ZnO-Cd-Co) were equivalent to the experimental
results on the undoped and Co-doped ZnO samples. The presence of Cd radically did not
change the DOS of pure ZnO, and, thus, the ZnO-Cd system remains as semiconducting.
Nevertheless, when one Co is added (ZnO-Co and ZnO-Cd-Co), there is a modification
in the electron energy levels that yields a half-metallic behavior, but due to the complete
hybridization of the Co states with the characteristic band of the ZnO, this does not generate
expressive changes in the EFG tensor (Vzz), thereby predicting within the threshold Co
solubility an axially symmetric Cd site (η = 0) and asymmetrical Cd site (η ̸= 0) and
containing distortions as a consequence of Co doping above the solubility threshold, thus
corroborating experimental results.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cryst14010051/s1, Figure S1: Calculated projected DOS on some
ions for ZnO-Cd-Co SC. Figure S2: Calculated total DOS and projected DOS of the Cd and Co ions
for ZnO UC. Figure S3: Calculated projected DOS of the Zn-3d states and O-2p states for ZnO UC.
References [18,62–64] are cited in the Supplementary Materials.
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