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Cd implantation in «-Mo0O3: An atomic scale study
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Lamellar «-MoO; crystals were implanted with low fluence of radioactive '''™Cd ions at ISOLDE-CERN.
Subsequently, we have probed the interaction of the Cd impurity in the lattice with native point defects, such
as oxygen vacancies, as a function of annealing temperature using the time differential perturbed angular
correlations nanoscopic technique. The experimental data were complemented and interpreted by modeling
different Cd-defect configurations in «-MoO; with first-principles density functional theory (DFT). The agree-
ment between experiments and DFT simulations shows that only the interstitial Cd (Cd,) prevails in the van
der Waals gap, by inducing a polaron effect. Upon raising the annealing temperature, Cd, is able to trap hole
charge carriers resultant from the oxygen vacancies V. Oxygen vacancies were found to form most commonly
at two-fold coordinated (O2) atoms. According to comparison DFT results with the experimental electric field
gradient values (V,, and 1) and the calculated formation energies for different defect complexes, the configuration
of Cd,; with two (02) vacancies (Vo,), located at different planes, is found to be more favorable and stable than
the other defect configurations. The electron-polaron formation around the Cd impurity at an interstitial site is
enhanced by inducing (O2) vacancies with the creation of hole polaron states.

DOI: 10.1103/PhysRevMaterials.7.033603

L. INTRODUCTION polymorphs, the ®-MoO; is the most stable crystal phase at
room temperature (RT) [3,4]. This system exhibits a layered
structure consisting of van der Waals (vdW) interacting sheets
of distorted, edgelike Mo-Og¢ octahedra in which Mo atoms
are bonded to three different types of oxygen atoms at various
distances from 1.67 to 2.33 A [5,6].

Figure 1 shows an artistic representation of the a-MoOj3
lattice structure, from which evidence the distorted octahedra.
There are three nonequivalent oxygen sites associated with the
coordination to the Mo atom: single-coordinated O1, double-
coordinated O2, and triple-coordinated O3. The anisotropy
of the lattice is emphasized by the different types of bonds,
i.e., along the [010] axis the interactions are of vdW type,
while the bonds along the [100] and [001] axes are of the
covalent type [6]. The vdW gap is the most important feature
of this structure since it allows easy intercalation of atoms or

MoO3 belongs to the family of two-dimensional (2D) inor-
ganic materials with increasing attention due to the wide range
of distinct properties leading to several applications, particu-
larly in electronics, catalysis, and sensors [1,2]. The MoO3
system has been found to crystallize in different structural
phases including the orthorhombic phase «-MoOj; the mon-
oclinic phase $-MoOs; the high-pressure metastable phase
B°-MoOs; and the hexagonal phase 7-MoO3 [3]. Among these
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accommodation of defects, which play an essential role, for
example, in tuning the wide optical band gap of the semicon-
ductor (2.8-3.2 eV) [5].
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FIG. 1. Artistic plot of the «-MoOj structure identifying the
relevant planes, the nonequivalent oxygen atomic sites, and the in-
terstitial positions of interest. The green, yellow, and red spheres
represent the O3, 02, and O1, respectively.

Due to the specific structural and optical properties of
a-MoOs, the system performs well in a variety of electri-
cal applications such as solar cells [7], catalysis [8], gas
sensing [9,10], field emission [11], lithium-ion batteries [12],
photochromic and electrochromic devices [13], and ultravi-
olet photodetectors [14]. So far, the literature has pointed
out [15-17] that some intrinsic point defects, such as oxygen
vacancies, can be form in the MoOjs lattice simply by varying
the synthesis conditions; these include annealing, controlling
the oxygen partial pressure, etc.

Previously, it was reported that the reduction of the optical
band gap is due to the incorporation of metal ions or oxygen
vacancies into «-MoOjs lattice [18]. In the case of oxygen
vacancies, free electrons are released from the vacancies [19].
The excess electrons may either be located as electron pairs
at the anion sites or, if separated, may be located at the sur-
rounding cations, resulting in the formation of two Mo>*. In
the other cases, these excess electrons can form delocalized
states around a group of cations. It has been observed that
the Mo’" charge state appears in the photoemission spectra
at low concentrations of oxygen vacancies, and the Mo*"
charge state appears at higher concentrations of oxygen va-
cancies [20,21]. On the other hand, oxygen vacancies can act
as shallow donors, thereby increasing the carrier concentra-
tion that causes intervalence charge transfer between localized
neighboring sites acting as self-trapping sites, similar to what
is expected from polaron behavior. These charge transfers
can occur either along Mo’ "-Mo®", or Mo’ *-O-Mo®*, or
0?~-Mo®* [17]. In addition, the formation of oxygen vacan-
cies can increase the interlayer spacing, which can potentially
lead to improved electrochemical performance [16].

So far, several methods have been applied to tune the
conductivity of MoOjs. These methods include mechanical
strain, UV irradiation, or thermal treatments under low oxy-
gen partial pressures, which influence the crystal morphology
of MoOs, inducing oxygen deficiency and thus leading to
stoichiometry changes of MoO;_, [22]. Although the re-
sistivity of intrinsic «-MoQj is generally very high, it has
been reported [23] that the hole mobility of intrinsic bulk

a-MoOs is predicted to be relatively high with the range of
2000 cm?/(V s) for the case of nonstrain condition. This
result was obtained by employing deformation potential the-
ory based on DFT calculations. This feature is because the
transition metal Mo atoms in «-MoO; have multiple va-
lence states, enabling these to act as a hole transport layer
in polymer solar cells (PSCs) and an organic light-emitting
diode (OLED) [24,25]. To overcome the high resistivity of
intrinsic «-MoO3, doping with different cations, such as
In ions, has been proposed to improve hole concentration
and conductivity [26]. In another application, sensors based
on Cd-doped o-MoOs; nanobelts have revealed a high re-
sponse to H,S and low cross sensitivity to other reducing
gases, with the improvement in sensor properties attributed
to the modification of intrinsic defects, as demonstrated by
photoluminescence (PL) spectroscopy, Raman and x-ray pho-
toelectron spectroscopy (XPS) measurements [10]. Yet, from
other studies [27] it was shown that the use of Fe ions as
dopants in «-MoO;3; nanoribbons can create a potential for
use in gas sensors with excellent hydrogen gas sensing prop-
erties at room temperature (RT). Moreover, in the literature
source of Ref. [27], the presence of Fe’* in the sample was
observed from the XPS spectra, indicating the formation of
oxygen vacancies. The presence of Fe’* was also observed
by emission Mossbauer experiments performed on the same
batch of samples using >’Mn/>Fe as probe nuclei [28]. Fi-
nally, «-MoO3; samples normally show low luminescence
emission efficiency [29]; however, stable room-temperature
PL has been achieved in «-MoOs crystals by ion implantation
doping with Er and Eu [30]. It has been reported that doping
a-MoOj3 with rare-earth ions is particularly advantageous for
applications of this oxide in organic solar cells [31].

To study the nanoscopic phenomena in «-MoO; lamellar
crystals, with oxygen vacancies, and their interaction with
metal impurities, we applied the time differential perturbed
angular correlation (TD-PAC), nuclear hyperfine radioactive
technique using the ''"™Cd/"''Cd probe isotope. TD-PAC
allows one to measure the hyperfine interaction at probes,
which are radioactive ions implanted in the structures to be
analyzed. We can therefore obtain local information on an
atomic scale regarding the electronic charge density [electric
field gradient (EFG)] or polarization (hyperfine magnetic field
B). The experimental data are complemented by employing
density functional theory (DFT) simulations, to support the
interpretation of the experimental data.

II. METHODS

A. TD-PAC method

The time differential PAC technique is widely used in
materials science to study the local nanoscopic electronic en-
vironment of a probe element since it accurately measures the
EFGs and/or magnetic fields interacting with the quadrupole
and/or magnetic moments of the nuclei of the probe. TD-
PAC measures nuclear hyperfine interactions as the nuclear
magnetic resonance (NMR) or the emission Mossbauer spec-
troscopy (eMs) techniques, but the quality of the observation
is temperature independent and a larger number of (radioac-
tive) probe elements are available [32—34]. Online production
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FIG. 2. Artistic representation of the TD-PAC experimental con-
cept (left) and of the TD-PAC data observable (right).

of radioactive isotopes at ISOLDE-CERN [35] allows to find
probe element/isotopes with suitable decay cascades, nuclear
moments, lifetimes > 2 ns and spin > %, which can be
applied with the TD-PAC technique. Differently from NMR,
the alignment of the nuclear probing state occurs via a decay
cascade where the detection of the first gamma selects a set
of aligned spins which is redistributed as a function of time
in a characteristic way, by the nuclei external charge field
distribution [36]. Thus, the generation of a set of aligned
nuclei spins is an essential part of the measurement process,
and differently from NMR and Mdossbauer spectroscopy, this
technique works over a wide temperature range from 1 to
2000 K.

In this work, the ''"™Cd/"'Cd (T;/, = 48 min) TD-PAC
probe is used. The EFG induced by the surrounding charge
distribution modulates the half-life histogram of the 245.4-
keV intermediate state, which is characterized by 84.5 ns
half-life and a spin I = —I—%. Figure 2 schematically describes
the '''™Cd decay cascade and the TD-PAC measurement ob-
servable. The experimental setup of the TD-PAC spectrometer
consists of an array of 6-y detectors mounted on the sides of
a cube pointing to the center where the sample is fixed. Thirty
y1 (150.8 keV) vs y» (245.4 keV) coincidence exponential
time histograms y; (0, t), k = 1-30, from detector pairs with
relative angles 6 = 180° (k = 6) and 8 =90° (k = 24) are
recorded [37].

In Fig. 2, the systematic errors and the half-life exponential
component that is common for all spectra are eliminated by
constructing the experimental ratio function R(z), which has
the form given by Eq. (1):

TSN, 800, 0 — T2 Nooe. 1)
{/1‘[? N;(180°, 1) + 2 2T Ni(90°, 1)
= A Gxn(t). (1)

R(t) =2

The Ni—;orj (0,1) are the xx(6,t) experimental spectra
after removal of the time-independent chance coincidences
background and after time shift synchronization to reveal the
perturbation function G, (¢). The histogram N (0, t) spectra
are the convolution of the time resolution function of each pair
of detectors with the time decay exponential, characteristic of
the half-life of the probing intermediate state of the gamma-
ray cascade. For each of the 30 spectra, a fit is performed
to determine the experimental time resolution and the real
number channel Ny(k) corresponding to the time = O between
the detection of y; and ;.

Ny(k) is always behind the channel with the maximum
of the convoluted exponential, on a zone with a stiff slope
that leads to easy uncertainties of time-zero determination.
Consequently, the first points of the R(¢) function, close to
t = 0, are of poor quality and were not considered for fitting.
Once the Ny(k) numbers are determined the Ny (6, t) spectra
will be time shifted to a common initial channel corresponding
to t+ = 0 using a simple interpolation method.

R(t) emphasizes, first, the effective amplitude of the angu-
lar correlation Ay, which is determined solely by the nuclear
cascade characteristics and the solid angle efficiencies of the
detector. Second, G»,(¢) reveals the reorientation of the nu-
clear spin in the presence of the local fields of the material.
For a purely magnetic interaction, G (¢) describes the Larmor
spin precession with a frequency proportional to the product
of the nuclear state magnetic moment by the magnetic local
hyperfine field.

Equation (2) defines the theoretical function Rg(¢) by
which the parameters are fitted to the experimental R(¢) func-
tion. For each angle between detectors, 8 = 180°, 90°, the
angular correlation functions W (6, ¢t) are calculated numer-
ically by taking into account the full Hamiltonian for the
nuclear quadrupole hyperfine interaction [38]. Therefore,

@)

Re(t) = 2 ( W (180°,¢) — W(90°, t) )

W (180°,¢) +2W (90°, t)

In our case of the pure nuclear quadrupole interactions, there
are three observable frequencies for spin %: these are w; <
wr, w3 = w; + w, that provide the signature of the EFG
interacting with the nucleus quadrupole moment, due to a
specific charge distribution of the respective surroundings.
From these values, the quadrupole frequency wg = eQV ./
[41(2I-1)A] or its spin-independent version vg = eQV . /h and
the asymmetry parameter n = (Vy,-V,,)/V., are extracted. The
V.. is defined as the “principal” component of the diagonalized
EFG tensor chosen according to |V..| > |V)y| > |Vi,| and the
absolute value of V, can be measured by TD-PAC. When n =
0, the observable w; frequency becomes equal to w, defined
as wy = 6wy for half-integer spin or wy = 3wy for integer
spin. The observation w;, w;, w3 frequencies depend on wy
and 7 as described in Ref. [36]. We consider the quadrupole
moment to be Q = 0.664(7)b, as reported in Ref. [39], for the
intermediate state of '''Cd.

In the case of interactions with randomly distributed de-
fects, a distribution of frequencies is observed that broadens
the frequency spectrum and attenuates R(z) as a function of
time. In this work the distributions around a central vg value
are only assumed as Lorentzia type for fitting purposes. Their
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width is characterized by 0 = FWHM/2 that depends on the
density and variety of the lattice defects [40].

B. Sample preparation

MoO; lamellar crystals were grown by the evaporation
solidification method described in detail in Refs. [5,30]. A
disk of compacted Mo powder was placed at the center of a
horizontal tube furnace at a temperature of 750 °C for 10 h,
under 2 1/min airflow. The heating of the disk promotes the
oxidation of Mo by direct contact with the oxygen from the
air. Lamellar MoOj crystals then grow at the cooler ends
of the tube, where the temperature is about 400°C—450°C.
From the batch of selected crystals, the majority, ~70%, had
2-4 um of thickness [30], and the remaining were thicker
and larger crystallites, up to 100 um of thickness, with an
approximate area of 2 x 5 mm?. The reason to choose large
sized crystallites was for easy handling. These lamellar crys-
tals have a surface orientation of [010], as determined by XRD
measurements [5], showing the lower growth rate along the
[010] compared to the perpendicular directions, and consistent
with previous studies [41,42]. The selected batch of crystals
was separated into several groups, each containing one or two
larger crystallites. Each group of crystallites was carefully
fixed in different positions of the sample holder with clamps
and mounted inside the implantation vacuum chamber. The
mmCd/ M d with half-life time around Tj ,2 =48 min was
produced online from a molten tin target with a plasma ion
source at the ISOLDE/CERN facility and implanted at RT
with 30-keV energy and low fluences of 5 x 10'! at/cm?.
Due to the short lifetime of "''™Cd, we carried out an in-
dependent cycle of implantation for each measurement. The
post-implantation annealing step was kept at a relatively short
10-min time interval and the TD-PAC measurement was per-
formed for each group of samples and each measurement,
which takes about 3 h to complete. Subsequently to the im-
plantation, the MoOj3; samples were removed from the clamps
to be first annealed under air. On the first cycle of experiments,
dedicated to studying the recovery of implantation defects, the
TD-PAC measurements were performed in a 6 BaF, detector
analog spectrometer as described in Ref. [37] at RT after
annealing at 300 °C and 320 °C. On the second cycle of ex-
periments, the TD-PAC measurements were performed under
air, as a function of temperature between RT and 300 °C, for
samples that were previously annealed at 450 °C.

C. Density functional theory

The Vienna ab initio simulation package (VASP) code [43]
was employed to perform initial structural relaxations and also
to calculate formation energies of the supercells and the par-
tial charge densities by using the lattice constants optimized
with the WIEN2K code. The projector augmented wave (PAW)
scheme was considered with the following configurations:
Mo[4p%4d°5s'], O[2s?2p*], and Cd[4d'%5s?]. Convergence
of the total energy was achieved with a plane-wave kinetic-
energy cutoff of 500 eV. The generalized-gradient approxi-
mation (GGA) functional with the Perdew-Burke-Ernzerhof
parametrization [44] was used for all the calculations. The
rotationally invariant DFT 4 U approach, introduced by

TABLE 1. Lattice parameters calculated with different XC
functions. The quoted % refers to relative deviations from the ex-
perimental values [51].

XC functional ad)y % A B A B
PBE 395 —034 1381 —033 3.68 —034
LDA 400 099 1399 099 373 099
PBE-D3(BJ) 398 033 1390 033 371 031
Expt. [51] 3.96 13.86 3.70

Liechtenstein et al. [45], was utilized to account for the on-
site Coulomb interactions of the d Mo states, by considering
an effective Hubbard potential of Uy = U —J = 6 eV. The
value of U, is considered from the article of Ding et al. [46].
These authors concluded that the obtained results by resorting
to the value of Uy = 6 was in good agreement with the atomic
geometries obtained by the hybrid HSE06 method. The long-
range vdW interactions for all systems were described in the
context of dispersion corrections using the Becke and Johnson
damping function DFT-D3(BJ) [47,48]. The Brillouin-zone
(BZ) was sampled with a 12 x 2 x 8 Monkhorst-Pack k-point
mesh for the unit cell [49]. The convergence criterion was con-
sidered when the Hellmann Feynman forces where less than
0.01eV/A per atom. To perform the supercell calculations, a
cell size of 3 x 1 x 2 was used with a reduced k-point mesh
of 4 x 2 x 4.

The full potential linearized augmented plane wave (FP-
LAPW) method as implemented in the WIEN2K code [50],
was employed for optimizing the structural lattice parameters
of the cell and to compute the hyperfine parameters (V,,,
and the axial asymmetry 1 parameters). As an all-electron
method, WIEN2K has proven to be a benchmark for calculating
hyperfine parameters. Therefore, we have chosen this code for
a more accurate interpretation of the experimental TD-PAC
data. In this calculation, the cutoff parameter Ryt X Kvax,
which controls the size of the basis set, is set to 8.0. A mesh
of (6 x 3 x 3) k points in the irreducible part of the first Bril-
louin zone (BZ) was applied to the self-consistent total energy
calculation. The radii of the muffin-tin atomic spheres of Cd,
Mo, and O are set to 1.99, 1.65, and 1.42 a.u., respectively.
In addition, the energy value of —8 Ry is set as the boundary
separating the core electron states and valence electron states.

The volume optimization on the pristine unit cell was
performed by considering the dispersion corrections so that
the interlayer distances could be more accurately described.
Knowing that the room-temperature experimental lattice con-
stants are @ = 3.96 A, b = 13.85 A, and ¢ = 3.69 A for the
a-MoOj3 with Pbnm space group [51], we have performed vol-
ume relaxations by employing different exchange-correlation
(XC) functionals in order to confirm the best suited method
to describe the system (Table I). In Table I, we note that the
optimized lattice constants agree well with the experimental
«-MoOQs lattice constants [51] when the effect of long-range
dispersion forces is taken into account.

Since the framework of DFT does not take temperature
effects into account, the experimental «-MoOj3 lattice param-
eters at room temperature were used for the systems with
different defect complexes to allow for a more comparable
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FIG. 3. Left: the R(t) TD-PAC observable (black points) with the respective fit (red line) as a function of time. Right: the respective Fourier
transforms. The blue lines in the Fourier spectra mark the triplets of observable frequencies characteristic of every EFG. The experimental
points result from merging similar data obtained with two implanted samples that were annealed at 300 °C and 320 °C, respectively. The

measurement was performed at RT.

interpretation of the results with experimental data. The in-
ternal parameters were then relaxed by force optimization to
a threshold value below 1 mRy/A. The best set of internal
lattice parameters was used as a starting point for the calcula-
tions upon searching for the EFG signatures characteristic of
specific nanoscopic configurations of the cell, as revealed by
the TD-PAC experiments.

III. RESULTS

A. TD-PAC experiments

Figures 3 and 4 present the TD-PAC results measured at
RT and at RT to higher temperatures, respectively. In the
mentioned figures, the R(¢) experimental observable and the
corresponding best fit functions are plotted as a function of
time (left), and the corresponding (real part) Fourier transform
is shown on the right. The conditions of the measurements are
indicated on each set of figures, where the fits are also de-
scribed. The notation EFGi, i = 1-6, refers to different EFGs
calculated using the hyperfine parameters which are obtained
from the fit. EFGd characterizes a broad EFG distribution
that generally characterizes a set of '''Cd probe atoms in
highly disturbed environments. In the Fourier diagrams of
each EFGi, we highlight the triplet of characteristic frequen-
cies with an abbreviated Ei notation for graphical simplicity.
Table II and the first row of Table III show the fitting re-
sults of the TD-PAC spectra measured at RT and annealed
at 310 £ 10°C and 450 °C, respectively. Although visual in-
spection of the plot reveals that annealing at 450 °C produces
more defined spectra, the values of the hyperfine parameters
show that the broadly distributed interaction (EFGd) in the
450 °C annealed spectrum is not only better defined, but also
the fit was performed with only one additional well-defined in-
teraction (EFG4), while the spectrum for the sample annealed
at 310 = 10°C was fitted with three additional well-defined
interactions (EFG1, EFG2, and EFG3).

Figure 3 shows the R(¢) data taken for the measurement
at room temperature, TM = RT, with fitting analysis and
corresponding Fourier transform of a spectrum obtained by
merging data collected after implantation and subsequent an-
nealing at the temperature of TA = 300 °C and TA = 320°C,
10 min, in air with similar characteristics. Both spectra are

very similar and this procedure enables the improvement of
the measurement statistics, which is low due to the short
lifetime of the '''™Cd/!!''Cd probe isotope. Table II contains
the corresponding fitting parameters obtained for each EFG
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FIG. 4. Left: the R() TD-PAC observable (black points) with the
corresponding fit (red line) as a function of time. Right: the respective
Fourier transforms. The blue continuous lines at the Fourier spectra
highlight the triplets of the observable frequencies characteristic of
every EFG. The figure shows data of implanted samples that were
subsequently annealed in air for 10 min at 450 °C. The measurements
were then performed at 24 °C, 100°C, 120°C, 200°C, and 300°C.
Similar results were obtained at 100 °C and 120 °C and the data were
merged on a single spectrum.
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TABLE II. The fit parameters vy, 7, |V,;|, o are obtained for merged R(¢) data obtained from implanted samples after annealing at 300 °C
and 320 °C, with measurements performed at RT. The sign of V,, is not determined by TD-PAC.

TA=310 £ 10°C, TM=RT

vo (MHz) n V.| (V/A?) o (MHz) %
EFG1 54.9(6) 0.40(4) 34.2(5) 0 12(2)
EFG2 108.6(1.0) 0.19(3) 68(1) 5(1) 26(3)
EFG3 313(1) 0.32(1) 195(2) 2(1) 13(2)
EFGd 234.7(9.5) 0.33(6) 146(6) 52(2) 48(5)

component included in the fitting function. We emphasize
three aspects: (a) an important fraction f; ~ 50% of Cd probes
resides in highly disturbed environments, and is character-
ized by a broad frequency distribution (~40%), most likely
due to unrecovered implantation defects; (b) a clear EFG 2
accounting for f, ~ 26% of the Cd probes is found in a regu-
lar, well-defined environment; and (c) the presence of smaller
fractions fj, f3, may suggest the Cd probe atoms interacting
with different local environments. Although the inclusion of
EFG1 and EFG3 improves the fit, their respective parameters
cannot be uniquely defined within the present statistics since
different combinations of vy and 7 could lead to similar
quality fits. Figure 4 shows the R(¢) data with fit analysis
and respective Fourier transform of spectra obtained from
samples after implantation and annealing at 450 °C, during
10 min under atmospheric condition. Respective spectra were
measured at different temperatures, namely, at the tempera-
tures of 24°C, 100°C, 120°C, 200°C, and 300°C. Similar
results were obtained at 100 °C and 120 °C and the data were
merged on a single spectrum identified as 110 °C. Table III
contains the corresponding fit parameters obtained for every
EFG component, which are included in the fitting function of
each spectrum. There is a relevant effect in the TD-PAC spec-
tra, when the post-implant annealing temperature has been
increased from 300 °C to 450 °C. This is emphasized by the
fact that a main EFG4 is now clearly revealed throughout all
spectra. Increasing the temperature certainly plays an impor-
tant role in annealing implantation defects and promoting Cd
to a well-defined site/defect complex. Such a feature can be

TABLE III. The fit parameters vy, 1,

V.

Z

observed from the temperature dependence of the main EFG
parameters (EFG4), V,, and 5 in Table III. The decrease of
V.. and the increase of the axial symmetry parameter n as
a function of temperature strongly suggests that Cd sits on
a site with specific environment that is particularly sensitive
to temperature; this leads to a more asymmetric local charge
distribution at high temperature.

The spectra obtained at 24 °C, 110(10) °C, and 300 °C still
show, in addition to EFG4, the presence of important con-
tributions from Cd probes in highly disturbed environments
characterized by wide EFGd distributions with high o val-
ues. This fraction f; is reduced for measurements performed
at higher temperatures, suggesting that additional annealing
occurs during the measurement. At the same time, the fit
provides evidence of additional small fractions of probes char-
acterized by new EFG5 and EFG6. Such behavior, occurring
as a function of measurement temperature up to 300 °C, leads
us to suggest that the 10-min annealing time at 450 °C might
be too short for complete recovery of the implantation defects
and the stabilization of the Cd-defects configuration. Similar
conclusions have been drawn for the optical activation of
rare-earth ions in MoO3 where 30-s rapid thermal annealing
at 550 °C proved less efficient than 4-h conventional annealing
at 450°C [52].

Since each TD-PAC measurement takes about 3 h, the
final spectrum contains a cumulative effect of two fac-
tors: (1) the first annealing step at higher temperature
(TA) and (2) the lower acquisition measurement tempera-
ture (TM) (and annealing temperature) during an extended

, o are obtained for merged R(¢) data obtained from implanted samples after annealing at 450 °C,

with measurements performed at 24 °C, 100 °C, 120 °C, 200 °C, and 300 °C. The sign of V,, is not determined by TD-PAC.

TA=450°C

vo (MHz) n V.| (V/A2) o (MHz) % T™ (°C)
EFG4 261.6(4) 0.484(4) 163(1) 1 37(3) 24
EFGd 225(2) 0.43(3) 140(2) 39(5) 63(5)
EFG4 258.7(1) 0.505(6) 161(1) 1.4(2) 27(1) 110(10)
EFGd 288.6(7.0) 0 180(5) 68(7) 73(2)
EFG2 111.5(1.1) 0.25(3) 69.4(7) -0 12(2) 200
EFG4 255.0(3) 0.575(2) 159(1) 2.90(4) 63(3)
EFG5 494(1) 0.488(4) 308(2) 1.6(9) 19(2)
EFG4 244.0(6) 0.664(9) 152(1) 5.6(6) 50(6) 300
EFG5 493(1) 0.489(5) 307(2) 02) 9(3)
EFG6 158.3(5) 0.76(2) 98.6(8) -0 11(1)
EFGd 115(19) 0.2(1) 72(11) 46(10) 31(6)
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FIG. 5. Structure of Cd-doped «-MoQO; with a nominal concentration of 4.16% [Cd] in substitutional site (left) and interstitial site (right).

3-h time, leading to the identification of several Cd local
environments in the a-MoO; lattice, which are due to the
formation of different Cd-defect complexes. The analysis of
the experimental results, as well as the detail regarding the
local crystalline environment of Cd under the influence of
augmenting the annealing and measurement temperature, will
be further discussed in the next section, with support from
DFT simulations.

B. DFT results and discussion
1. Stability of the Cd ion in a-MoQj lattice

After '''"™Cd implantation and annealing of the @-MoOj
samples, the persistence of a multitude of different EFG
signatures, resulting from the TD-PAC data, indicates that
Cd interacts with point defects that are most likely oxygen
vacancies. To describe and analyze the experimental results
in detail, we have performed DFT simulations of «¢-MoQOj3
doped with Cd, for a variety Cd sites and configurations of
Cd with oxygen defect complexes. For these calculations,
we used the DFT4U Hubbard model to handle the strongly
correlated d states of Mo, as well as a dispersion corrected
term, DFT+D3(BJ), due to the layered nature of the structure.

Due to the concentrations of implanted Hmedq  which are
of the order of parts per million (PPM), the simulated super-
cells have to be created as large as possible to minimize the
interaction of multiple Cd atoms at periodic supercell images
and to avoid unrealistic doping effects regarding the TD-PAC
experiments. However, the choice of supercells, according to
the experimental concentration, is prohibitively time consum-
ing. Therefore, the size of the supercell is carefully chosen
based on the minimum distance between the Cd ions in peri-
odic supercell images so that their charge distributions do not
overlap.

Figure 5 shows the supercell size of 3 x 1 X 2 (@ X b X
¢ crystalline axes, respectively) chosen for all calculations,
which represents a good compromise between computational
time and EFG convergence and corresponds to a nominal Cd
concentration of about 4.16%. Different Cd-impurity sites in
a-MoOj3 were simulated by considering the substitutional Mo
position (Fig. 5, left), Cdy, the interstitial implantation point
(Fig. 5, right), Cd;, and their interaction with oxygen vacan-

cies. The final position of Cd with or without vacancies in
the lattice was mainly derived by comparing the experimental
EFG values (V,; and n) with those obtained from a variety of
DFT simulations. The calculation of the formation energies
for the final configurations is another step that contributes to
the understanding of the local Cd site and defect formation as
well as their stability.

The formation energy of the Cd, atom at the «-MoO;
lattice site was calculated in the form of [53,54]

Ercas) = E(Mo1_,Cds;03) — E(MoO3)
+ (1 — x)Emo — xEcq, 3

where x = N; /Tyo, With N being the number of substitu-
tional impurities in the supercell and Ty, is the total number
of Mo atoms in the supercell. E(Mo;_4Cds,O3) is the total
energy of the implanted system, E(MoO3) is the total energy
of pristine «-MoQOs; the Ey, and Ecq are the total energies of
Mo in the bulk body-centered-cubic phase and Cd in the bulk
hexagonal-close-packed (hcp) RT phases, normalized to the
total number of atoms of the cells.

In the case of the interstitial Cd atom at «-MoOs3, the
formation energy can be calculated according to the following
equation [55]:

Ercany = E(MoCd,;,03) — E(Mo0O3) — nEcy, 4)

where n is the number of interstitial atoms in the host lattice,
the £(MoCd,;,O3) is the total energy of the «-MoOj; system
with the Cd; impurity.

The calculated formation energies (Er) for substitutional
and interstitial Cd in «-MoO; are presented in Table IV.
With a significantly lower Ep = 1.25 eV, the Cd impurity,
Cd;, located within the vdW gap in the «-MoOj structure,
is shown to be the most energetically stable configuration.
The coordination of the Cd; is found to be in a tetragonally
distorted octahedral, surrounded by oxygen atoms. From this,
we can conclude that Cd prefers to stabilize within the vdW
gap rather than the substitutional or other interstitial sites.
Also, this feature is in agreement with Ref. [56], as they
predict that the interstitial site between two layers is the most
stable, due to sufficient interlayer spacing caused by the weak
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TABLE IV. DFT computed hyperfine parameters V,,,  and total formation energies Er by considering the effect of onsite Coulomb
interaction U, to treat the d states of Mo, and dispersion corrections [DFT-D3(BJ)]. The calculated multiple defect configurations are

tentatively assigned to experimental values.

Method : PBE +U = 6 eV (Mo) Experimental

Configuration V.. (V/A?) n Er (V) EFG
Cd, 45.18 0.950 4.750

Cd, 54.13 0.240 1.250 EFG2
Cdy©s —134.26 0.086 1.124

Cd;vor —71.74 0.354 1.130

VOlaCd, yorp —185.17 0.215 1.053

Cd;vor 190.24 0.373 1.150 EFG 3
vor Cd;von —48.87 0.255 1.046

VOlCd, yor 173.96 0.545 1.041 EFG 4

vdW interactions effect in the Co and Sn co-doped system of
«-MoOs.

Since different EFG signatures appear in the TD-PAC
data measurements, this fact may indicate that Cd interacts
with point defects, which are most likely to be the oxy-
gen vacancies. For this reason, we have considered systems
with different complexes of oxygen vacancies. To calculate
the formation energies of the @-MoOj lattice with these na-
tive defects, MoCd, O3_,, we have considered the following
expression [53,57]:

Ny
Er(cio) = E(MoCd,0;_,) — E(MoCd,03) + 2*“"‘15(02 ).
()

E(MoCd,0;_y) is the total energy of the Cd-doped
«-MoQOj3 with oxygen vacancies, Ny, is the number of oxygen
vacancies per supercell, and E(O;) is the reference energy for
the oxygen molecule at 7 = 0 K. The final total formation
energy of a specific supercell will then be obtained by adding
EFr(cdo) to the formation energies of nondefective system [53].
The VASP code is used to calculate the formation energies
of the vacancy and nonvacancy systems because the calcu-
lated electronic energy for the oxygen molecule is in closer
agreement with experimental values (5.2 eV) [57,58], when
compared with the results from the WIEN2K code.

2. Experimental and DFT electric field gradients

For further interpretation of the experimental results, the
different defect complexes located around the Cd site, that
are most compatible with the experimental EFGs value, are
presented with the following nomenclature:

(1) Cd; with one oxygen vacancy of Ola, V°'3Cd;,

(2) Cd; with one oxygen vacancy of Olb, Cd; yvorp,

(3) Cd; with two O1 vacancies, V°'*Cd; vorp,

(4) Cd; with one O2 vacancy, Cd; yo32,

(5) Cd; with two O2 vacancies in the same plane,
vo2Cds voo,

(6) Cd; with two O2 vacancies in different planes
YO2Cd, yop.

The positions of Ola, Olb, and O2 are shown in Fig. 5.
Table IV lists the calculated values of V,,, 1, and total forma-
tion energies Er of these configurations as well as a tentative
assignment of the EFG signatures obtained from the fit to

the TD-PAC data. By analyzing the formation energies of
the defect complexes, we observed that the configuration of
the Cd; atom, which is surrounded by two O2 vacancies
in different planes (Y©>Cd;yo,) is energetically the most
favorable and is therefore the most stable defect complex
with Er = 1.041 eV. Although the formation energy of other
defect complexes, such as Cd; with two O2 vacancies in the
same plane (y0,Cd; vo2), is in the same range of energies as
Vo2, vo2, but the EFGs signatures of y0,Cd; yop configura-
tions were not observed in the TD-PAC experimental results.
This could be due to the fact that implantation is a nonther-
mal equilibrium process that may favor one defect over the
other. The best way to determine which defect complexes
appear in the sample after implantation of the '''™Cd ion is
by comparing the calculated EFGs (|V,,|, n) with experimental
results. From the combined analysis of the DFT calculations
with TD-PAC measurements at RT (Table II), as shown in
Fig. 6, we may conclude that after implantation and a short
annealing time (10 min) at temperatures of 310(10)°C/air,
the main EFG2 with the values of V.. = 68(1) V/A? and
n = 0.19(3) can be assigned to the single interstitial Cd; site.
For this impurity position, the simulated n = 0.24 is obtained
in reasonable agreement with the experimental value, with a
~20 % difference in the simulated V,. = 54.13 V/A2. This
amount of discrepancy observed in V., may result from the
polaron effect [59] surrounding the Cd ion since the employed
DFT calculations do not account for the phonon-electron cou-
pling. Further discussion of the polaron effect is presented in
Sec. III B 4.

Another configuration found from DFT calculations, which
we consider to be consistent with the experimental EFG3
hyperfine parameters [V,, = 195(2) V/A2 and 5 = 0.32(1)]
is the Cd;yo, single-vacancy defect complex, with Ep =
1.150 eV and with the calculated hyperfine parameters of
V.. = 190.24 V/A? and n = 0.373. When the annealing tem-
perature in the first step is raised to 450°C, a much more
stable defect associated to the Cd impurity occurs, which
is characterized by EFG4 (Table III). From Table IV, and
again by comparing the hyperfine parameters between DFT
and TD-PAC measurements, we assign the EFG4 to the Cd;
stabilized with two O2 vacancies at different layered planes of
a-MoO; (Y92Cd; yo2), which is the most stable configuration
found from DFT. The calculated DFT V,, and 1 values are
173.96 V/A? and 0.545, respectively; whereas the measured
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FIG. 6. Plot of comparison data between the calculated hyper-
fine parameters (|V,.|, n) and experimental results for the different
configuration of Cd in «-MoOs3. The dashed lines and colored lines
are corresponding to the calculated DFT results and the circle points
are corresponding to the experimental results for different config-
urations. The calculated |V,.| and » that could be matched to the
experiments are plotted in color.

experimental V.. and 7 values of EFG4 are 163(1) V/A2 and
0.484(4), respectively.

To estimate the changes in the hyperfine parameters (V,,,
n) of the experimental EFG4 component as a function of
temperature, the configuration of Vorcy, voz 1s simulated
considering the experimental lattice constant obtained for
different temperatures. The values of the lattice constant at
different temperatures are given in Ref. [60]. The calculated
V., and n parameters are plotted in Fig. 7 (left). As we may
observe, by increasing the measurement temperature, the main
parameter of the EFG (V) decreases and the axial symmetry
parameter (n) increases, which is consistent with the experi-
mental results shown in Fig. 7 (right).

n
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E |
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3. Electronic properties: Partial density of states

The partial density of states (PDOS) and partial charge
densities (PCD) around the Fermi energy for pristine «-MoQOj3
are presented in Fig. 8. We may observe from the PDOS
[Fig. 8 (left)] that the valence band maximum (VBM) is
mostly composed of O p states, with all the three inequivalent
O sites, whereas the conduction band minimum (CBM) is
mainly formed by Mo d states, as is common for most existing
oxides. Figure 8 (right) shows the corresponding isosurface of
the charge densities projected around the Fermi energy.

When introducing an interstitial Cd impurity into the lat-
tice, a variation of the density of states occurs. Figure 9 (left)
shows the PDOS of «-MoO;3 with the Cd impurity at the
interstitial position. For this system, we observe a localized
peak consisting mainly of the O2 states, with some mixture of
Mo 4d states, slightly below the Fermi energy, which we infer
it to be the polaron peak. An increase in density is observed
for the O p states when the Cd impurity is considered in the
lattice. The presence of the oxygen and Mo localized states
around the Fermi energy leads to a distribution of charges
mainly over the surrounding Mo sites, as can be seen in
Fig. 9 (right), and when compared to the pristine system.
The increase in charge distribution is due to the release of
electrons between Mo>t and Mo®t, which are the closest
neighbors of the Cd ion, as it is shown in the corresponding
charge densities in Fig. 9 (right). These electrons will become
trapped at the Cd; site, leading to the formation of a small po-
laron effect (see Sec. III B 4 for more details). Since polarons
involve a single trapped excess electron, and the system is
simulated considering spin polarization, the defect level splits
into two spin states (majority and minority). Therefore, the
oxygen peak located within the band gap originates entirely
from the occupied majority spin states. By analyzing the
defect complexes Cd;yo, and Y9>Cd; yoy (Figs. 10 and 11,
respectively), strong variations around the Fermi energy are
observed, when compared to the Cd; system without oxygen
vacancies. For the Cd; yo, complex [Fig. 10 (left)], we ob-
serve a larger spectral weight of the minority spin channel,
which is essentially formed by Mo d states, when comparing

n
170 R —— )
EFG4, TA=450°C, 10 min air
& °
ot [}
> . ]
E 1601 = [] + 0.5
>
13007750 100 150 200 250 300
™ (°C)

FIG. 7. Left: the calculated V,, (left axis, shown by the black circles), and 5 (right axis represented by blue squares), for the VO2Cd, voo
configuration calculated by considering the experimental lattice constant at different temperature values, as presented in Ref. [60]. The
calculations are done by employing PBE + Uy, = 6 eV and the dispersion corrections [DFT-D3(BJ)]. Right: the experimental temperature
dependence of V,; and 7 of the main EFG parameters (EFG4) (samples after annealing at 450 °C) for temperatures ranging from 24 °C up to

300°C.
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FIG. 8. Left: partial density of states of the pristine @-MoO; system. Right: corresponding isosurface of the charge densities projected
around the Fermi energy (addition of partial charge densities of the VBM and CBM).

to the Cd; system. By looking at the charge densities around
the Fermi energy [Fig. 10 (right)], we find that a larger fraction
of charge distribution occurs, not only at the Mo ions close to
the vacant oxygen site, but also at other Mo sites. The PDOS
of the VO2Cd; voa complex [Fig. 11 (left)] shows two localized
oxygen polaron centers very close to the CBM, with the first
peak distinctly formed by O p states, and the second formed
by a hybridization of oxygen p states with a small amount of
Mo d states. By looking at the isosurfaces corresponding to
the charge densities around the Fermi energy [Fig. 11 (right)],
these are largely distributed throughout the different Mo and O
sites of the lattice. The symmetry-breaking distortion lowers
the energy of the polaron state into two localized peaks inside
the band gap. The deformation of the lattice structure seems to
have a visible effect on the composition of the polaron peak in
the density of states, indicating that rehybridization between
O and Mo states is taking place.

4. Electron and hole polarons: Charge localization
and lattice deformation

By observing the charge density differences (CDD) be-
tween the Cd; system at «-MoOs3, and the pristine «-MoOs3,
and also with the pure crystal Cd atom, we find that most

of the negative charge accumulation is localized at the Cd
site (Fig. 12). In addition, some charge accumulation can be
seen around oxygen and Mo, which are the nearest neighbors
of the Cd impurity ion. While for the oxygen and Mo ions,
the localized charges are due to both electron and hole car-
riers, the Cd center is surrounded by negative charges. This
effect resembles the behavior of polarons (electrons) and is
consistent with what is discussed in the literature sources of
Refs. [19,59], regarding small polarons being highly mobile in
a-MoOj3. We observe in the 2D contour map [Fig. 12 (right)]
that a high electron density occurs with some charge transfer
between the oxygen next neighbors of the Cd impurity, which
is consistent with the corresponding PDOS results. From the
present calculations, we can infer that the contribution of
small polarons around Cd may ultimately contribute as a fac-
tor to increase |V, |of the experimental result when compared
to the DFT calculation: we must stress that DFT electronic
structure calculations do not take into account the vibrational
entropy.

By analyzing the CDD of the Cd; yo, and V9>Cd; yo de-
fect complexes (Figs. 13 and 14, respectively), we can observe
significant variations in the isosurface plot and contour map
densities. By removing one of the O2 ions at the vicinity of
the Cd site, Cd; vy [Fig. 13 (left)], we observe a distribution

2

Partial Density of States
(arb. units)

Energy (eV)

FIG. 9. Left: partial density of states of interstitial Cd-doped «-MoO3 system. Right: corresponding isosurface of the charge densities

projected around the Fermi energy.
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FIG. 10. Left: partial density of states of interstitial Cd-doped o-MoQOj; system and with one O2 vacancy, Cd, yo,. Right: corresponding
isosurface of the charge densities projected around the Fermi energy.

Partial Density of States
(arb. units)

Energy (eV)

FIG. 11. Left: partial density of states of interstitial Cd-doped a-MoOj5 system and with two O2 vacancies, V9>Cd, y¢,. Right: correspond-
ing isosurface of the charge densities projected around the Fermi energy.

FIG. 12. Isosurfaces of the charge density differences of the Cd-doped o-MoOj structure where the left plot is the unit-cell representation,
and the right plot is the contour map along the (0 0 1) axis and centered at the Cd site. The silver, purple, and red spheres represent the Mo, Cd,
and O ions, respectively. The colors of the isosurfaces are attributed to the different charges: blue isosurfaces represent the negative charges
and the yellow are the positive charges. The color of the contour plot is assigned with absolute values, where the light blue areas with circular
contour lines refer to regions with high-density electrons and the dark blue regions with circular contour lines are of high hole density.
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FIG. 13. Isosurfaces of the charge density differences of the Cd-doped «-MoOj; structure, and one O2 vacancy, where the left plot is the
unit-cell representations, and the right plot is the contour map along the (0 0 1) axis and centered at the Cd site. The silver, purple, and red
spheres represent the Mo, Cd, and O ions, respectively. The colors of the isosurfaces are attributed to the different charges: blue isosurfaces
represent the negative charges and the yellow are the positive charges. The color of the contour plot is assigned with absolute values, where
the light blue areas with circular contour lines refer to regions with high-density electrons and the dark blue regions with circular contour lines

are of high hole density.

of the charge densities to other sites, further away from Cd.
While the Cd ion shows a lower charge accumulation (positive
and negative), the neighboring Mo site of the O2 vacancy
(below the Cd ions) shows a significant increase of both
positive and negative charge densities, although the negative
charges contribute with a larger portion. This isosurface shows
a dumbbell shape along the x axis, indicating a bipolaron
orbital originating from a trapped charge carrier at the Mo site.
By observing the contour plot of the Cd; yo, system [Fig. 13
(right)], a very large hole density with a dumbbell shape, right
below the Cd impurity site, appears. This is consistent with
trapped hole charge carriers at the Mo site. The O and Mo

atoms surrounding the Cd center also attract a small portion
of positive and negative charges.

For the YO>Cd; yo, structure, different bipolaron orbitals
can be seen at four Mo sites surrounding the Cd impurity
[Fig. 14 (left)]. Moreover, we may observe that the charge
accumulation increases and spreads to other oxygen and Mo
sites, when compared to the Cd;yoy system. When two or
more bipolarons are close to each other, they can lower their
energy by sharing the same distortions, resulting in an ef-
fective attraction between the bipolarons. If the interaction
is sufficiently large, then this attraction leads to a bound
bipolaron.

FIG. 14. Isosurfaces of the charge density differences of the Cd-doped a-MoOj structure, and two O2 vacancies, where the left plot is the
unit-cell representations, and the right plot is the contour map along the (0 0 1) axis and centered at the Cd site. The silver, purple, and red
spheres represent the Mo, Cd, and O ions, respectively. The colors of the isosurfaces are attributed to the different charges: blue isosurfaces
represent the negative charges and the yellow are the positive charges. The color of the contour plot is assigned with absolute values, where
the light blue areas with circular contour lines refer to regions with high-density electrons and the dark blue regions with circular contour lines
are of high hole density.
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The isosurfaces and contour maps results correlate well
with the formation of polaron effects, especially for the system
with O2 vacancies, where hole polarons may emerge. By
inducing an O2 vacancy, excess hole carriers tend to become
trapped mainly at a next-neighbor Mo cation site. A signifi-
cant distortion of the lattice occurs, not only because of the
native O2 vacancies, through which the neighboring cations
have to assume new positions, but also because of the polaron
effect induced by the oxygen vacancies. The formation of hole
polarons is caused by the presence of oxygen vacancies in
the lattice. An oxygen vacancy creates two unpaired electrons
near two cations (Mo) surrounding the vacancy, so that each
of the two Mo ions accompanying the defect acquires an
unbound extra charge. The extra electrons on the metal ion
sites interacting with the lattice form a bound lattice polaron,
where the charge unbalance due to the oxygen vacancy leads
to the formation of a hole polaron.

IV. CONCLUSION

We have performed a series of TD-PAC measurements and
density functional calculations to investigate the effect of the
Cd impurity at the MoOj; system. The aim was to compare
the theoretical results, mainly by looking at the EFGs, with
those obtained by TD-PAC experimental measurements using
HImcd as a probe.

Different Cd configurations were investigated to analyze
and interpret the experimental results. In this study, the
formation energies were calculated to aid in understanding the
configuration of the local Cd sites and formation of defects
in the ¢-MoOQj lattice. Comparing the theoretical EFG values
with the experimental results, we found that the implanted Cd
ions preferentially stabilize in an interstitial position within
the vdW gap at RT. By accounting for native-type defects,
such as oxygen vacancies at the vicinity of the intersti-
tial Cd impurity, we obtained differences in the V,, and n
values for Cd. Comparing these values to the experimen-
tal data, we found that by considering other factors, which
included the variation of the annealing temperature, the for-
mation of oxygen vacancies close to the Cd site was indeed
possible.

In this study, we found that the oxygen vacancies belonging
to the O2 sites were energetically the most favorable and thus
leading to the stabilization of the structure. This phenomenon
was also theoretically predicted for «-MoOj3 [61,62], as the
Voo has the lowest formation energy compared to other defect
types. Therefore, for the theoretical calculations, we consid-
ered the system with one O2 vacancy and a second system
with two O2 vacancies at the vicinity of the Cd impurity.
The results of V., and n for these two cases resulted in better

agreement with the experimental values of the EFG3 and the
EFG4 components.

Moreover, by introducing the Cd impurity at an inter-
stitial site, we observe a strong positive charge localization
around the impurity site, which is indicative of the formation
of polarons. On the other hand, by inducing the O2 vacan-
cies into the systems, we observe an increase of the polaron
isosurfaces, mainly around the Mo atoms that are located
in the vicinity of the O2 vacancy site(s). Moreover, in the
case of the Cd;yoy system, we observe the formation of a
dumbbell-shaped orbital at one of the Mo sites, whereas for
the YO2Cd; yo, system, several dumbbell-shaped orbitals ap-
pear at different Mo sites surrounding the Cd impurity, which
indicates a bipolaron effect. These results suggest that the
hopping of hole charge carriers increases due to the missing
02 atoms and they become trapped at the neighboring cation
sites.
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