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1. The existence states of f-shell electrons in Ca-Mt is calculated via DFT with
2D-CA techniques.

2. Reasons of f-shell electrons influencing on electronic and optical properties are
discussed.

3. Electronic and structural phase transitions are systematically analyzed.
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Abstract

Understanding how f-shell electrons affect clay minerals is important in an ideal
buffer/backfill material. Hitherto, however, there have been few reports that
quantitatively simulated the effects of low-density 4f (or 5f) electrons on oxygen
defects. Here, we used density functional theory (DFT) and two-dimensional

correlation analysis (2D-CA) techniques to calculate the origins of the oxygen defect

and electronic transitions of f-shell electrons/Ca type montmorillonite (Ca-Mt) system.

We determined the number effect of f-shell electrons to explain the oxygen defects of
aluminium-oxygen octahedron and silicon-oxygen tetrahedron at the valence band,
which is consistent with the orbital fluctuation results. This study offers a new method
for explaining the oxygen defect mechanism.

Keywords: f-shell electrons, montmorillonite, two-dimensional correlation analysis,

density functional theory
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1. Introductions

Extensive information has been collected on the effects of radiation on clay
minerals, namely, montmorillonite, kaolinite, and illite, providing a wealth of
information on environmental and geological processes [1-2]. The applications
include the reconstruction of past radioelement migrations and evolution of the
physical-chemical properties [3, 4]. Several clay minerals have been studied, by
electron paramagnetic resonance spectroscopy, on the defects produced by natural or
artificial radiation [5, 6]. These defects mostly consist of electron holes located on the
oxygen atoms of the structure. Most radiation-induced defects are associated with a &
orbital on a Si—-O bond. The most abundant defect in clay minerals is oriented
perpendicular to the silicate layer [7-9]. As part of investigations of the inner cation
exchange in buffer materials, previous experiments have reported the ion exchange
and surface-mediated reduction mechanisms. For example, Bradbury et al [10-11]
quantified the influence of competition between metals (Co, Ni, Zn, Eu, Nd, Am, Th
and U) in different valence states on their individual sorption characteristics under
conditions dominated by pH-dependent sorption on Na™ and Ca-Mts. The competition
between divalent transition metals and trivalent lanthanides indicated that multiple
sets of strong sites exist as subsets of the 40 mmol-kg™ of weak sites present in the Mt
conceptual model. Differences in sorption behaviour are indicative of the
surface-mediated transformation of atomic charge that has been reported for a number
of redox-active and redox-inactive minerals [12].

Currently, there has been growing interest in studying the adsorbing property of Mt
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from a molecular point of view [13]. In 2010, Martorell et al [14] used density
functional theory (DFT) to calculate the adsorption of uranyl on bare and solvated
models of the octahedral (001) surface of Mt, and the authors determined the relative
stable adsorbing property on the AlO-Al (H) bridges. The uranyl at the AIOO(H)
short-bridge site exhibits a f-p interaction due to the electrons transfer from uranyl to
the nearest oxygen atoms, which is in agreement with the results of Glezakou [15]. In
2012, Suter et al [16] studied the molecular mechanism of surface complexation and
diffusivity of Cs in Mts with the Grand Canonical Monte Carlo (GCMC) simulation.
The octahedral layer composition and possible role of the interlayer cations reflect
that the migration of the proton across the octahedral vacancy takes place by means of
a stable intermediate in which the proton is coordinated with an apical oxygen, and a
Si-O basal bond is broken so that the Si coordinates with the O that releases the H,
stabilising its residual charge [17, 18]. These reports enabled us to develop a new idea
for investigating the electronic transition of Mt [19].

Theoretically, knowledge on electron and hole transfer is important for deep
oxygen defects of f-shell electrons adsorbing in montmorillonite. For example,
Pieterson et al [20] reported on the intera configurational f"—{"'d transitions. The
lack of research is partly from the fact that the transitions generally lie in the vacuum
regions. Additionally, the 5d orbital is much more extended than the 4f, and most of
the intensity is in vibronic bands. The Coulomb interaction and spin-orbit coupling
parameters for the 4™ core are related to the f-d Coulomb interaction using Cowan’s

code [21]. Between 2012 and 2013, Dorenbos [22, 23] calculated the chemical model
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and absolute binding energy of 4f-shell electrons in lanthanide doping. The
4f-electron binding energy depends on the charge of the lanthanide ion and its
environment, where the n numbers of [Xe] 4f" correspond to the trivalent (n),
tetravalent (n-1) and divalent (n+1), respectively. Additionally, the binding is strong
when the 4f" shell is halfly (n=7) or completely filled (n=14) and it is relatively weak
when there are one or eight electrons in the 4f-shell electrons. Therein, the Coulomb
repulsion between a 4f-shell electron and anion is shifted towards weaker bonding
with respect to the binding energy (4f-HRBE), and the author provided the 4f-electron
binding energy relative to the vacuum energy (4f-VRBE). For the hybridisation
between 5f-shell electron’s orbital and O-2p* orbital, Hasegawa et al [24] investigated
the f-p model, which is the more realistic Hamiltonian for the 5f-shell electron
influencing the O-2p4 orbitals, to better understand the electronic structure of 5f-O-p.
There has been a peculiar point in which the octupole phase only appears for the small
absolute value of (f-p ) / (f-p o), where (f-p ©) and (f-p o) are the Slater-Koster
integrals between f and p orbitals [25]. The cause of the sensitivity of the octupole
ordered phase for the f-p interaction is not yet well understood. It is useful to extract
the oxygen defects in silicon-oxygen tetrahedron and octahedral aluminium oxide.
Currently, the electronic transitions of low-density 4f (or 5f) elements interacting
with Ca-Mt remain unclear. In the experiment [26], the 4f lanthanides reduce the
oxygen vacancy formation energies and the small narrowing of energy gap has been
attributed to the defect states of oxygen vacancy. Usually, the surface of Mt becomes

charged and it has to be compensated by the adsorption of certain ions [27, 28]. The
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charge compensation creates an oxygen vacancy defect on the O—2p4 electronic
structures, and the defect sites are near-randomly distributed [29]. To date, simulations
have rarely been used in research into the origin of low-density 4f (or 5f) elements
and Ca-Mt for understanding the possible oxygen defects. The purpose of this paper is
to quantify the effect of f-shell electrons of low-density 4f (or 5f) elements
incorporated into Ca-Mt to improve our understanding of the stability issues. Here, we
calculate the orbital fluctuations of f-shell electron/Ca-Mt via a new static technique,
the DFT with two-dimensional correlation analysis (2D-CA) method, which has been
successfully used in Fourier transform infrared spectroscopy, 2D correlation dielectric
relaxation spectroscopy and nuclear magnetic resonance spectroscopy [30-32]. The
effect of accumulated f-shell electrons was calculated, where the final orbital
fluctuations were analyzed from the all PDOS results of f'-shell electrons (n=1~14).
The possible origins of the static electron transfer processes are discussed. Therein,
the electronic structures were obtained from the results of all optimized models.
2. Computational details

In this work, the Ca-Mt in the space group C2/m included two Ca ions and
dioctahedral 2:1 phyllosilicates, which have one octahedral sheet sandwiched between
two tetrahedral sheets [33, 34]. The tetrahedral sheets are formed by linking
tetrahedral oxygen atoms through three shared basal oxygen atoms in each
tetrahedron. Hydroxyl groups, together with the free unlinked fourth apical oxygen
atom, form the tetrahedral to the octahedral sheets. The most common ion occupying

the octahedral site is AI’*, and the most common ions occupying the tetrahedron are
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Si*" and AI’". In the dioctahedral 2:1 phyllosilicates, only two-thirds of the octahedron
is occupied. If the vacancies are cis with respect to the hydroxyl groups, the
phyllosilicate is designated cis-vacant; otherwise, it is trans-vacant. In our studies, we
focus on the trans-isomer, which is more prevalent in nature. Therein, Fig. 1 a) shows
that the Cal atom is close with respect to the 4f (or 5f) element, and the bond length is
0.62 nm. Additionally, the Ca2-O bond length is 0.32 nm.

In the Ca-Mt interlayer, the free volumes describe the all possible adsorbing sites of
4f (or 5f) element [35]. The probability of insertion for probes into Ca-Mt was
changed with the cell of 4f (or 5f) elements and Ca-Mt [36, 37]. The initial free
volume (0.199 nm?) is illustrated in the interlayer region (Fig. 1 a)). We determined
the average adsorption sites and capacities of 4f (or 5f) elements, over a wide range of
temperatures (298~698 K), using a 10,000,000-step Grand Canonical Monte Carlo
(GCMC) simulation via the Metropolis methods (Sorption, Materials studio, Accelrys,
USA). The 4f (or 5f) elements were lanthanide atoms from lanthanum to lutetium
(or actinide atoms from actinium to lawrencium). As shown in Fig. 1 b), the
adsorption process is corroborated by the short-range van der Waals energy between
the 4f (or 5f) elements and surface O. Temperature control was achieved using an
Andersen caldarium, and the equation of motion was integrated using the Verlet
algorithm. When the layer charge and potential of the system reach equilibrium, there
are some 4f (or 5f) elements close to the Ca atoms in the interlayer of Ca-Mt [38]. The
4f (or 5f) elements occupy the partial free volumes (0.199 nm*—5f: 0.121~0.132 nm*;

and 4f: 0.117~0.131 nm®). The max adsorption capacities are 252.0~291.0 mg-g'1 (59)
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and 154.2~194.2 mg- g'1 (4f), respectively, which is consistent with the experimental
results [39-40].

The final structural was relaxed by 200 ps molecular dynamics (MD) with
isothermal-isobaric (NPT)-isothermal-isochoric (NVT) ensembles (Discover module
in the Materials Studio) [41]. The short range van der Waals term was calculated using
the atom based method. The Ewald+Group summation method for the long-range
electrostatic interaction term was routinely used to evaluate the -electrostatic
interactions in reasonably small models [42]. The interatomic potentials for the Ca-Mt
to 4f (or 5f) elements were obtained from the parameterised universal force field
(UFF) method [43]. The f-p and f-d hybrid orbitals escalate the activation energies (E)
within 0.64~2.25 eV, showing an expanded interlayer, as illustrated in Fig. 2. The 4f
(or 5f) elements occupy the neighbouring Ca atomic diffusion paths, enlarging the
layer distances from 0.48 nm to 0.48~0.50 nm. The low potential energy Ca (~-0.02
eV) atom is tightly bound to the surface O (~-0.01 eV) atom, whereas the improved
surface potentials of Ca-4s>-O-2p* hybrid orbitals induce Ca and O atoms to close to
each other (Ca-O bond length: 0.62 nm—0.43 nm). The relative diffusion coefficient
decreases (7.8 x107 m*s' 551 1.1~4.4 x107 m*s™; 4f: 1.1~2.4 x10” mz's'l), as
shown in Table 1. In this case, the 5f" orbital splits at the conduction band (Ca-4s%)
and valence band (O-2p”), providing more quantum wells than that of 4f" orbital for
restricting the perpendicular cationic diffusion. For the interlayers, the oxygen defect
enhances the O-O long-range orbital degeneracy to narrow the angle, changing the

0-Si-O and O-Al-O bond angles as follows: 140°—124~142° and 78~79°—56~70°,
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respectively. The relative torsional degree ((angle difference)/initial angle) of the Al-O
angle (11.9~29.1%) is higher than that of the Si-O angle (1.4~11.4%); therefore, the
inner structural damage is attributed to the aluminium-oxygen octahedron
(0.168~0.176 nm—0.163~0.173 nm), correlating with the electronic structure results.
After determining the adsorption structures, we calculated the imaginary part of the
dielectric functions (¢) and Mulliken charges using the Kramers-Kronig
transformation (Castep module in the Materials Studio) [44, 45]. Pseudo atomic
calculations are performed for Ca-2p®3s?3p°4s?, Al-3s3p', Si-3s?3p®, 0-2s™2p*,
5f71%6d"2s* and 41"'*5d°'s>. Low frequency is related to the weak electronic
interaction, such as the long-range electrostatic potential of the Ca-Ca bonds.
Ultimately, we found that the orbitals of f-shell electrons simultaneously hybridize
with the Ca and O orbitals on the long-range surface layer and short-range inner layer,
due to the similar crystalline electric field (CEF) potential energy, where the hopping
integrals (f-p @ and f-p o terms) in the f-p hybridization term of Hamiltonian formula
by using Slater-Koster table provide the similar hopping amplitudes between f and p
orbitals [24]. In this context, the electron transfer rates of the major constituents have
the following order: Si-3p2 ~ A1-3p1 << Ca-4s’— d’ < Ca-3p6 < O-2p4. On the other
hand, compared to that of 4f-shell electrons/Ca-Mt, the orbital degeneracy of 5f-shell
electrons/Ca-Mt reduces near the Fermi point, accelerating the electron transfer
process at the conduction band and valence band. The electronic transition intensities
have the following order: E4p-a1 < Esp-ar < Eag-si < Esp-si < Esp-ca < Es-ca < Ear-o < Espo.

This theoretical oxygen defect mechanism is consistent with the experimental results
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[35-41]. Notably, the surface Ca and O atoms preferentially provide the active p (and
empty d) orbitals to hybridize with the orbitals of f-shell electrons. The strong
interactions in the 5f (or 4f)-Ca f-partial (d—p) n-bond orbital weaken the 5f (or 4f)-Ca
potentials at -1.4 eV [46] when the electron transfer rates of O-2p*—Ca-d’ are
reduced. The electronic transition results will be discussed with the hybrid orbital
simulations.

To better understand the electron transfer processes, we calculated the partial
density of states (PDOS) via non-dispersion corrected DFT. For the
exchange-correlation functional, the generalised gradient approximation (GGA) was
used, especially Perdew-Burke-Ernzerhof (PBE) parametrisation [47] (Castep module
in the Materials Studio). This method has been demonstrated to rather accurately
describe adsorption systems [48]. Therein, Ca 3p64s2 electrons interact with the f
electrons, and then there is a f-p interaction at the top of the valence band of O 2p*
electrons [49]. Ultrasoft pseudo potentials are used [50], and the SCF tolerance is
2x10° eV-atom™. A gamma-centred 2x2x1 Monkhorst-Pack k-point grid was used to
sample the Brillouin zone, while the calculations were restricted to the I' point
because of the large size of the unit cell. This technique has little computational
overhead compared to the DFT-D2 and vdW-TS methods (Table 2). High f-shell
electronic potentials strengthen the Si-O and Al-O interaction based on comparisons
with the initial data. The calculated accuracy is close to the experimental and
theoretical results [7-15].

Because the orbital contribution of a low concentration of 4f (or 5f) electrons can

Page 10 of 40



Page 11 of 40

RSC Advances

not be calculated based on the increase in the number of the f-shell electrons, the
virtual crystal approximation (VCA) method underestimates the electron exchange
interactions [51]. For this purpose, we used a quantitative two-dimensional correlation
analysis (2D-CA) technique to better understand the orbital fluctuation of f-shell
electron/Ca-Mt (Matlab, MathWorks, USA) [52, 53] (Egs. (1) and (2)). This method
resolves the problem of quantitative analysis of the orbital degeneracy of low
concentrations of 4f (and 5f) electrons and reflects the electron transfer process of the
electron wave function. As shown in Fig. 3, the orbital fluctuation intensity and range
reflect the electronic transition of f-shell electrons/Ca-Mt according to the
synchronous and asynchronous data [54]. The statistic electron transfer process can be
studied through calculations of the synchronous (W1, ) and asynchronous (D1, 2))
patterns. The PDOS is formally defined as the dynamic spectrum y «, ) of a system
associated with the application of an external perturbation. If Wi, ¢2)*®c1, 20, the
PDOS intensity variation observed for el predominantly occurs before that observed
for e2, implying that there is enhancement of the localised hybrid orbital. This
enhancement of the localised hybrid orbital can reflect the effect of f-shell electron
accumulation on the outer electron orbitals. For example, the accumulated f-shell
electron orbitals degenerate to the localised O-2p* orbital near the Fermi point. With
the increase in the number effect of f-shell electrons, the f-p degeneracy is enhanced,
showing the appearance of more active electrons at the O—2p4 orbital, which is

consistent with the result of effective electron masses.

1 m —~ —~
Florer = Zyj(en "Zje) (M
m—155

10
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1 & - .
Do) = Zyj(en Vi) J=12,.,m 2)
m=155

where Wi, ) 1s regarded as a measure of the dissimilarity in the PDOS intensity
variations. z j2) can be directly obtained from PDOS as the dynamic spectra y 1) by
applying a simple linear transformation operation and Hilbert-Noda transformation
matrix method [55]. @, ¢2)represents the overall similarity or coincidental tendency
between two separate intensity variations measured between different PDOS
variables.

3. Results and discussion

3.1. Partial density of the states of f-shell electrons/Ca-Mt.

The effects of the f-shell electron on the orbital fluctuation are chiefly ascribed to
near-degenerate orbitals as a function of the cumulative electron events in f-shell
electrons, Ca-Mt. The Kohn-Sham electron band structure was evaluated while
considering a specific path inside the Brillouin zone, which is included in the
supporting information; the high symmetry points are also depicted. The full band
structure is shown at the top of Fig. 4, and there is a set of three deep bands between
0.8 and 0.95 eV. Above them, the top valence bands (VB) are mainly filled with
Ca’"-4s electrons in characters, but there is a significant contribution from the O-2p*
states. The bottom of the conduction band (CB) is also originated from the O-2p* and
Ca-4s” orbitals, but the O-2p* contribution is relevant for energies above 0.5 eV. At
the bottom part, there is a close-up of the band structure near the Kohn-Sham band
gap, where we can see the valence band maximum and conduction band minimum at

the G point. Qualitatively, the direct gaps are 0.8 eV and the secondary indirect gap

11
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displays slightly larger energies, which are as follows: 0.95 eV between the G point at
the valence band and Q point at the conduction band. The PDOS curves for f-shell
electrons/Ca-Mt reveal the change in the electron transfer process near the Fermi
point. These peak structures are due to the electronic transitions between the O-2p
uppermost valence bands and the 5d (or 6d) conduction bands just above the main
band gap. The number of the f-shell electrons is a variable factor. They fill the particle
energy levels of the empty d orbital at the conduction band. When the f-shell electrons
reach the half-filled state (n=7), the degeneracy of the f and d orbitals causes weak d-f
hybridisation [56], enhancing the electron transfer rate of Ca-4s”. At the valence band,
the Al-3p', Si-3p® and Ca-3p° potentials reduce with the degeneracy-split localised
energy levels at -15.5, -6 and -25.7 eV, respectively, with the increase in the number
of the f-shell electrons.

It should be noted that the sharp PDOS peaks of the top of the valence band and the
bottom of the conduction band are related to the localisation of the wave functions,
corresponding to the highest occupied (Ca-4s?) and lowest (O-2p*) unoccupied
orbitals. At the top of the valence band, one can see that there is a strong f-O-2p*
hybrid interaction, showing the enhanced PDOS intensity of O-2p4 orbital [14]. It is a
contribution of f-p ¢ hybrid orbital for the oxygen vacancy defect. In contrast, the
bottom of the conduction band is dominated by the Ca-4s® orbital. A part Ca-4s
orbital fill in the low-energy d orbital near the Fermi point, due to the orbital of f-shell
electron degenerates to Ca-4s® orbital [57]. Therefore, it creates a long-range

f-Ca-O-(Si) d-p = hybrid orbital.

12
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3.2. f-Ca orbital hybridisation at the conduction band.

To fully and quantitatively understand the electronic transitions, we calculated the
dielectric functions and surface potentials, as indicated in Fig. 5. Crystal field theory
indicates that the f bands split into two 2 and f'? states with angular momenta of
j=5/2 and j=7/2, respectively, because of the spin-orbit coupling. Only the ' state is
fully occupied with the six f electrons. It degenerates to neighbouring Ca-3p° orbitals,
creating a new f-Ca f-p o hybrid orbital. Crystal field splits the 2 state into two
independent time-reversal invariant momentum points at the G point. Some of the >
electrons jump into the empty 5d (or 6d) orbitals, splitting into two-fold degeneracy
(eg) and triple degeneracy (tyg) states. Such an enhanced d orbital can easily hybridize
with a Ca-4s”, resulting in the formation of a new f-Ca s-d w hybrid orbital. Therefore,
the interlayer £ electrons cut off the initial Ca-Ca p-p o orbital. With the increase in
the number of the f-shell electrons, the highly sensitive f-d m hybrid orbital weakens
the p-p o bond strength of the long-range Ca-Ca bond.

Normally, changing the composition of a mixture consisting of strongly interacting
species will result in a position shift of some of the component bands. The
contributions of the d*' orbital and weak f-d hybridisation were ignored due to the
stable degenerate s-d orbital and low concentration. The number of f-shell electrons
was the only factor for the change in the orbital fluctuation. As shown in Fig. 6, we
obtained the numerical energy gradients of the long-range f-Ca orbitals. The full-filled
"% state just transfers the f-Ca f-p o hybrid electron into a low-energy orbital (-25

eV—-26 eV). For the Ca s-d’ © model, the half-filled f* states cause the Ca-4s>

13

Page 14 of 40



Page 15 of 40

RSC Advances

electrons to jump into the low-energy d, orbital from 1.5 eV to 0.9 eV. This
strengthens the degeneracy of the energy levels of oxygen at -2.5 eV. There is a
different electron transfer process for the 4f-shell and 5f-shell systems. The 52 state
shows that the band position shift is coupled with a simultaneous intensity increase. It
provides an accumulation of the energy levels at the conduction band, producing
many additional effective holes (41.86~43.04 10™' kg); see Table 3. The 4f° state
shows the electron orbital variations arising from the classical intensity changes of
two highly overlapped bands with a fixed band position and relative line shape. One
band (1.5 eV) decreases in intensity quickly, while the other band (1 eV) increases in
intensity much more gradually, as indicated by the two arrows.

Furthermore, the surface charge transition with Ca®*—Ca"is a key factor for the
electronic transitions in the Ca-Mt system. This is owing to the fact that the f-d hybrid
orbital provides many energy levels at the conduction band, releasing additional
effective electrons to annihilate particle cationic holes. The empty d orbital can

hybridize with some f*

orbital at the bottom of the conduction band due to the charge
compensation. Therefore, the Mulliken charges (0.47~0.49 e¢) of Ca*" are clearly
reduced, even 0.14~0.2 e (mono-valent Ca") for the effect of 5f"-shell electrons (n<7),

22 state of 5f"-shell (n<7) electrons causes

as shown in Table 4. Notably, the unstable
the 6d,, orbital to degenerate to the partial Ca-4s> orbital. This process creates an
empty Ca-d’ orbital to produce one new high-energy f-d° hybrid orbital. The O-Ca

electron transfer process changes from O-2p*—Ca-3p° to O-2p*—empty Ca-d". This

charge transition phenomenon has been characterised by cation exchange experiments,

14
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such as Eu [58], Am, Th, Np and U [8, 9].
3.3. Oxygen defects of silicon-oxygen tetrahedron and aluminium-oxygen
octahedron at the valence band.

In the opinion of Tsipis et al [59], the electron ionisation effects attributable to the
f-shell electrons vary as a function of the cumulative number of electron events. The
additional loss produces gap defects (V), vacancy type defects (V,) and a vacancy
colour centre (V) at cation energy levels, which can easily form V-O interstitial (O1),
V;-O; and V-O binding. With the loss of O valence electrons, the new V. provides a
secondary strong electronic energy to transfer O-2p* electrons (whose low affinity
energy is 141 kJ-mol™) [60]. However, the adsorption model of low-density 4f (or 5f)
elements in Ca-Mt, ignoring the irradiation in this work, is mainly decided by the van
der Waals energy between the 4f (or 5f) elements and Ca-Mt. Fig. 7 explains the
quantitative electronic transition of oxygen atoms in the silicon-oxygen tetrahedral

272 state seriously splits the O-2p*

and aluminium-oxygen octahedral layers. The 5
energy level (-2.5 eV) into a pair of high-energy and low-energy bands, which reflects
that the integral intensity of the O-2p* energy level peak is kept at a constant value;
therefore, the peak height decreases gradually as the band width is increased.

Additionally, the crystal field splits the 4f>*

state into three low energy levels near
-2.5 eV. Therefore, the 7 state chiefly hybridizes with the O-p, orbital that the orbital
fluctuation creates two 2p-hole defects (O;) in the valence band region (near the -2.5

eV potential fields). The delocalised O atomic charges decrease from -0.31~-0.24 ¢ to

-0.31~-0.15 e (5f) and -0.3~-0.18 e (4).

15
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As a general rule, the V. defect is occupied by the increased f carriers; then, it
jumps into the high-energy orbital of localised cations. Considering the electron loss
being compensated, we calculated the quantitative electron transfer processes, as
shown in Fig. 8. For the aluminium-oxygen octahedral structure, a 2p-hole defect
weakens the density of the sp3d2 hybrid orbitals of covalent Al-O 3p'-2p* orbitals,
which creates a new peak of energy levels from an Al-3p' orbital transferring into
similar energy levels of two Al-3s” orbitals to become an Al-O s-p m-bond orbital. The
new 7 electron orbital variations arise from the classical intensity changes of two
highly overlapped bands with a fixed band position and relative line shape (-16~-15
eV), such as the shape for Ca-4s’—d. While the Al-O bonds are relatively stable due
to the low probability of Al-3s” orbital occupation, this can usually be characterised
by experiments [16].

Although the silicon-oxygen tetrahedron is effective for maintaining the stable
Mulliken charges of Si (0.51 e) atoms, the weak surface O-2p* electronic density
decreases the short-range Si-O p-p orbital degeneracy. Therein, one Si-O sp3 hybrid
orbital and four oxygen p orbitals in the tetrahedron form four ¢ bonds with 50%
ionic bond and 50% covalent bond character in the ground state phase. Additionally,
the empty Si-3d orbital can act as a key by a d-orbital participation that forms two
unstable hybrid orbitals, p-d ® of sp3d. Hence, the Si-O bond lengths increase
(0.141~0.159 nm—0.152~0.158 nm) with the total surface potential strengthening
(-0.02 eV—-0.015 eV). This is a secondary factor for the oxygen defect in the

f-Ca-Mt system.

16
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4. Conclusions and Summary

In summary, we discussed the oxygen defects and electronic transitions of f-shell
electron/Ca-Mt models, using the DFT and 2D-CA techniques. We briefly discussed
the number of the f-shell electrons affecting the orbital fluctuation and electron
defects of the aluminium-oxygen octahedron and silicon-oxygen tetrahedron. The
accumulated valence electrons at the O-2p* energy levels create a vacancy colour
centre (V.), providing many effective electrons. The enhanced Al-O sp3d2 and Si-O
sp3 hybrid orbitals induce the Si-O and Al-O bond lengths to be shortened. As a result,
it can be used to explain the proposed oxygen defect mechanism. In addition, the
origin of the Ca’’-Ca’ charge transition was discussed due to the f-Ca orbital
hybridisation at the conduction band.

We discussed the analysis of the influence of the number of the f-shell electrons on
the electronic transitions of Ca-Mt. However, these results are insufficient for
calculating the f-shell dynamical radiation processes to better understand the crystal
phase transitions and atomic decay in ageing processes. This work, however, provides
useful information on how to determine the quantitative electronic transition of the
f-Mt system. This study introduces a new perspective to the design and development
of a high-stability Ca-Mt-based buffer layer.
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Tables

Table 1 Diffusion coefficients (D: m?'s™) and activation energies (E: eV) of f-shell

electrons/Ca-Mt.

5f-shell electron 4f-shell electron
Atom Pure

D E D E

3.7~4.4 x107 (A)
Ca  7.8x107 1.1~2.4 x10”
1.1~2.3 107 (B)

10.3~11.5 x10™? (A)
o 1L7x10" 3.8~5.7 x10™2
2.3~3.7 %10 (B)  39.95~40 (A);
0.88~1.1
11.1~12 x10™* (A)  0.64~2.25 (B)
Si 8 x107™? 3.1~4.9 x10™'2
3~4.2 x107'* (B)

10.5~11.7 107 (A)
Al 7.6x10"? 2.4~5.1 x10™"?
2.5~2.8 x10™* (B)
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Table 2 Average bond lengths (Si-O and AI-O: nm), lattice lengths (a, b and c: nm)
and lattice angles (o~p and y: ©) of Ca-Mt obtained from the experiment and various

theoretical methods [7-15].

exp DFT-D2 vdW-TS This work

Si-O 0.15~0.16 0.16~0.17 0.16~0.17 0.15~0.16

Al-O 0.16~0.17 0.17~0.18 0.19 0.16~0.17

a 0.51~0.52 0.51 0.52 0.48~0.5

b 0.88~0.9 0.9~0.91 0.89~0.91 0.83~0.87

c 1.2~1.6 1.35~1.47 1.41~1.5 1.39~1.45
a~B 89~91 89~90 89~90 90

Y 100~101 99~100 100 100~101
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Table 3 The effective masses of holes and electrons at the [001] point. Unit: 107! kg.

Mpole Melectron
Pure Mt 2.86 51.3
45.9~45.86 (A); 1316.47~968.72 (A);
S5f-Mt
45.75~45.83 (B) 599.5~403.01 (B)
4f-Mt 2.87~2.86 74.14~82.84

“A” reflects the 5f"-shell (n<7) electrons and the “B” indicates the 5f"-shell (n>7)

electrons.

Table 4 Mulliken charges (e) of f-shell electrons/Ca-Mt.

Atom Pure 5f-shell electron 4f-shell electron
Ca 0.47~0.49 0.14~0.2 (A); 0.4~0.46 (B) 0.4~0.46
0] -0.31~-0.24 -0.28~-0.15 (A); -0.31~-0.23 (B) -0.3~-0.18
Si 0.51 0.51 0.51

Al 0.4~0.41 0.35~0.39 (A); 0.4~0.41 (B) 0.38~0.4
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Captions

Figure 1 Free volumes (a) and adsorption energies (b) of f-shell electrons/Ca-Mt.

Figure 2 Structural properties of f-shell electron pillared Ca-Mt. The “L” denotes the

bond length and “A” shows the bond angle.

Figure 3 The orbital fluctuation of f-shell electrons/Ca-Mt, which is observed via the
2D-CA technique. (a)-(d) reflect the model of Ca-Mt, the adsorption model of f-shell
electrons/Ca-Mt, PDOSs of Ca-O, and illustration of orbital fluctuation by 2D-CA

method.

Figure 4 Electronic structures and partial densities of states (PDOS) of Ca-Mt. The
black lines show the PDOS of pure Ca-Mt; the red lines reflect the PDOSs of f-shell

electrons/Ca-Mt.

Figure 5 Dielectric functions (a) and surface potentials (b) of Ca-Mt by the effect of

5f-shell and 4f-shell electrons.

Figure 6 Two-dimensional correlation patterns of the Ca electronic transitions induced
by the 5f (al-a2, al’-a2’) and 4f (b1-b2, b1’-b2’) electrons. The data in al-al’ and

b1-b1’ show the synchronous patterns, and a2-a2’ and b2-b2’ reflect the asynchronous
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patterns.

Figure 7 Two-dimensional correlation patterns of the O electronic transitions by the

effect of 5f (al-a2) and 4f (b1-b2) electrons.

Figure 8 Two-dimensional correlation patterns of the Si and Al electronic transitions

by the effect of 5f (al-a2, al’-a2’) and 4f (b1-b2, b1’-b2’) electrons.
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