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Abstract: The results from simulation of the structural and optical properties of YAG pure, doped
with two ions and four ions of lanthanum, are presented in this paper to investigate the effect of
dopants on a crystal. The simulation was carried out in the Quantum Espresso program. The
band structure, density of states, the dielectric function, absorption, refractive index, energy loss
function and reflectivity were calculated for different samples. It can be assumed that with a rise in
concentration density of states, the impurity atom increases and the position of the most populated
levels shifts to the right in the region of negative energies in the case of two atoms and to the left
in the case of four atoms of lanthanum. We can draw conclusions about the transparency of the
sample in the visible region, because the absorption spectra appear in the UV region. This transparent
nature makes them perfect candidates for deep UV nonlinear optical materials. From the analysis of
dielectric function, it is clear that in the case of YAG doped with two ions of lanthanum, two peaks
appeared compared to the sample with one peak in pure and doped with four ions. Anisotropy is
most pronounced with an increase in the degree of doping.
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1. Introduction

Garnets and perovskites, orthosilicates and phosphates doped with Ln ions are known
as scintillator and phosphor materials, especially due to the short lifetime (high emission
rate) of the luminescence [1-3]. Doped with other transition elements, such as Nd, Pr
or Mn, they have many other important applications, for instance, as solid-state laser
materials [4,5], thermoluminescence dosimeters [6,7], thermometers etc.

One of the urgent problems in modern optoelectronics and the chemistry of optical
materials is the search for new materials with outstanding physicochemical properties [8].
Yttrium aluminum garnet (YAG) is considered the most-studied compound in the garnet class.
In the development and application of “white light” LEDs, cerium-doped yttrium-aluminum
garnet (YAG:Ce) nanopowders are among the most important phosphors, since YAG:Ce?*
nanopowders are suitable for converting blue LED radiation into broadband yellow light.
The quality of YAG:Ce phosphors, such as purity and particle size, affect the brightness and
efficiency of white LEDs. The synthesis of high-quality YAG:Ce phosphors is important.
Various white mixtures are the basis for the manufacture of phosphors for LEDs.

Yttrium aluminum garnet, Y3Al5012 (YAG) single crystals, doped with rare-earth ions
(e.g., Nd3* and Yb%"), is widely used as active laser media in solid-state lasers [9].

Yttrium aluminum garnet (YAG, Y3Al504;) is a synthetic crystalline material in the
garnet group. YAG, like a pomegranate and sapphire, is not used as a laser medium in its
pure form. However, after doping with the corresponding YAG ion, usually, it is used as a
host material in various solid-state lasers. In an elementary cell of yttrium garnet, there are
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eight Y3Al5012 molecules, a total of 24 yttrium ions, 40 aluminum ions and 96 oxygen ions.
When the material is doped with rare-earth ions, they replace yttrium.

Many researchers have studied the properties of pure and substituted YAG [10-12]. It
should be noted that, in general, many works are devoted to studies of the spectroscopic
characteristics of crystals, strained or doped, with different concentrations of defects. Mod-
eling crystals with various impurities and varying degrees of concentration in order to
obtain materials with desired properties is very promising and relevant. In the synthesis of
certain materials, the optical properties are determined immediately after their preparation,
especially since the process of solid-phase synthesis requires time, resources and consum-
ables. The first principles in this case are comparative studies of the band structure and
optical properties of yttrium garnet doped with rare-earth ions in different concentrations.

In the investigation of optical properties of materials, modeling of the energetic struc-
ture of the phosphors and spectroscopic characterization of the phosphor materials are
very important. For the simulation of properties the wavefunctions based on ab initio
quantum chemistry, methods will be used in order to determine the electronic structure
of ground and excited states of lanthanide and transition metal-doped crystals. In the
literature, the results on the experimental spectroscopic data of yttrium garnet doped with
cerium and praseodymium are quite widespread [13]. However, data on doping with
lanthanum would be very interesting, since in the literature, studied by us, there were no
results regarding data on the study of the optical properties of these objects. Lanthanum is
of special interest among rare-earth elements. The presence of lanthanum impurity in the
initial alumina matrix, as well as of many other earth elements, leads to the formation of
new centers with unique properties [14,15]. The lanthanum impurity can efficiently localize
low-energy excitations (electrons, holes and excitons) owing to the non-Coulomb potential
during a nucleus cation substitution [16]. La is the second-most-abundant rare-earth metal
after cerium. It is mostly used in optical glasses, rechargeable batteries due to its ability of
hydrogen storage and catalysts [17].

Lanthanum has other dopant properties than lanthanides because it has no 4f tran-
sition. Due to this fact, it is relevant to examine the electric properties, light-absorption
properties and simple band structure of this material. To the best of our knowledge, only
very few works have been reported in detail in the literature on La-modified YAGs.

Observation of dielectric properties of this material may be useful for device appli-
cations of microwave absorbers. The enhancement in multiferroic properties suggests a
potential application in multiferroic devices [18]. Multiferroic materials are very unique
due to the coexistence of both ferroelectricity and ferromagnetism and are being exten-
sively investigated by researchers worldwide due to their potential applications in novel
devices, such as sensors, actuators, storage information, spintronics and microelectronic
devices [19,20].

To predict the properties in yttrium garnet phosphors doped by lanthanum in different
concentrations, the ab initio calculations helps us. Let us review the ab initio modeling of
the band structure and optical characteristics in yttrium garnets. In [21], various charged
vacancies in yttrium aluminum garnet (Y3Al;01,) were studied using the ab initio method.
The local atomic structures, electronic structure, defect states and formation energies of
vacancies are calculated. The optical transition induced by an oxygen vacancy is predicted
and the stability of the charged oxygen vacancy is discussed.

In [22], the 4f«++5d absorption and emission spectra of Ce** doped YAG (Y3Al501)
are simulated with a quantum chemical ab initio embedded cluster approach, applied to
Ce3* substitutional defects in D, local symmetry. The simulated absorption spectrum is
calculated with overestimations of 23003300 cm 1, which became 4600 cm ! in the lumi-
nescence. Good absorption and emission band shapes and relative intensities are obtained.
A large underestimation of the Stokes shift is found, which suggests an underestimation of
the relaxation on the emitting state.

In this paper, we present a series of first-principles density function theory calculations
on the band structure, density of states and dielectric function calculations for the pure
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sample and that doped by lanthanum in different concentrations of yttrium garnet, as a
first and necessary step towards the future investigation of the effect of defects in a crystal.
The doping with two ions and four ions of La was used to examine the changes in band
structure, absorption properties and dielectric properties of material to obtain a sample
with the desired properties.

2. Materials and Methods

The simulation was carried out in the Quantum Espresso program 6.7 (Italy). The
Quantum Espresso package is a multi-purpose and multi-platform software for ab initio
calculations of condensed matter (periodic and disordered) systems. Codes in the package
are based on density functional theory and on a plane wave/pseudopotential description of
the electronic ground state and are ideally suited for structural optimizations (both at zero
and at finite temperature), linear response calculations (phonons, elastic constants, dielectric
and Raman tensors, etc.) and high-temperature molecular dynamics. The studies were
carried out using three samples: pure yttrium garnet Y3Al501, yttrium garnet doped with
two lanthanum ions, also four. Geometry optimization was conducted in Atomistic Toolkit
with Virtual Nanolab 15.1 (Synopsis, Copenhagen, Denmark) (ATK VNL). ATK VNL is a
leading industry-proven platform for atomic-scale modeling of materials, nanostructures
and nanoelectronic devices. It includes quantum mechanical methods such as density
functional theory (DFT) with either LCAO or plane-wave basis sets and semiempirical
models, simulation engine for atomic-scale simulations using classical potentials, module
for nanoscale device and transport simulations using non-equilibrium Green’s function
(NEGF) methodology.

The crystal structure contains dodecahedral (8 vertices), octahedral (6 vertices) and
tetrahedral (4 vertices) positions. The elementary cell contains eight formula units and
includes 24 dodecahedral positions of Y, 16 octahedral positions of Al(1) and 24 tetrahedral
of Al(2) and 96 positions of O. When the material is doped with rare-earth ions, they replace
yttrium. The optimized lattice constants are shown in Figure 1.

The simulation consists of the following sequential steps. First, the geometry of the
molecule is optimized. At this stage, the atomic composition of the molecule is estab-
lished and the equilibrium interatomic bonds are calculated, which correspond to the
minimum energy.

©-
0-‘\|

Figure 1. Cont.
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Figure 1. Elementary lattices of Y3Al5015: (a) Y3Al5015; (b) Y3Al;015:La (2 ions); (¢) Y3Al5015:La
(4 ions).

The optical characteristics of Y3Al501:La were simulated using the Quantum EPRESSO
software package. The procedure for optimizing the geometry of the structure under con-
sideration and describing the interatomic interaction was carried out in the framework of
the density functional theory (DFT); the generalized gradient approximation GGA-PBE
was used as the exchange-correlation functional. When optimizing the structures, the
parameters of the atomic configuration relaxed until the forces on all atoms became less
than the specified threshold value of 0.02 eV/A. The introduction of the La impurity was
carried out by replacing the Al atom with the La atom near the center of the supercell,
followed by the relaxation of all atoms.

Computer simulation of the optical characteristics of Y3Al5015; Y3Al50q5:La was
produced within the framework of DFT-GGA using the Kubo-Greenwood equation, which
determines their dielectric susceptibility:

e2ht Zf(Em)—f(En) i (1)

_ : s
m2eV w24 Eyyy — hew — il """

Xij(w) =

where 71l is component of the dipole matrix element between state n and m, V the volume,
I' the broadening and f(E) Fermi function, e is the charge of the electron, & is Planck’s
constant, E is energy, f(E) is the Fermi distribution function of quasiparticle energy, €
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dielectric permittivity of vacuum, w frequency and m, electron’s mass. From Equation (1),
the dependence of the permittivity on frequency (on energy) is determined:

e(w) =1+ x(w) €

Using the imaginary and real parts of the permittivity (2) we find the extinction coefficient:

2 2
kw) = Re(e) +112n(8) —Re(e) 3

From (3) the optical absorption coefficient is determined:

w

3. Results
3.1. Band Structure

The band structures and total density of states calculations show that the bottom of
the conduction band and the top of the valence band occurred at the I' point, indicating a
direct band gap in value around 4.7 eV in poor crystal as it can be seen from Figure 2. This
value is smaller than the experimental band gap of 6.3 eV in pure yttrium garnet [23,24].
The bandgap is 4 eV in crystal with two La ions and the same bandgap with four La Ions.
The difference between latter structures in the fact that the conduction band starts from
1 eV in the sample with two La and from 2 eV with four La. The difference between the
two samples in the fact that in the sample doped with two La ions, the conduction band
starts from 1 eV, four La ions from 2 eV.

Band structure

B e

Figure 2. Cont.
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Band structure

Energy / eV

(b)

Band structure

Energy / eV

(c)

Figure 2. Band structure of the samples (a) Y3Al5013, (b) Y3Al5015:La (2 ions), (c) Y3Al501;:La
(4 ions).

3.2. Density of States

In Figure 3, the density of electronic states as a function of energy for three types of
geometry is shown. In all cases, the Fermi energy in the systems is reduced to zero.
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Figure 3. Density of states (a) Y3Al5013, (b) Y3Al5015:La (2 ions), (c) Y3Al50q5:La (4 ions).

”

In Figure 3, the total and partial density of states are presented. “[Up]” and “[down]
mean the positive and negative DOS, respectively. Black lines correspond to the total
density of states and other lines are due to the partial DOS of yttrium, aluminum and
oxygen, according to the figure legends. The range of negative energies corresponds to
filled molecular orbitals, and to positive ones, unfilled ones. The band gap corresponds to
the left boundary of states in the region of positive energies. In the case of pure yttrium
garnet, it can be seen that the most populated are levels with energies of about —23 eV and
19 eV; there are absolutely no states in a range from —42.5 eV to —23 eV and —19 eV to
—9eV.

The low valence bands in a range of —23 to —19 eV are contributed by O-s states and
minor contribution of Y-d and Al-d states. The upper valence bands in a range of —9 to
—3 eV are mainly composed of O-p states, hybridized with some Al-3d and Y-3d electrons.
The conduction band is predominantly occupied by Y-3d, Al-3d and O-2p electrons.

Geometry optimization within the ATK VNL method and the starting distorted ge-
ometry give an approximately equal and less accurate value of 4.3 eV. It should be noted
that, when calculating using the density functional theory, taking into account only local
correlations, even within a sufficiently accurate approximation, the value of the energy
for the lower unfilled state is determined with a systematic error due to the limitation of
the theory [25].

In the case of doping with two Lanthanum atoms, the most occupied states shift
slightly to the left in the region of negative energies and the population decreases in com-
parison with the pure sample; the band gap decreases to 4 eV. Population of the —32.5 eV,
—16.5 energy level is associated with lanthanum appearing. When the concentration
increases to four Lanthanum atoms, the DOS at these energies increases.

It can be noted that, with an increase in the number of doped atoms, the DOS in
the most populated levels of the host decreases and DOS in the impurity atom increases
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and the position of the most populated levels shifts to the left in the region of negative
energies in the case of two atoms and to the right in the case of four atoms. For small
impurity concentrations, implying negligible interaction between impurity atoms, the
energy dependence of the impurity states is adequately described by a delta function.
As the impurity concentration increases, interaction begins to become important and the
(spatially averaged) density of impurity states begins to spread; most of the states still
reside at the nondegenerate level and the spread occurs around this energy [26]. Therefore,
at high concentrations, the impurity level spreads into the impurity band, overlapping with
the conduction band.

3.2.1. Optical Properties of Pure Yttrium Garnet

The imaginary and real parts of the dielectric function are presented in Figures 4-7.
On the insert to figures “Imxx”, “Imyy”, “Imzz”, “Rexx”, “Reyy” and “Rezz” mean the
imaginary (Im) and real (Re) part of dielectric function by the X, Y and Z axis.

0.07

— | X
—_— Imyy
—Imzz

0.06

0.05 4

0.04 ]

0.03

Im(e)

0.02

0.01

0.00

T T T 1
3 4 il 5 7

Energy (eV)

Figure 4. Imaginary part of dielectric function of pure YAG.

The imaginary part of the dielectric function of pure YAG obtained in this way, which
directly gives the absorption spectra of YAG, is presented in Figure 4.

From the figure of research on the pure sample, we do not see any anisotropy.

The absorption edge starts from about 4.2 to 4.6 eV. The absorption spectrum con-
sists of a very significant peak at 5 eV and also another peak structure at 4.7 eV. We can
draw conclusions about the transparency of the sample in the visible region, because the
absorption spectra appear in the UV region. Therefore, this system has weak absorption in
the deep UV-VIS region (<250 nm), which depicts enough transparency for the routinely
used lasers. This transparent nature makes them perfect candidates for deep UV nonlinear
optical materials.

The real part of the dielectric function of the pure sample is plotted in Figure 5. The
value of the static dielectric constant (value of dielectric function at zero energy) is 1.009.

From Figure 5, we can observe the anomalous dispersion region from 4.9 eV to 5.25 eV.

The refractive index value calculated from the relation [22] is equal to 1.005, in a
spectral region 34 eV,

n? — k* = Im(e) (5)

2nk = Re(e) (6)

The maximum value is —1.014 at 4.3 eV, the minimum is 0.95 at 5.25 eV.
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Figure 5. Real part of dielectric function.
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Figure 6. Imaginary part of dielectric function of YAG doped by La (a) with 2 atoms (b) with 4 atoms.
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Figure 7. The real part of dielectric function in YAG doped by La (a) with 2 atoms (b) with 4 atoms.

3.2.2. Effect of Doping

We investigated the effect of doping on the optical properties of yttrium garnet.

One can notice the anisotropy in the optical properties along different axes when the
sample is doped with lanthanum. Moreover, in the case of doping with two lanthanum
atoms, the anisotropy is most pronounced along the Y axis, if doped by four atoms—along
the X axis. It also depends on the position of the replaced atom, as shown in Figure 1. In
the case of Y3Al501:La (two ions), two peaks appear in region 4, 4 eV and 5 eV. There is a
significant reduction in absorption coefficient in the region of energy of about 4.7 eV. In
the case of Y3Al501;:La (four ions), indistinct and diffuse peaks are observed with lower
values in the imaginary part of the permittivity around these energies.

As can be observed from Figures 4 and 6, absorption in the pure sample is two-times
higher than in the doped one.

Therefore, the 5 eV peak in the pure sample, and 4.4 eV and 5 €V, is a main considera-
tion for tailoring the optical properties of YAG in the visible range of light. Here, we can
consider the appearance of a maximum at 4.4 eV when doping with two atoms of La.

The real part of the dielectric constant is presented in Figure 7.

The value of the static dielectric constant is about 1.006 in both samples. In the case of
the second sample, the region of anomalous dispersion is noticeable from 4.2 eV to 5.2 eV.



Crystals 2022, 12,1132 12 of 13

4. Conclusions

In conclusion, the structural parameters, electronic structure and optical properties
of pure YAG, one doped with two La ions and one with four La ions, were investigated
by using the first principles within Quantum Expresso. Our structural parameters were
slightly lower than the experimental values. From the analysis of the density of states, it
is noted with an increase in the number of doped atoms, the DOS of the most populated
levels of the host, decreases and DOS of the impurity atom increases and the position of
the most populated levels shifts to the left in the region of negative energies in the case
of two atoms and to the right in the case of four atoms. To discuss the optical properties,
the dielectric function, absorption, refractive index, energy loss function and reflectivity
were calculated. We can draw conclusions regarding the transparency of the sample in the
visible region, because the absorption spectra appear in the UV region. It can be seen from
the imaginary part of the dielectric function that, in the case of Y3Al;015:La (2 ions), two
peaks appear in the region of 4.4 eV and 5 eV. Therefore, this system has weak absorption
in the deep UV-VIS region (<250 nm), which depicts enough transparency for the routinely
used lasers. This transparent nature makes them perfect candidates for deep UV nonlinear
optical materials.

One peak in a pure sample, doped with four Lanthanum atoms, was registered.
Anisotropy is most pronounced with an increase in the degree of doping. It is known that
the large anisotropy in the refractive indices is a favorable factor for the appearance of
phase-matching directions in the crystal, which are necessary for efficient conversion of
laser radiation to the second harmonic. From the results obtained, it can be concluded that
all the crystals under study are characterized by rather strong birefringence.
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