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In this paper, we present an ab initio study within the framework of density functional theory
employing the generalized gradient approximation applied to the study of the structural, elastic, and
electronic properties of yttrium gallium garnet, Y3GasO,,, under hydrostatic pressure. The calculated
structural ground state properties are in good agreement with the available experimental data.
Pressure dependence of the elastic constants and the mechanical stability are analysed up to 90 GPa,
showing that the garnet is mechanically unstable above 84 GPa. We also present the electronic band
structure calculations which show that upon compression the fundamental direct gap first increases

up to 63 GPa and later monotonically decreases under pressure. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4804133]

. INTRODUCTION

Nowadays, oxide garnets are being used for technologi-
cal application in the field of optical materials, solar energy,
and optical imaging as well as active elements for solid-state
laser.'” This is because their high thermal conductivity,
hardness, and chemical and mechanical stability make them
good host matrices for rare ions with interesting lumines-
cence properties.

In the last decade, large efforts have been devoted to
investigate the luminescence properties of RE*"-doped nano-
structured garnets, especially in the development of lasers
and phosphors for lightning applications, 3-D optical imaging
for displays, and as an alternative to quantum dots in the
development of photonic and optoelectronic devices. The
Y;Als0,, (YAG)** and the Gd;GasO,,(GGG)>® nanostruc-
tures have proved to be efficient, flexible, and robust lumines-
cent materials which can support high concentrations of
RE*" ions through substitution of Y** or Gd*>" ions without
charge compensation. Y3GasO, (YGQG) is also a good host
matrix for rare earths; thus, it is worth researching its struc-
tural and electronic properties under high pressure which can
provide important information about how a change in the
RE’" environment would affect its luminescence properties.

Oxide garnets have the general formula A3;B,C30,,
where A denotes the dodecahedral, B the octahedral, and C
the tetrahedral sites.” Garnets usually crystallize in the body
centered cubic (bec) structure (space group la3d). The cubic
unit cell contains eight formula units (160 atoms) which are
reduced to four formula units (80 atoms) in the primitive
cell. In the bee structure, the different A, B, and C cations
have different coordinations: Y ions (A atoms) occupy 24 ¢
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sites and are coordinated with eight O atoms; Ga, ions (B
atoms) occupy l6a sites, with octahedral point symmetry
(C3;), and are coordinated with six O atoms; and Ga, ions
(C atoms) occupy 24d sites, with tetrahedral point symmetry
(S4), and are coordinated with four O atoms (Fig. 1). Finally,
O atoms are located at 96/ sites, defined by x, y, and z pa-
rameters. The high degree of complexity and the big amount
of atoms in the garnet structure justify the absence of previ-
ous ab initio studies of the electronic, structural, and dynami-
cal properties both at room and high pressures in many
garnets and in particular in YGG. Most of the theoretical
studies of some of most known garnets, like YAG, have
been investigated by means of atomistic approach involving
semi-empirical interatomic potentials with the rigid ion
model (RIM),® and also few first-principles density func-
tional theory (DFT) calculations for the ground-state have
been performed.’

The use of ab initio DFT simulations for the study of
materials under extreme conditions is a very well established
technique in the field of high pressure semiconductor
physics.” Therefore, since the high pressure properties of
YGG garnet are essential for the quantitative understanding
of its variety of properties, in this work, we report an exten-
sive study of structural, electronic, and elastic properties of
Y3GasO;, garnet at ambient conditions and under hydro-
static pressure using state of the art first principles total-
energy calculations. To our knowledge, there are not
reported high pressures ab initio studies on the electronic
and elastic properties of YGG. In this work, we provide valu-
able information that we hope will stimulate further the ex-
perimental study of this garnet under pressure. This paper is
organized as follows. Details of first principles model calcu-
lation are presented in Sec. II, structural, elastic and elec-
tronic properties at ambient conditions and at high pressure
are reported in Sec. I11.

© 2013 AIP Publishing LLC
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FIG. 1. The conventional unit cell with the polyhedra YOg (green), GaO,4
(violet), and GaOg (blue).

Il. OVERVIEW OF THE CALCULATIONS

We have performed ab initio total-energy calculations at
zero temperature within the density functional theory
(DFT)'° using the plane-wave method and the pseudopoten-
tial theory with the Vienna ab initio simulation package
(VASP)."! We have utilized ultra-soft pseudopotentials and
the projector-augmented wave scheme (PAW)'? imple-
mented in this package to take into account the full nodal
character of the all-electron charge density in the core
region (for the Y atoms, 11 valence electrons are used
(4sz4p65524d1), whereas for Ga atoms 13 valence electrons
(3d"%4s%4p") and for O atoms 6 valence electrons (2s*2p*)
are used). Basis set including plane waves up to an energy
cutoff of 520eV were employed in order to achieve highly
converged results and accurate description of the electronic
properties. The description of the exchange-correlation
energy was performed with the generalized gradient approxi-
mation (GGA) with the PBEsol prescription.’® A dense spe-
cial k-points sampling for the Brillouin Zone (BZ)
integration was performed in order to obtain very well con-
verged energies and forces. At each selected volume, the
structures were fully relaxed to their equilibrium configura-
tion through the calculation of the forces and the stress
tensor. It is useful to note that theoretical pressure, P(V), can
be obtained within the DFT formalism as the same time as
the total energy, E(V), but independently: P (like other deriv-
atives of the energy) can be obtained from the calculated
stress.’ In the relaxed configurations, the forces on the atoms
are less than 0.006eV/A and the deviation of the stress ten-
sor from a diagonal hydrostatic form is less than 0.1 GPa.
The calculated total energies versus volumes can be fitted
using a standard equation of state, EOS, to determine the
bulk modulus and its pressure derivatives.

Mechanical stability of homogeneous crystals is an
interesting subject that can provide important information
concerning the study of the structural transformations via the
stability criteria. The elastic constants can be obtained com-
puting the macroscopic stress for a small strain by using
the stress theorem.'* Alternatively, elastic constants can
be also calculated using density functional perturbation
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theory (DFPT).15 In this context, we have used the last
method to calculate the ground state and fully relaxed struc-
tures at different pressures which were strained in different
directions according to their symmetry. The total-energy var-
iations were evaluated according to a Taylor expansion'® for
the total energy with respect to the applied strain, due to this
fact it is important to check that the strain used in the calcu-
lations guarantees the harmonic behavior. This allows us to
obtain the Cj; elastic constants in the Voigt notation and the
number of independent elastic constant is reduced com-
pletely by crystalline symmetry.'” The elastic constants
allow the study of the mechanical properties and the mechan-
ical stability of materials in the region where the strain-stress
relations are still linear. Here, we are dealing with a cubic
crystal, and for cubic symmetry there are only three inde-
pendent elastic constants, C;, C;,, and Cyg4, at zero pressure
the Born stability criteria'® for a cubic system are: C;; +
2Cy5 >0, Cy; — C3 >0 and C4y > 0. Under hydrostatic pres-
sure, the generalized Born mechanical stability criteria at
any applied stress are:!” Mi=cy; + 2¢1p > 0, Mp=cy| —
c12 >0 and M3 =cy44 > 0, where the relevant elastic stiffness
coefficients at the applied stress are ¢y =C;; — P, c;o=C»
+ P and c44 =Cyy — P. The system is mechanically stable
when all the Born stability criteria are simultaneously satis-
fied. The elastic constants also enable to obtain the bulk
modulus, B, which is the inverse of the compressibility and
it is related with the resistance of the material to a uniform
hydrostatic pressure. Additionally, we can obtain the iso-
tropic shear modulus, G, the elastic moduli, E, the Poisson’s
ratio, v, and the Zener anisotropy ratio, A. The above param-
eters describe the major elastic properties of a material and
for a cubic crystal are given by

. p-Cut2Ce
3
. Gzl Cii—Cin+3Cyu 5 Cu (Cr1 —C12)
2 5 4 Cas+3(C11 —Cr2) )’
E_ 9B G ,
(3B)+G
E—-2G
L] V:
2G
2Cu4
. o (D
Ci—Cp2

lll. RESULTS AND DISCUSSION
A. Crystal structure and bulk properties

In this section, we are going to compare the experimen-
tal data already reported with the results obtained from our
total-energy calculations. Fig. 2 shows the calculated
energy-volume curve of the YGG garnet. At each selected
volume, the structures were fully relaxed, our calculations,
as mentioned, provide the pressure for a particular volume.
The volume at equilibrium, the zero pressure volume, is the
one with the lower energy, the forces nearly zero, and the
stress tensor diagonal, and equal to zero. At zero pressure,
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TABLE II. Nearest-neighbor distances between atoms at different pressures.

Coordination distances (A)

O GPa 43 GPa 75 GPa
Y-O (2.34t02.42) (2.24 t0 2.32) (2.16 t0 2.21)
Ga-O 1.84 1.87 1.72
Gay-O 1.99 1.89 1.84
Y-Gaye, 3.07 2.9 2.82
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FIG. 2. Calculated total energy versus volume per primitive cell in YGG
garnet. Inset shows the pressure dependence of enthalpy.

we obtain for the lattice constant and the volume of the
primitive cell, 12278 A and 92550 A} respectively
(see Table I), with O atoms located at x =—0.27739,
y =0.40000, and z=0.19408. These values are in good
agreement with the available experimental data,”® which dif-
fer less than 1% and 1.2%, respectively. The energy-volume
data have been analyzed using a third-order Birch-
Murnaghan equation of state, EOS.?' The obtained volume
at ambient pressure, V, corresponds to 926.7 A3 (this value
is very similar to the theoretical zero pressure value), and the
bulk modulus, By, and its pressure derivative, By, are sum-
marized in Table 1. This bulk modulus (170.7 GPa) is similar
to those of most silicate garnets (between 150 and 180 GPa).22
The YGG garnet has a smaller bulk modulus and bigger vol-
ume than other garnets such as the LuzGasO;, with volume
888.3 A% and bulk modulus 181.2 GPa (Ref. 23) and the YAG
with volume 867.9 A® and bulk modulus 183.9 GPa.?*
Moreover, the bulk modulus of the YGG is lower than that of
simple oxides as Y,0Os (bixbyite cubic phase) and Ga,0O3
(monoclinic phase f) with bulk moduli of 212 GPa (Ref. 25)
and between 174 and 202 GPa,*® respectively.

The garnet structure can be viewed as interconnected
polyhedra with shared O ions at the corners. As already com-
mented, Y ions are dodecahedrally coordinated, Ga(16a)
ions are octahedrally coordinated, and Ga(24 d) ions are tet-
rahedrally coordinated”’” (Fig. 1). In particular, at ambient
pressure, the YOg dodecahedron is slightly distorted with
Y-O distances ranging from 2.34 to 2.42 A. On the other

TABLE L. Lattice constant, volume, and bulk properties at 0 GPa of YGG.

Y3GasOy»

Calculated (this work) Experimental (Ref. 7)

Lattice constant (A) 12.278 12.273
Volume (A%) 925.5 924.32
Bulk modulus (GPa), B 170.7

Pressure coefficient, B’ 4.46

hand, Ga,.-O distances and Ga.-O distances are 1.84 A and
1.99A, respectively (see Table II).

In a previous work on RE*"-doped YAG, Papagelis
et al. mentioned that in the garnet series only RE*"-O distan-
ces, and consequently Y-O distances, vary significantly
when the crystal volume decreases.”® Figure 3 shows the the-
oretical pressure dependence of different interatomic distan-
ces in YGG. In YGG, all distances decrease with increasing
pressure, but the Y-Ga,, distance and the Y-O distances, in
particular, the distance indicated by Y-O2 (see Fig. 3), vary
more quickly. Therefore, our calculations confirm the finding
of Papagelis et al.® Furthermore, since the Y-Ga,, distance
decreases, there is a greater influence between the dodecahe-
dra and tetrahedra as pressure increases. The coordination
distance between Y atoms and Ga,, atoms decrease from
3.1A (OGPa) to 2.8 A (75 GPa) (Table II). It is also interest-
ing to note that our calculations show that YOg dodecahedra
are quite irregular at low pressures and continue to be irregu-
lar at high pressures.

B. Elastic properties

The whole set of elastic constants (see Table III) calcu-
lated fulfil the Born stability criteria for a cubic crystal

30|

[ slope =-4,89E-3 A/GPa

28 -
—Ga_-0
26 N Gatet-o
I Y_Gatet
- — Y-O1
2.4 _\ —Y-02

Distances (A)

T
slope = -5,55E-3 A/GPa

2.0 | slope = -2,94E-3 A/GPa

18 slope = -2,34E-3 A/GPa
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FIG. 3. The evolution of the distances between the following atoms, Y-O,
Gae-O, Gaye-O, and Y-Gay, with the pressure.
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TABLE III. Generalized elastic constants, bulk modulus, isotropic shear
modulus, Young’s modulus, Poisson’s ratio, Zener anisotropy ratio, and B/G
ratio at ambient conditions.

Pressure 0 GPa

Cy; (GPa) Cy, (GPa) Cy4 (GPa) B (GPa) G (GPa) E(GPa) v A B/G

280.6 117.8 91.4 172.1 87.2 2238 0.28 1.12 1.97

pointing the mechanical stability of the YGG at equilibrium
pressure. It is also worth to know that the bulk modulus com-
puted from the values of the elastic constants according to
Eq. (1) is 172 GPa, which is in good agreement with the one
obtained from the total-energy calculations of the volume
using the fit with the Birch-Murnaghan EOS. Figure 4 shows
the pressure dependence of the elastic stiffness coefficients
of YGG. The generalized Born stability criteria, My, M,, and
Mj; versus pressure are plotted in Fig. 5. As observed, M,
and Mj; stability criteria are violated in the present case at
around 84 and 88 GPa, respectively; i.e., the tetragonal shear
modulus (C;;—C;,—P)/2, and the shear modulus, C44—P, are
negative at these pressures. This result suggests that YGG
becomes mechanically unstable above 84 GPa. The softening
of C44 suggests shear instability of the cubic structure. In
some cubic binary compounds, the C44 softening can be
related with a phase transition mechanism.? Recent studies
in YAG from empirical lattice dynamic calculations® and
from atomistic model® report that YAG becomes mechani-
cally unstable around 108 GPa due to the violation of the
Born stability criteria by C44. Reported experimental energy
dispersive X-ray diffraction results suggest that the long-
range crystalline order of Sm-doped YAG®' is lost beyond
100 GPa. For gallium oxide garnets, Hua et al. have reported
high pressure and high temperature studies of the Cr’™,
Nd**-doped GGG and the Cr’", Nd**-doped gadolinium
scandium gallium garnet (GSGG).*> The reported experi-
mental results show that an amorphous phase appear over 76
and 84 GPa in GSGG and GGG, respectively. This result
compares to aluminium garnets, like YAG garnet, which is

500

Elastic constants (GPa)

0 10 20 30 40 50 60 70 80 90
Pressure (GPa)

FIG. 4. Pressure evolution of the elastic stiffness coefficients from 0 to
116 GPa. The blue, red, and black lines correspond to Cy4, Cip, and Cyy,
respectively.
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FIG. 5. Pressure evolution of the generalized Born stability criteria from 0
to 116 GPa.

found to retain its crystalline cubic phase up to 101 * 4 GPa.
Therefore, our results for YGG garnet are in good agreement
with the reported experimental data for other gallium oxide
garnets’> and show that over 84 GPa, the generalized stabil-
ity Born criteria are violated, thus suggesting that YGG will
become amorphous around this pressure. In order to discuss
the elastic properties of YGG at ambient pressure in detail,
we summarize the values of the elastic moduli obtained from
Eq. (1) in Table III. It is interesting to mention that we have
obtained B/G = 1.97. Since the critical B/G value for ductile
and brittle materials is 1.75, our B/G result suggests that
YGG is a ductile material. The Zener anisotropy ratio is
1.12. Since this value is close to 1, it suggests that this com-
pounds is an isotropic crystalline structure with a consistent
big region of stability under compression. Finally, the other
two important parameters for engineering and technological
applications, the Young’s modulus and the Poisson’s ratio
are 223.8 and 0.28, respectively. The first one, which pro-
vides a measure of the stiffness of the YGG, has a high value
hence the YGG is a hard material, and the second one is
close to 0.3, thus suggesting that YGG is a material with pre-
dominant central internal forces. Note that the overall high
coordination of the atoms tends to bring the system to a qua-
sispherical symmetry causing the central forces to dominate
the mechanical properties.

C. Electronic structure

The electronic structure of a material is related with the
optical and transport properties and plays a major role in the
reactivity and stability of the material. The calculated direct
band gap of 3.51eV is located at the I" point at ambient
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FIG. 6. (a) The pressure dependence of direct gap at I" point and (b) repre-
sentation of first four conduction bands vs. Pressure at I' point. At
63.38 GPa, the intersection of first and second CB is showed.

pressure. It is well known that DFT calculations underesti-
mate the band gap, but they provide a good description of
the pressure dependence of the band gap. Figure 6(a) shows
the pressure dependence of the direct band gap at the I point
in YGG. It can be observed that the direct band gap increases
at a rate of 30meV/GPa at low pressures, but it decreases
above 63 GPa. This behaviour of the direct band gap can be
understood by observing the pressure dependence of the

J. Appl. Phys. 113, 183505 (2013)

conduction bands, CBs, at the I' point plotted in Fig. 6(b). It
can be observed that the first conduction band, CB, has a
pressure coefficient of 63.1 meV/GPa and crosses the second
CB, with a pressure coefficient of 36.2 meV/GPa, at 63 GPa.
Therefore, the first (second) CB becomes the second (first)
CB above 63 GPa. The direct band gap shows a negative
pressure coefficient above 63 GPa.

In order to understand the pressure-induced band
gap crossing at the I" point, we have plotted in Figs. 7(a) and
7(b) the theoretical electronic band structure of YGG at 0
and 75.6 GPa, respectively. It can be observed that the top of
the valence band (VB) is very flat and similar to other gar-
nets”?>** or Y- and Al-related compounds. On the other
hand, the conduction band (CB) edge at I" point consists of a
rather well-separated band with respect to other CBs. As the
first CB (red in Fig. 7) shows a strong positive pressure coef-
ficient with increasing pressure it crosses the second CB
(blue in Fig. 7), with a much smaller pressure coefficient,
above 63 GPa.

In order to better explain the different behaviour
between the first and second CBs with pressure we have plot-
ted in Figs. 8(a) and 8(b) the total density of states (DOS)
and the atom-resolved partial density of states (PDOS) of
YGG garnet at 0 and 75.6 GPa, respectively. From the
PDOS, we are able to identify the angular momentum char-
acters of different structures in the DOS. In the VB, the O-2s
levels mainly contribute at —16eV at 0GPa and —18¢eV at
75.6 GPa, with small contributions in the upper VB and at
the bottom of CB. The O-2p levels are mainly in the upper
valence band with a width of almost 8 eV and in the CB with
a width of 5eV. On the other side, Ga,-4 s and Ga,-4 p lev-
els are situated in the VB with an important contribution in
the top of VB, while they have a smaller contribution in the
CB. The Ga,-3d orbitals have energy of —12¢eV and also
contribute in the upper VB and at the bottom of CB. The
only effect of the pressure on the Ga,, orbitals is a little dis-
placement in their energies. A similar situation holds for
Ga,, orbitals. The only difference with respect to Ga, is
that there is not contribution of Gay-3d levels in the CB.
Finally, concerning Y orbitals, Y-4 s levels have a very low
energy (—38eV at 0GPa and —40eV at 75.6 GPa). These
levels are semicore of Y atoms but in this study are treated
as valence states similar to Y-4 p levels. Another s orbital of
Y (Y—55) is projected in higher VB and Y-4p orbital is

K-point distance

FIG. 7. The band structure of the YGG
(a) at 0GPa and (b) at 75 GPa. The red
dashed line is the first conduction band
and the blue dashed line is the second
conduction band.

K-point distance
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FIG. 8. (a) The calculated total DOS and atom-resolved PDOS of YGG at
0GPa and (b) at 75 GPa. The total DOS is the black curve. The PDOS of Y
atoms is the pink curve and that of Ga,. and Ga,, atoms correspond to the
blue and red curve, respectively, and the PDOS of O atoms is the green
curve.

around —20eV at 0 GPa and —21 eV at 75.6 GPa with contri-
butions in the upper VB and CB. Y-4d orbital plays an
important role in the CB; while the pressure increases, the
Y-4d projected wave function character of the conduction
bands increases. It is worth noting the enhancement of its
contribution in the first CBs. Consequently, this increase of
Y-4d orbitals could cause hybridization changes because of
the presence of the Ga, and Ga,, orbitals and O—2s (2p)
orbitals. The pressure dependence of the energy band of the
YGG is compared with that of the YAG. The band gap
energy of YAG decreases and the band structure is the same
as the pressure increases.”>* The only difference between
the YAG and YGG is the presence of gallium atoms in the
structure. For this reason, the valence orbitals of gallium
(Ga) atoms and of Y atoms could affect to the electronic
behaviour of YGG because of hybridization change.
Concretely, the contribution of the s and p orbitals of octahe-
dral gallium, tetrahedral gallium and yttrium increase in the
upper VB with an enhancement of their widths of 1.5eV in
gallium ions and from 4 to 7eV in yttrium ions at 75 GPa.

J. Appl. Phys. 113, 183505 (2013)

On the other side, in the conduction bands, there are not vari-
ation of the s and p orbitals of the two kinds of gallium and
yttrium. The important difference in the CBs is the variation
of the Ga,-3d and Y-4d orbitals, increasing their widths
from 4 to 6eV and from 5 to 7eV, respectively, and the
increase of the contribution of the Y-4d levels in the first
conduction bands.

IV. CONCLUSIONS

We have performed a theoretical study of the structural,
elastic, and electronic properties of yttrium gallium garnet,
Y3Gas0;,, under hydrostatic pressure. The calculated struc-
tural ground state properties are in good agreement with the
available experimental data. Pressure dependence of the elas-
tic constants and the mechanical stability are analysed up to
90 GPa, showing that the garnet is mechanically unstable
above 84 GPa. We also present the electronic band structure
calculations which show upon compression the fundamental
direct gap and an exchange between the first and second CB.
The direct gap increases up to 63 GPa and later monotoni-
cally decreases under pressure.
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