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Abstract

In this paper, various charged vacancies in yttrium aluminum garnet (Y3AlsO1,) are 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. Our results
show that the 24 charged oxygen vacancy is the easiest to form and is more stable than the
other charged states of oxygen vacancies. A comparison between calculated and experimental
results identifies that the absorption peak at 275 nm is attributed to the neutral oxygen vacancy,
both the 300 and 580 nm peaks are induced by the 14 charged oxygen vacancy.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Yttrium aluminum garnet (Y3Al50;,, or YAG), as a very
important solid-state laser host material [1-10], has been
widely applied in the areas of medicine and industry. The
optical properties of YAG with rare-earth dopants have been
an important research area in order to improve the material
processing and performance [1-9]. It has been recognized that
point defects will be generated in the process of crystal growth
and they will affect the optical and mechanical properties of
the material [11-15]. For years, many experimental methods,
including optical absorption [11-14], photoluminescence
(PL) [12, 13], thermoluminescence (TL) [14, 15], etc, have
been used to investigate the rare-earth doped and undoped
YAG. Rich optical absorption and luminescence spectra have
been obtained and some peaks in the spectrum have been
attributed to the point defects in YAG, although the origin of
defect-induced peaks has not been identified. For example, the
absorption peaks at 300 nm [11], 225 nm, and 270 nm [12]
have been attributed to be the host lattice defect in YAG.
Recently, in a UV irradiated undoped YAG crystal, Wang et al
[14] observed absorption peaks at 300 and 580 nm with a broad
tail up to 750 nm. Their absorption peaks have been attributed
to native defects or impurities in YAG. In the luminescence
spectrum of Ce:YAG [13, 14], the 300 nm peak is also due to
the host lattice defect.
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On the other hand, theoretical calculations on YAG are
very few [16-18]. This may be due to its complex crystal
structure as discussed in section 2. The earliest calculations
on the electronic structure of YAG and Cr-doped YAG were
performed by Ching ef al [17, 18] using the orthogonalized
linear combination of atomic orbitals (OLCAQO) methods.
Kuklja [16] calculated the formation energies of Al, Y, and
O vacancies in YAG by using the pair potential molecular
dynamics method. Their calculated formation energies of
point vacancies in YAG (Al(tet) 45.37 eV, Al(oct) 45.93 eV,
Y 49.42 eV and O 21.54 eV) are larger than those of the Al or
O vacancy in @-Al,O3 [20]. However, the electronic structure
of the point vacancy in YAG has not been theoretically
investigated up to now. The defect levels are therefore
unknown, although optical properties of YAG crystals with
defects have been extensively studied experimentally. The lack
of reliable electronic structure information on defects makes
the interpretation of the optical data difficult.

In this paper, we present results of the plane wave density
functional theory (DFT) calculation of various point vacancies
in crystal YAG. First-principle methods have been a powerful
theoretical tool for acquiring accurate defect levels and optical
properties of charged vacancies in metal oxides [19-25]. The
present work attempts to theoretically characterize the point
vacancy in YAG and to explain the experimental optical

© 2008 IOP Publishing Ltd  Printed in the UK
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Table 1. Defect formation energy (eV) and structural relaxation around each defect species. Average distances from the vacancy positions to
neighboring atoms are listed. Neighboring atomic species and coordination numbers are also shown in parentheses. For perfect YAG, only the
coordination number of the O atom is analyzed (cutoff distance is 4.5 A).

Averaged distance in A (atomic species, coordination number)

Formation

energy (eV) 1 NN 2 NN 3NN
Perfect 1.75 (Al(tet), 1), 1.91 (Al(oct), 1), 2.34 (Y,2) 3.10(0O, 14) 3.86 (Al 8),4.11 (Y, 4)
VY 12.63 (21.54%)  1.84 (Al(tet), 1), 2.02 (Al(oct), 1), 2.46 (Y,2) 3.04 (O, 14) 3.86 (AL 8),4.11 (Y, 4)
Vé{ 12.09 1.84 (Al(tet), 1), 2.03 (Al(oct), 1),2.49 (Y,2) 3.01 (O, 14) 3.87 (Al 8),4.12 (Y, 4)
'Y 11.05 1.92 (Al(tet), 1), 2.21 (Al(oct), 1),2.55 (Y,2) 2.94 (0O, 19) 3.87 (AL 8),4.13 (Y, 4)
Vgl(m) 22.46 (45.37") 191 (0, 4) 343 (AL 8),3.35(Y,6) 3.72(0, 18)
VOAI(OCD 22.69 (45.93*) 2.11 (0O, 6) 3.30 (AL 6),3.28 (Y,6) 3.96 (O, 18)
VY 23.73 (49.42%) 249 (0, 8) 3.30 (AL 8),3.57 (Y, 3) 4.05(0, 14)
* Reference [16].

absorption spectrum. Our results will help to understand
defects in YAG. This paper is organized as follows. In section 2
we describe the initial YAG model and the calculation method.
In section 3 the calculated results are presented and discussed
in detail. Section 4 summarizes and concludes the paper.

2. Model and method

The YAG crystal has a complicated garnet structure. It contains
80 (160) atoms in the primitive (cubic) cell [26], with a space
group of 01110. The O atoms occupy the 96(h) sites. The Y ions
occupy the 24(c) sites; each Y ion is dodecahedral coordinated
to eight O atoms. There are two different sites for Al. The
Al(oct) atoms occupy the 16(a) sites with an octahedral point
symmetry, and the Al(tet) atoms occupy the 24(d) sites with a
tetrahedral point symmetry. In the present work, we use the
160-atom cubic cell as our initial YAG model (see figure 1). It
is big enough for studying the effect of vacancy. We relax the
cell volume and atomic positions of the initial YAG model by
using the Vienna Ab initio Simulation Package (VASP) [27].
The optimal lattice constant of our YAG model is 11.84 A
which has a 1.33% error compared with the experimental value
of 12.0 A [26]. The relaxed bond lengths of Y-O and Al-O are
listed in table 1. For our initial YAG system, the Y-O bond
lengths are 2.29 and 2.38 A the bond length of Al(tet)-O is
1.91 A and that of Al(oct)-O is 1.75 A.

The neutral oxygen vacancy VOO is created by removing
one oxygen atom from the initial YAG system. The 1+ charged
oxygen vacancy V" or 24 charged oxygen vacancy Vg is
created by removing one electron or two electrons from the
neutral VOO system, respectively. For completeness, we also
create the neutral Y or Al vacancy in the same way as the
neutral O vacancy. They are denoted by V9V Al(tec) and V§
respectively.

All calculations were carried out using VASP [27],
implementing the generalized gradient approximation (GGA)
of Perdew—Wang 91 (PW-91). We used a plane wave basis
set with an energy cutoff of 400 eV and eight k points
in the irreducible wedge of the Brillouin zone (IBZ). The
total energy attains an accuracy of at least 0.001 eV and

Al(oct)?

oAl

00 oY

Figure 1. The initial model of perfect crystalline YAG. It contains
160 atoms in total. One octahedral Al atom and one tetrahedral Al
atom are indicated. Every Y atom is at same dodecahedron site and
has eightfold bonds. All Y-O bonds are eliminated in this diagram in
order to show the AI-O bond well.

the residual force converges to about 0.01 eV A7 Al
charged defect calculations were performed by following the
standard procedures [27] of imposing a neutralizing uniform
background charge followed by monopole—dipole—quadrupole
corrections with the low-frequency dielectric constant of ¢ =
11.7. Then, we need to mention that the total energies of
charged defect systems are calculated based on the neutral cell
by VASP.

The charged O vacancy formation energy Ejo(vac, g) is
calculated according to [19]

Efor(vac, q) = E(vac, q) — E(per) + E(O,q), ()

where E(vac, q), E(per), and E (O, q) are the energies of the
relaxed vacancy model, of the perfect YAG model, and of an
isolated oxygen ion, respectively. Here, E(O, g) is calculated
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by using a cell with the same size as that of the vacancy model
but containing only one oxygen atom with charge ¢g. Here, we
need to mention that, E(O, ¢g) should be the energy of a single
oxygen ion at the fourfold coordination state but not of the
isolated oxygen ion. Yet, it is difficult to calculate the energy
of a single oxygen ion at the fourfold coordination state in the
first-principle methods. Our approach may lead to the slightly
overestimated formation energy. The formation energy of the
Al or Y vacancy can be obtained in the same way.

The stability of a charge state of a vacancy is determined
by the position of the vacancy-induced defect levels with
respect to the local chemical potential. For vacancies close
to the metal—insulator interface, the local chemical potential is
largely determined by the metal Fermi level. The Fermi energy
(Ep) is defined with respect to the valence band minimum
of vacancy systems. Hence, the stability of charged vacancy
systems compared to their neutral counterparts is determined
by the relative total energy Ej(vac,q) as a function of
Er [22],

E(vac, q) = E(vac,q) +q(Ep— Ev) — E(vac, 0) +k. (2)

Here k is the relative correction for the DFT underestimation
of the band gap (E,), which equals the difference between the
theoretical E, and the experimental E,. Ey is the top edge
of the valence band. E(vac, g) and E(vac, 0) are defined as
above.

3. Results and discussion

3.1. Relaxed structure and formation energy

Firstly, we relax all models of YAG with various vacancies.
The existence of a vacancy induces distortion of the local
geometry around the defect. The distances between vacancies
and surrounding atoms after relaxation are examined and
summarized in table 1. It is noted that atoms in a certain
coordination shell do not always have the same distance from
a vacancy, which is due to the low symmetry of the YAG
crystal. In the case of V%, the second-nearest neighboring
(2NN) eight O ions move closer to the vacancy by 2%-3%
of their original distances. While for first-nearest neighboring
(INN) four cations, two Y, one Al(tet), and one Al(oct), all
move away from the oxygen vacancy. But, different cations
have different behaviors. The two Y ions move away by about
0.12 A and the Al(oct) ion moves away by about 0.11 A. The
distance moved by the Al(tet) ion is the shortest at 0.09 A.
This can be understood in terms of the electrons localized to
the vacancy site. The creation of a neutral oxygen vacancy
leaves behind two electrons localized to the vacancy site.
So, in comparison with the original interaction between the
oxygen and surrounding ions, there are only weak electrostatic
attractions or repulsions between a vacancy and its surrounding
ions, which explains the distortion of the ions.

The situation for V4" or Vg is similar to that of V.
The V(l;r behaves like a positively charged vacancy with one
electron, whereas the V%;’ behaves like a double positively
charged vacancy.  Because of the weaker electrostatic
interaction between a vacancy and its surrounding ions

compared with the case of V, the ionic displacement away
from a vacancy in these two cases is larger. The nearest
two Y and two Al ions surrounding the vacancy are again
accompanied by further displacement away from the vacancy
site by an additional 0.01-0.03 A for V(" and 0.08-0.09 A for
A

In the case of the neutral VY, the INN eight oxygen ions
surrounding the Y vacancy are displaced outwards by about
0.15 A, and for the case of the neutral V Algeety (V%l(oct)), the
1NN six oxygen ions (four oxygen ions) are displaced by about
0.17 A (0.20 A) from the Al vacancy. We also note that the
local ionic distortion in the case of the neutral cation vacancy is
significantly stronger than that of the neutral oxygen vacancy.

Based on the calculated total energies of the relaxed
vacancy systems, the formation energies of various vacancy
species are evaluated and listed in table 1. The theoretical
values from the molecular dynamics (MD) method by Kuklja
et al [16] are also listed for comparison. One can see that
the MD formation energies of neutral O, Al, and Y vacancies
are higher than our results by a factor of 2. This may be
attributed to the potential parameters used in MD calculations.
We did not find any experimental results to compare with.
However, we note that our formation energy of a neutral O
vacancy (12.63 eV) is close to that of an O vacancy in o-
Al O3 (13.50 eV) [20] and in MgO (8.90 eV) [28]. For various
cases with O vacancies, the V(2)+ exhibits the smallest formation
energy. It means that V%;’ is the easiest species to form among
the three investigated cases with an O vacancy. For the case of
a cation vacancy, the VY, has a larger formation energy than the
Valeno and than Vajeeno. This can be understood as follows.
The Y ion is at the dodecahedron site and has eightfold bonds,
while the Al(tet) has only fourfold bonds and the Al(oct) has
sixfold bonds. So, removing a Y ion needs more energy than
removing an Al ion.

3.2. Electronic structure and optical transition

In order to locate the defect energy levels induced by a vacancy,
we calculate the electronic density of states (DOS) and partial
DOS (PDOS) of YAG with and without a vacancy. The DOS
of a perfect YAG model is plotted in figure 3(a). The total
characters are as follows: the O-2s levels are between —18.0
and —16.5 eV and the O-2p levels constitute the upper valence
band (VB) with a total width of about 6.5 eV. The Y-3d, 4s
and Al-2p, 3s constitute the conduction band (CB) and at
the bottom of the CB, Y-3d has the largest component. All
characters are similar to the calculated DOS using the OLCAO
method [17]. Our calculated band gap E, is 4.50 eV, which
is very close to the value of 4.3 eV [17] by the OLCAO
method, but it is smaller than the experimental values of 6.5—
7.0 eV [29, 30]. Such a discrepancy is expected when the DFT
method is used. In the calculation for optical transition energy
and in the relative stability analysis of defect states, all defect
energy in the gap will be shifted by £ = 2.0 eV as mentioned
above in formula (2).

As can be seen from figures 2(b)—(g), the overall DOS
profiles of various defect systems are quite similar to that of
a perfect YAG. However, The new defect energy levels are
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Figure 2. Calculated density of states for YAG with and without
vacancies. The valence band maxima are set at 0 eV. The defect
energy levels are denoted by arrows. (a) Perfect YAG; (b)

YAG + VQ: () YAG + Vi (d) YAG + V5©: (€) YAG + V3 e
() YAG + Ve () YAG + V§;

induced around the VB or CB edges. In the case of VQ
(figure 2(b)), a two-electron occupied level at 2.2 eV above the
VB edge is introduced. The V(I)Jr (figure 2(c)) induces a one-
electron occupied defect level at 2.3 eV above the VB edge, but
the vacancy V(2)+ (figure 2(d)) displays a shallow unoccupied
state 0.5 eV below the CB. In contrast, the defect states of
all cation vacancies are located at the edge of the VB and
all are unoccupied, as marked by the arrows in figures 2(e)—
(g). Hence, all cation vacancies introduce acceptor-like states
above the VB.

In order to investigate the features of defect states in the
vacancy system, we choose to analyze PDOS of the neutral
case VOO. The PDOS of INN Y and Al ions, and 2NN O ion
are shown in figures 3(a)—(d). The defect state at 2.2 eV above
the VB is mainly composed of the 1NN Al-3s + 3p orbitals,
the INN Y-5p + 4d orbitals, and the partial 2NN O-2p orbital.
As shown in figure 3(f), there is a strongly localized charge
distribution close to the site of the oxygen vacancy. Comparing
the above PDOS analysis, this charge localization is due to the
Al-3s, 3p orbitals, the Y-5p, 4d orbitals, and the partial O-2p
orbital extending to the area of the vacancy. Although the Al-
3s, 3p and the Y-5p, 4d orbitals constitute the CB in perfect
YAG, such localization of the Al-3s, 3p and the Y-4d, 5p
orbitals will shift the energy level downward from the CB edge,
resulting in the formation of a deep defect level in the middle of
the band gap. Our analysis also shows that the defect states of
V%, V algenyo and V ajocryo are mainly constituted by the adjacent
O-2p orbital. Therefore, defect states of cation vacancies are
located at the top of the VB, as shown in figures 2(e)—(g).

The optical absorption spectrum is important for studying
defects in YAG. The above-mentioned defect states will lead
to new optical absorption. Considering the influence of

204(a) NN Y- 5p+4d orbit /

5

0 A . AM
1) 1NN Aljoct)-3s+3p orbit

5]
o

1(¢) 4NN Alftet)-3s+3p orbit |

oy b

PDOS(states/ev)

04 ,.)H LSV NS W "N

T v T v
(d) oNN 0-2p orbit

20 -5 -0 5 0 5
Energy (eV)

Figure 3. Calculated partial density of states of an ion adjacent to an
O vacancy and the charge contour map of the neutral V): (a) PDOS
of Y-5p + 4d orbits; (b) PDOS of Al(oct)-3s + 3p orbits; (c) PDOS
of Al(tet)-3s + 3p orbits; (d) PDOS of O-2p orbit; (e) the charge
contour of a perfect YAG (in the units of electron/cell volume); (f)
the charge contour of YAG + V.

the final-relaxation effect, ground state eigenvalues by the
DFT generally do not represent well the one-electron binding
energies. In the present work, the vertical transition energies of
defect states are calculated based on the total energy of charged
vacancy systems [19, 22]. This approach has been proved to be
highly accurate.

Here we set four optical transition models for various
charged oxygen vacancies, as shown in figure 4. Model I is
an electron transition from the defect state of the VOO to the
CB, where the calculated excitation energy is 4.60 eV. This
can be written as VO + phonon — V' +e. Model II is
an electron transition from the defect level of the Véf to the
CB, where the excitation energy is 4.22 eV. This process is
represented as V" + phonon — V' + e. Model III is
an electron transition from the top of the VB to the defect
state of V(1)+, where the excitation energy is 2.34 eV. This is
written as Vg’ + e 4 phonon — VOO. Model IV is an electron
transition from the top of the VB to the shallow unoccupied
level of Vé*, where the excitation energy is 6.11 eV. This can
be written as V%;r + e + phonon — V(lf.

Our calculated excitation energies agree well with the
experimental values. In the irradiated undoped YAG sample,
peaks at 300 nm (4.11 eV) [11, 14], 270 nm (4.57 eV) [12],
and 580 nm (2.13 eV) [14] have been found in the optical
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Figure 4. Predicted optical transition models induced by neutral and
charged oxygen vacancies in YAG.

absorption spectrum. Compared with our defect optical
transition models, the 270 nm (4.57 eV) [12] peak is attributed
to Voo, (see model I, 4.60 eV), where there is an electron
transfers from the VOO state to the CB. The 300 nm (4.11 eV)
peak corresponds to the excitation energy of 4.22 eV of model
II where an electron transfers from the V(l;r state to the CB. The
580 nm (2.13 eV) peak [14] is consistent with the excitation
energy of 2.34 eV of model III. Then, the 580 nm peak is
attributed to the electron transition from the VB to the V"
state. As for model I'V, where an electron transfers from the VB
to Voot state, we have no experimental results to compare. As
its excitation energy (6.11 eV) is close to the experimental band
gap 6.5 eV, the absorption peak of model IV should be close
to the edge of the intrinsic absorption of YAG. In [14], Wong
et al observed a broad absorption spectrum where there are
two peaks at 300 and 580 nm with a long tail up to 750 nm in
the UV irradiated undoped YAG sample. This broad spectrum
could not be assigned to a single defect, instead, it must be a
cooperative effect of different deep energy level defects. Our
models II and III can explain the peaks at 300 and 580 nm, but,
to interpret the broad tail, more calculations on other defect
species in YAG are necessary.

3.3. Relative stability of charged oxygen vacancy

Finally, we examine which is the most stable defect species
of neutral and charged oxygen vacancies based on the obtained
system total energies. The relative total energies E (vac, g) of
various charged oxygen vacancies are plotted as a function of
(Ep— Ev) infigure 5. Considering figure 5, for a wide range of
Er— Evy (<3.5¢eV), the Vf;r is predicted to be most stable, and
for high values of Er — Ev, the neutral V, is seen to be most
stable. These predictions are consistent with the location of the
occupied state at the mid gap, and the unoccupied state close to
the conduction band in the case of oxygen vacancies. Clearly,
when Er — Ey is low, the two electrons from the occupied state
will tend to be transferred to the Fermi level, making the V%
and Véf state not stable, and the V4 state more stable, while
no transfer of charge will occur for other values of Ep — Ev,
making the neutral state most stable. Thus, with the exception
of the small Er — Ey ranges at which the neutral VOO charge
state is stable, the Vp state is seen to be most stable for a
wide range of Ep — Evy.

E (vac,q) (eV)

- e B B B B B T T
0 1 2 3 4
E.-E (eV)

Figure 5. Relative total energy E,(vac, g) of a charged O vacancy
as a function of local Fermi energy, where ¢ denotes the charge state
of the O vacancy (¢ = 0, +1, +2).

4. Summary

In this paper, ab initio pseudopotential calculations have been
performed to study the properties of charged vacancies in
YAG. The electronic structure, formation energy, defect states,
and relative stability of various charged vacancies have been
investigated. Our results can be summarized as follows.

(1) A charged vacancy introduced new defect states in the
band gap. For the oxygen vacancy, the neutral V% and
charged Vé;’ induced deep defect levels at the middle of
the band gap and V(2)+ induced a shallow level near the
bottom of the CB. For the cation vacancies (Y, Al(tet),
Al(oct)), all the defect levels are located at the edge of
the VB.

(2) After comparing our predicted transition models with the
optical absorption spectra, we assign the absorption peak
275 nm to VOO, and the 300 nm and 580 nm peaks both to
V(lf by electron transitions from the defect state to the CB
or from the VB to the defect state, respectively.

(3) Lastly, our results show that the Vé’L state forms oxygen
vacancy species most easily and also is the most stable
of all three charged oxygen vacancies in a wide range of
Er — Ev.
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