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Core exciton, valence exciton, and optical properties of yttrium aluminum garnet„Y3Al5O12…
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The electronic transitions from deep core levels, semicore levels, and valence bands to the empty conduction
bands in yttrium aluminum garnet (Y3Al5O12) ~YAG! are studied by first-principles calculations that explicitly
take into account the excitonic effect. The electron energy-loss near edge structure and the valence-band optical
properties thus obtained are in very good agreement with the measured optical data. The electron-hole inter-
action in YAG is found to be much weaker for valence-band optical transitions than for core transitions.
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Yttrium aluminum garnet (Y3Al5O12), or YAG, is one of
the most important optical materials with a wide range
applications such as laser host material, optical lens,
thermal barrier coating.1,2 This is primarily attributed to its
outstanding mechanical stability, low thermal expansion a
conductivity, low acoustic losses, and excellent optical pr
erties. YAG has a cubic garnet structure~space groupIa3d
or Oh

10! consisting of interconnected and slightly distort
octahedrons, tetrahedrons, and dodecahedrons with sha
atoms at the corner.3 The Y ion at the 24(c) position is
dodecahedrally coordinated to eight O ions, which occu
the 96(h) sites. There are two Al sites, the octahedrally c
ordinated Aloct at the 16(a) site and the tetrrahedrally coo
dinated Altet at the 24(d) site. Different cation environment
and the cubic structure are the basis of many of its elec
optical and electroceramic applications.1,2 Because of its
complex crystal structure, the electronic structure of YA
has only been studied recently.4 The band structure is that o
a typical ionic oxide with mixed ionic and covalent bondin
The optical properties of YAG have never been seriou
calculated in spite of a considerable amount of experime
data.5–7

YAG is also a very valuable component in hig
temperature ceramic composites because of its well-kn
resistance to creep.8–10At the internal grain boundaries~GB!
in sapphire and other oxides, YAG is frequently seen as
precipitated phase due to the propensity of Y segregatin
GB or the interfacial region.11 The mechanism of Y segrega
tion and the structure at the oxide GB is one of the m
outstanding problems in materials science. Structural cha
terization is a key step in the understanding of these phen
ena. In recent years, electron energy-loss spectroscop
conjunction with dedicated scanning transmission elect
microscopy, has emerged as a powerful tool for studying
electronic structure of a crystal and its microstructures.
particular, the electron energy-loss near edge struc
~EELNES! contains detailed information on the local chem
cal and structural environment of the atom undergoing
inner-shell excitation.12 The EELNES spectra of YAG hav
been measured13 and shown to be very different from th
component oxidesa-Al2O3 and Y2O3. The EELNES is es-
pecially useful in characterizing the complex ceramic str
tures such as GB with segregated ions.

In this paper, we present a detailed study of the EELN
spectra and the VB optical transitions. By including the e
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citonic effect in both cases, very good agreement with
experimental data is achieved. We also demonstrate the
ferent nature of the excitonic effects from the deep core
those from the VB.

It has long been recognized that the core exciton play
crucial role in defining the EELNES spectra of materials12

Popular approaches to treat the core-hole effect include
Slater transition method or using the Z11
approximation.14,15Depending on the actual implementatio
consistent agreement with measured spectra has seldom
achieved by these methods. The Coulomb interaction
tween the excited electron in the conduction band~CB! and
the hole left in the core can strongly modify the unoccup
states. On the other hand, the valence-band~VB! optical
properties of insulators within the framework of the rando
phase approximation are generally interpreted in terms
interband transitions from the VB to the CB.16 It is generally
assumed that electron-hole interactions in the VB opti
properties can be neglected. However, the presence of st
excitonic peaks in the VB optical properties of many oxide
such as a-Al2O3 ,17,18 MgO, MgAl2O4 ,18 Y2O3,19 and
a-SiO2 ,20 is well known.

Our calculation starts with the ground-state electro
structure of YAG using a density-functional-theory-bas
method presented elsewhere.4 In the present spectral calcu
lation, additional orbitals~Y 7s, 6p, 6d; Al 5s, 5p, 4d, and
O 4s! were added to the basis set~referred to as the extende
basis! to ensure sufficient accuracy for transitions of up to
eV in the CB. The semicore Y 4p states were treated as th
VB states. For the EELNES calculation, we used the rece
developed ‘‘supercell’’ method,21 which explicitly includes
the electron core-hole interaction. The unit cell of YAG~a
512.000 Å, 80 atoms in the primitive cell! is sufficiently
large to effectively serve as a supercell. In this method,
initial ground state and the final core-hole states are ca
lated separately. The final states involve the excitation o
core electron from a specific atom to the lowest CB, leav
behind a hole in the core of that atom. This is implemen
by specific instructions in the program for constrained oc
pation of the orbital states, which are summed up to obt
the total crystal charge density at each iteration. The inte
tion and the associated screening effect between the elec
hole pair are fully accounted for by the self-consistent ite
tions of the Kohn-Sham equation in the final sta
calculation. The EELNES intensity function is calculated a
cording to9
©2002 The American Physical Society05-1
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whereEi and Ef are the orbital energies of the initial an
final states, respectively.P52 i“ is the momentum operato
and\v is the transition energy. The inclusion of the matr
elements ensures that the dipole selection rule is autom
cally satisfied.

A special advantage of the present method is that the
set energy of the EELNES edge or the transition energy
be obtained from the difference in the total energies~TE! for
the initial- and final-state calculations. In the past analysis
EELNES data, a common practice is to use the symme
projected local density of states~LDOS! of the CB from the
ground-state calculation. In the constant matrix approxim
tion and neglecting any electron-hole interaction, theK edges
of Al and O can be represented by thep component of the Al
and O LDOS, respectively, and the AlL edge can be inter
preted by the (s1d) components of the Al LDOS. The spec
trum is usually shifted to align the main peak in the C
LDOS with the measured spectrum with no reference to
actual energy scale. One is contented with the presence~or
the absence! of certain peaks with little attention to the rela
tively intensities. Another special feature of the pres
method is that in each calculation, a specific atom in
supercell is excited. Hence, the difference between the s
tra from Altet and Aloct in YAG, which has slightly different
transition energies, can be delineated. Experimental meas
ment gives the combined spectra from both sites.

The calculated AlK (1s→CB), Al L2,3 (2p→CB), and
O K (1s→CB) edges in YAG are shown in Figs. 1, 2, and
respectively. Also displayed are the experimental data fr

FIG. 1. Comparison of the measured~Ref. 13! ~a! and calculated
~b! Al K edge in YAG. The calculated spectrum is the weighted s
of the contributions from Al at the tetrahedral site and Al at t
octahedral site. The energy scale is set by matching the trans
energy with the edge onset. The LDOS (Al-p) from the ground-
state calculation~c! and the final-state calculation~d! are each
shifted to align with the experimental peak. They are the weigh
sums of the LDOS at Aloct and Altet .
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Gülgün et al.13 Additional test calculations using a 160-ato
cubic cell show no discernable difference. For consisten
all calculated spectra were broadened by a Gaussian o
eV ~full width at half maximum!. We prefer not to use the
broadening factor as a means to improve the agreement
the experimental spectra. For the AlK and Al L2,3 edges, the
calculated spectra are the weighted sums of the contribut
from Aloct and Altet. Also displayed in Figs. 1–3 are th
LDOS from both the ground-state and final-state calcu
tions. For the Al LDOS, the spectra are the weighted sum
the site-projected LDOS from Aloct and Altet. In both cases,
the LDOS spectra are shifted to produce the best agreem
with the measured spectrum. As can be seen, the gro
state LDOS interpretation is totally unsatisfactory. T
LDOS from the final-state calculation, which includes t

on

d

FIG. 2. Same as for Fig. 1 but for the AlL2,3 edge. The LDOS
is the (s1d) component of Al.

FIG. 3. Comparison of the calculated and measured OK edge in
YAG crystal. The notations are the same as Fig. 1.
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core-hole effect, gives a marked improvement. Howev
they are still not as good as the actual calculation, espec
in the relative intensities of various peaks. All the ma
structures in the measured curves are reproduced by our
culation. For the AlL2,3 edge, the edge onset is controlle
mainly by Aloct, because it has a slightly lower transitio
energy. For the Al edges, a combined sum of contributi
from the two different sites is required to produce a satisf
tory agreement. Since the energy resolution in the exp
mental spectra is rather low, the theoretical curve can res
the buried structures as is quite evident in the case of theK
edge. It should also be pointed out that the AlK and Al L2,3
edges from the Aloct site in YAG differ substantially from
those ofa-Al2O3 ,21 even though Al ina-Al2O3 is also oc-
tahedrally coordinated. Therefore, one cannot use the sim
concept of the coordinating shell to interpret EELNES sp
tra in complex oxides. The present calculation undersco
the importance of not only including the electron-hole int
action, but also the transition matrix elements, and to a
tain extent, the difference in the transition energies from d
ferent sites.

In the so-called low-loss region, the energy-loss spe
can be obtained from the complex frequency-dependen
electric function. The traditional approach for the calculati
of the dielectric function of insulators is along the line of t
interband optical transition.16 Such calculations can usuall
provide good agreement with the measured optical data.22–24

However, significant disagreement can result in some ca
especially near the absorption edge. Apart from the w
known problem of gap underestimation associated with
deficiency in the local-density approximation~LDA ! theory,
a particular drawback in the interband optical calculation
its inability to reproduce the excitonic features near the
absorption edge. Ina-Al2O3 , Y2O3, anda-quartz, the pres-
ence of the prominent excitonic feature in the optical spe
is quite clear.17–20 In YAG, the excitonic feature is les
prominent.7 We have calculated the optical properties
YAG by including the VB exciton. To account for the mor
delocalized nature of the VB exciton, we have used the 1
atom full cubic cell. Since the cell is sufficiently large, on
one generalk point is used for Brillouin-zone integration
The computational procedure is similar to the EELNES c
culation, except that in this case, a final state is obtaine
which an electron at the top of the VB is excited to t
lowest CB. The initial states are the VB states from t
ground-state calculation. The interaction between
electron-hole pair is again accounted for by the se
consistent iterations for the final state. The imaginary par
the dielectric function,«2(\v), is obtained first from inter-
band transitions. The real part of the dielectric functio
«1(\v), is obtained from«2(\v) by the Kramers-Kronig
conversion. The resulting complex dielectric function is d
played in Fig. 4~b!, which is to be compared with the mea
sured data by Tomikiet al.7 reproduced in Fig. 4~a!. The
agreement in the peak structures, shapes, and relative i
sity between the two is very good. The static dielectric co
stant ~the electronic part of the dielectric function at ze
frequency! «05«1(0) of 3.54 is in good agreement wit
Tomiki’s value of about 3.4. The onset of absorption, whi
23510
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defines the optical band gap, is underestimated by ab
30%. However, a rigid shift of the CB~scissors operator!
will not be valid, since the position of the main peak
«2(\v) at around 9.5 eV is already in close agreeme
Clearly, an improved agreement in the VB optical spectr
of YAG will require a theory for excited states beyond th
LDA theory. Another source of disagreement could be due
the fact that the YAG sample used in the experiment m
contain traces of impurities such as Nd or Ce. Tomikiet al.
had pointed out that the weak feature near the absorp
onset at 7.0 eV is due to the VB exciton.11 This feature is
actually reproduced in our calculation, and can be more e
ily identified from the calculation done at theG point, which
is shown in the inset of Fig. 4. The lowest CB of YAG is
G and any excitonic effect should be more pronounced at
zone center. Ina-Al2O3 , the same excitonic effect produce
a sharp peak near the absorption edge.18 Our preliminary VB
exciton calculation ona-Al2O3 has reproduced this shar
feature.25 The reason for the much weaker exciton feature
YAG is not clear. It is possible that the excitonic feature
somehow located within the bulk CB. Inspection of the p
of ucGu2, wherecG is the wave function of the lowest CB a
G on the~001! plane, reveals this state to be quite deloc
ized. We have also investigated the excitonic effect in wh
the excited electron originates from the semicore Y 4p state
and from the deep O 2s band, instead of from the top of th
VB. In each case, we find the changes in the optical spe
to be negligible. This suggests that the main excitonic feat
in YAG should be from the top of the VB.

In conclusion, we have presented a calculation of the

FIG. 4. ~a! Experimental real and imaginary parts of the diele
tric function ~Ref. 11!. ~b! Results from the present calculation. Th
inset shows the«2(\v) from theG point.
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tical spectra in a YAG crystal by a state-of-the-art meth
that accounts for the excitonic effect in the core-level a
VB transitions. It is clearly shown that the excitonic effe
cannot be neglected, especially in the core-level transitio
and must be part of any spectroscopic interpretation in in
lators. The site-specific EELNES spectral calculation can
.
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extremely valuable in the structural characterization of m
crostructures and microdefects in complex ceramic materi
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