PHYSICAL REVIEW B, VOLUME 65, 235105

Core exciton, valence exciton, and optical properties of yttrium aluminum garnet(Y;Al;0;,)

Yong-Nian Xu, Yu Chen, Shang-Di Mo, and W. Y. Chihg
Department of Physics, University of Missouri-Kansas City, Kansas City, Missouri 64110
(Received 20 February 2002; revised manuscript received 10 April 2002; published 28 Mgy 2002

The electronic transitions from deep core levels, semicore levels, and valence bands to the empty conduction
bands in yttrium aluminum garnet g&l50;,) (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 (YAl50,,), or YAG, is one of  citonic effect in both cases, very good agreement with the
the most important optical materials with a wide range ofexperimental data is achieved. We also demonstrate the dif-
applications such as laser host material, optical lens, antgrent nature of the excitonic effects from the deep core and
thermal barrier coating? This is primarily attributed to its those from the VB.
outstanding mechanical stability, low thermal expansion and It has long been recognized that the core exciton plays a
conductivity, low acoustic losses, and excellent optical prop£rucial role in defining the EELNES spectra of materidls.
erties. YAG has a cubic garnet structuspace groupa3d Popular approaches to treat the core-hole effect include the

or 09 consisting of interconnected and slightly distorted SIater _ transition  method or using theZ+1

octahedrons, tetrahedrons, and dodecahedrons with Shareaaaprc_mmatlorﬁ Depef‘d'”g on the actual implementation,
atoms at the cornérThe Y ion at the 24¢) position is consistent agreement with measured spectra has seldom been

dodecahedrally coordinated to eight O ions, which occup achieved by these method_s. The Coulo_mb interaction be-
) . ' Mween the excited electron in the conduction b&@e) and
the_96¢1) sites. There are two Al sites, the octahedrally cO-iha hole left in the core can strongly modify the unoccupied
ord|nated Al at the 16(1) S|te.and the te_trrahed_rally COOr- states. On the other hand, the valence-béviB) optical
dinated Al at the 24()) site. Different cation environments properties of insulators within the framework of the random-
and the cubic structure are the basis of many of its E|eCtr0phase approximaﬁon are genera”y interpreted in terms of
optical and electroceramic applicatiot’.Because of its interband transitions from the VB to the CBlt is generally
complex crystal structure, the electronic structure of YAGassumed that electron-hole interactions in the VB optical
has only been studied recentlifhe band structure is that of properties can be neglected. However, the presence of strong
a typical ionic oxide with mixed ionic and covalent bonding. excitonic peaks in the VB optical properties of many oxides,
The optical properties of YAG have never been seriouslysuch as a-Al,0;,1"*8 MgO, MgAl,O,,*® Y,0;,*° and
calculated in spite of a considerable amount of experimentalv-SiOz,20 is well known.
data®>~’ Our calculation starts with the ground-state electronic
YAG is also a very valuable component in high- structure of YAG using a density-functional-theory-based
temperature ceramic composites because of its well-knowmethod presented elsewhérin the present spectral calcu-
resistance to cre€p°At the internal grain boundari¢§&B)  lation, additional orbital$Y 7s, 6p, 6d; Al 55, 5p, 4d, and
in sapphire and other oxides, YAG is frequently seen as th®© 4s) were added to the basis setferred to as the extended
precipitated phase due to the propensity of Y segregating tbasig to ensure sufficient accuracy for transitions of up to 35
GB or the interfacial regioft The mechanism of Y segrega- eV in the CB. The semicore Ypistates were treated as the
tion and the structure at the oxide GB is one of the mosW¥/B states. For the EELNES calculation, we used the recently
outstanding problems in materials science. Structural charadeveloped “supercell” metho@: which explicitly includes
terization is a key step in the understanding of these phenonthe electron core-hole interaction. The unit cell of YA&
ena. In recent years, electron energy-loss spectroscopy, #112.000 A, 80 atoms in the primitive cglls sufficiently
conjunction with dedicated scanning transmission electrotarge to effectively serve as a supercell. In this method, the
microscopy, has emerged as a powerful tool for studying thénitial ground state and the final core-hole states are calcu-
electronic structure of a crystal and its microstructures. Irlated separately. The final states involve the excitation of a
particular, the electron energy-loss near edge structureore electron from a specific atom to the lowest CB, leaving
(EELNES contains detailed information on the local chemi- behind a hole in the core of that atom. This is implemented
cal and structural environment of the atom undergoing arby specific instructions in the program for constrained occu-
inner-shell excitatiot? The EELNES spectra of YAG have pation of the orbital states, which are summed up to obtain
been measuréd and shown to be very different from the the total crystal charge density at each iteration. The interac-
component oxides-Al,O3 and Y,0;. The EELNES is es- tion and the associated screening effect between the electron-
pecially useful in characterizing the complex ceramic struc-hole pair are fully accounted for by the self-consistent itera-
tures such as GB with segregated ions. tions of the Kohn-Sham equation in the final state
In this paper, we present a detailed study of the EELNESalculation. The EELNES intensity function is calculated ac-
spectra and the VB optical transitions. By including the ex-cording td
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FIG. 1. Comparison of the measur@kf. 13 (a) and calculated

(b) Al K edge in YAG. The calculated spectrum is the weighted sum
of the contributions from Al at the tetrahedral site and Al at the.
octahedral site. The energy scale is set by matching the transitio

energy with the edge onset. The LDOS (p)-from the ground-
state calculation(c) and the final-state calculatio(d) are each
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FIG. 2. Same as for Fig. 1 but for the Al ; edge. The LDOS
is the (s+d) component of Al.

Gulgun et al*® Additional test calculations using a 160-atom

shifted to align with the experimental peak. They are the weightedcubic cell show no discernable difference. For consistency,

sums of the LDOS at Al; and Alg;.

e2

|(fhw)o 2 [(F|P[i)]26(hw—E+E)),

mafi w?

whereE; and E; are the orbital energies of the initial and
final states, respectivelip=—iV is the momentum operator
and#w is the transition energy. The inclusion of the matrix

elements ensures that the dipole selection rule is automa

cally satisfied.

A special advantage of the present method is that the on-

ti-

all calculated spectra were broadened by a Gaussian of 1.0
eV (full width at half maximum. We prefer not to use the
broadening factor as a means to improve the agreement with
the experimental spectra. For thedland Al L, ;3 edges, the
calculated spectra are the weighted sums of the contributions
from Al and Alg. Also displayed in Figs. 1-3 are the
LDOS from both the ground-state and final-state calcula-
tions. For the Al LDOS, the spectra are the weighted sum of
the site-projected LDOS from Al and Alg. In both cases,

the LDOS spectra are shifted to produce the best agreement
with the measured spectrum. As can be seen, the ground-
state LDOS interpretation is totally unsatisfactory. The
DOS from the final-state calculation, which includes the

set energy of the EELNES edge or the transition energy can
be obtained from the difference in the total enerdigs) for
the initial- and final-state calculations. In the past analysis of
EELNES data, a common practice is to use the symmetry-
projected local density of stat¢sDOS) of the CB from the
ground-state calculation. In the constant matrix approxima-
tion and neglecting any electron-hole interaction, khedges
of Al and O can be represented by theomponent of the Al
and O LDOS, respectively, and the Aledge can be inter-
preted by the §+d) components of the Al LDOS. The spec-
trum is usually shifted to align the main peak in the CB
LDOS with the measured spectrum with no reference to the
actual energy scale. One is contented with the presésrce
the absengeof certain peaks with little attention to the rela-
tively intensities. Another special feature of the present
method is that in each calculation, a specific atom in the
supercell is excited. Hence, the difference between the spec-
tra from Al and Al in YAG, which has slightly different
transition energies, can be delineated. Experimental measure-
ment gives the combined spectra from both sites.

The calculated AK (1s—CB), Al L, 3 (2p—CB), and
O K (1s—CB) edges in YAG are shown in Figs. 1, 2, and 3,
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FIG. 3. Comparison of the calculated and measurd<i€dige in

respectively. Also displayed are the experimental data fronvAG crystal. The notations are the same as Fig. 1.
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core-hole effect, gives a marked improvement. However,
they are still not as good as the actual calculation, especially
in the relative intensities of various peaks. All the major
structures in the measured curves are reproduced by our cal-
culation. For the AlL, ; edge, the edge onset is controlled
mainly by Al,, because it has a slightly lower transition
energy. For the Al edges, a combined sum of contributions
from the two different sites is required to produce a satisfac-
tory agreement. Since the energy resolution in the experi-
mental spectra is rather low, the theoretical curve can resolve
the buried structures as is quite evident in the case of the O
edge. It should also be pointed out that thekAhnd Al'L ; 5
edges from the A\, site in YAG differ substantially from
those ofa-Al,03,%! even though Al ina-Al,0; is also oc-
tahedrally coordinated. Therefore, one cannot use the simple
concept of the coordinating shell to interpret EELNES spec-
tra in complex oxides. The present calculation underscores B
the importance of not only including the electron-hole inter- : 1?5,.ergy (e\zf)’
action, but also the transition matrix elements, and to a cer-
tain extent, the difference in the transition energies from dif-
ferent sites.

[ -
In the so-called low-loss region, the energy-loss spectra YA ~':"":~-"'_"' N
can be obtained from the complex frequency-dependent di- °0 10 20 30
electric function. The traditional approach for the calculation Energy (eV)

of the dielectric function of insulators is along the line of the
g]rtg\:ik:jingo%%tlgg:fet(ra?ﬂ::’:Itov}\fi.tﬁL':ﬁZ r?\i;:{jirttla%nSp(t:iigl L%%%Z"y tric function (Ref. 1J). (b) Results from the present calculation. The
S . - " _inset shows the (A w) from thel point.
However, significant disagreement can result in some cases,
especially near the absorption edge. Apart from the well-
known problem of gap underestimation associated with thelefines the optical band gap, is underestimated by about
deficiency in the local-density approximatiQnDA) theory,  30%. However, a rigid shift of the CRBscissors operatpr
a particular drawback in the interband optical calculation iswill not be valid, since the position of the main peak in
its inability to reproduce the excitonic features near the VBe,(%w) at around 9.5 eV is already in close agreement.
absorption edge. la-Al,O3, Y,05, anda-quartz, the pres- Clearly, an improved agreement in the VB optical spectrum
ence of the prominent excitonic feature in the optical spectraf YAG will require a theory for excited states beyond the
is quite cleat’~?° In YAG, the excitonic feature is less LDA theory. Another source of disagreement could be due to
prominent’ We have calculated the optical properties ofthe fact that the YAG sample used in the experiment may
YAG by including the VB exciton. To account for the more contain traces of impurities such as Nd or Ce. Tonekal.
delocalized nature of the VB exciton, we have used the 160had pointed out that the weak feature near the absorption
atom full cubic cell. Since the cell is sufficiently large, only onset at 7.0 eV is due to the VB excit6hThis feature is
one generak point is used for Brillouin-zone integration. actually reproduced in our calculation, and can be more eas-
The computational procedure is similar to the EELNES calAdly identified from the calculation done at thepoint, which
culation, except that in this case, a final state is obtained iis shown in the inset of Fig. 4. The lowest CB of YAG is at
which an electron at the top of the VB is excited to thel” and any excitonic effect should be more pronounced at the
lowest CB. The initial states are the VB states from thezone center. Irv-Al,O3, the same excitonic effect produces
ground-state calculation. The interaction between the sharp peak near the absorption ethy@ur preliminary VB
electron-hole pair is again accounted for by the self-exciton calculation ornx-Al,O5; has reproduced this sharp
consistent iterations for the final state. The imaginary part ofeature?® The reason for the much weaker exciton feature in
the dielectric functiong, (% w), is obtained first from inter- YAG is not clear. It is possible that the excitonic feature is
band transitions. The real part of the dielectric function,somehow located within the bulk CB. Inspection of the plot
g1(hw), is obtained froms,(#w) by the Kramers-Kronig of | 4|2, wherey is the wave function of the lowest CB at
conversion. The resulting complex dielectric function is dis-I" on the (001) plane, reveals this state to be quite delocal-
played in Fig. 4b), which is to be compared with the mea- ized. We have also investigated the excitonic effect in which
sured data by Tomiket al.” reproduced in Fig. @). The the excited electron originates from the semicorepystate
agreement in the peak structures, shapes, and relative inteand from the deep O<2band, instead of from the top of the
sity between the two is very good. The static dielectric conVB. In each case, we find the changes in the optical spectra
stant (the electronic part of the dielectric function at zero to be negligible. This suggests that the main excitonic feature
frequency go=¢4,(0) of 3.54 is in good agreement with in YAG should be from the top of the VB.
Tomiki’s value of about 3.4. The onset of absorption, which  In conclusion, we have presented a calculation of the op-

FIG. 4. (a) Experimental real and imaginary parts of the dielec-
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tical spectra in a YAG crystal by a state-of-the-art methodextremely valuable in the structural characterization of mi-

that accounts for the excitonic effect in the core-level andcrostructures and microdefects in complex ceramic materials.
VB transitions. It is clearly shown that the excitonic effect

cannot be neglected, especially in the core-level transitions, This research was supported by the U.S. Department of
and must be part of any spectroscopic interpretation in insuEnergy under Grant No. DE-FG02-84DR45170 and the
lators. The site-specific EELNES spectral calculation can b& EDO international grant.
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