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Electronic and optical properties of Y,SiO5 and Y,Si,O; with comparisons to a-SiO, and Y,0,
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The electronic structure and bonding in two complex crystals, yttrium oxyorthosilicZ8e&0Y and yttrium
pyrosilicate Y,Si,O;, were studied by means of first-principles local density calculations. Both crystals are
ionic insulators with large band gaps. It is shown that their electronic structure and bonding cannot be repre-
sented by the weighted sums of thoseae8iO, and Y,0;. On average, the Si-Or-O) bond in the ternary
crystals tends to be weakéstrongey than the respective bond @ SiO,(Y,05). It is further shown that the
specific local atomic coordinations can lead to significantly different partial density of states that should be
experimentally detectable. The bulk and optical properties of these two crystals were also calculated. We find
the bulk modulus of ¥SiOs(Y,Si,0;) to be 134.8 GP#140.2 GPa The optical dielectric constants for the
two crystals are estimated to be 3.11 and 3.44, respectively. In the absence of any experimental data, these
values are presented as theoretical predictions.
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. INTRODUCTION Y,SiOs, we are not aware of any studies of the fundamental
properties of the host crystal itself. We have recently argued
SiO, and Y,0; are some of the most important binary that for a proper understanding of laser operations in crystals
oxides and are also fundamental ingredients of other morguch as ¥Al;0;,, YAIO;, BeAlLO,, or LiYF,,'"2° the
complex oxides. Si® has many polymorphs witl-SiO,  electronic structure and bonding of the host crystal must be
(quarts, the most well-known stable phaSen contrast, understood first. On the other hand, study ofS%O, is
Y,0; has only one known phase with a bixbyte structuire. much less common. It is mostly recognized as a precipitated
Many research groups have studied the electronic structuighase in the interlayers joining I, ceramics with SiN,O
and bonding in crystalline SiQin the past:*~" Within the  or SiO, glas€® and is considered to be a critical phase in the
last decade, there has also been considerable attention p@'ﬁbz-YzOg-SigN4 phase diagrarﬁz.'23 Within the complex
to the electronic and optical properties of the;Of  phase diagram of SiQY,0;-SisN,, there are a total of ten
crystal® ™ Between the Si9 and Y,0; phase boundaries identified crystalline phases, three at the corners £SiO
there are two well-established yttrium silicates, Y—oxyortho—y203, and SiN,), three on the edges ($I,0 between
silicate or Y,SiOs(SiO,+Y,0;) and Y-pyrosilicate or Sjo, and SiN,, Y,SiOs, and Y,Si,O, between Si@ and
Y2S0,7(2 Si0,+Y,03). Conspicuously, there has been noy,0,), and four in the interior of the phase diagram. The
study on the electronic structure and bonding of these tw@uaternary crystals at the interior of the phase diagram are
ternary crystals. There could be several reasons for the lack, [SiO,]¢N,  (N-apatitd, Y,SikN,O;  (M-melilite),
of such efforts. First, the crystal structures of these two crysy,Sij,0,N,, (J-phase or N-YAM, and YSiQN (N-
tals are much more complicated and their precise structuregallastonite. Y,Si,O, is at the corner of what has been
have not been determined until very receffi{second, be- called the compatibility triangléwith corers at SN,O,
cause of the complexity of these crystal structures, dbll  Si;N, and Y,Si,0;), which may play some role in the for-
initio electronic structure calculations still require consider-mation of different phases during high-temperature sintering.
able effort even in this era of rapid advancement in compuThere are claims that other polymorphs 0fSfO; and
tational methods and techniques. Third, it is conceivable tha¥ ,Si,O, could exis* but to our knowledge, no detailed
there could be nothing spectacular in their electronic strucinformation on their structures has been published. It is
ture and bonding. Most likely, their properties are just thehighly desirable to initiate a detailed study on the electronic
weighted averages of the two end members,Si6d Y,0;. structure and bonding in the two complex yttrium silicate
Y,SiOy is an important laser crystal that has been syntheerystals.
sized since 19613 Most research activities connected with  In this paper, we present a detailed calculation of the elec-
Y,SiO; have been related to rare-earth CeEW", etc)  tronic structure and bonding, bulk, and optical properties of
doped crystals to be used as blue phosphdror in  Y,SiOs and Y,Si,O, crystals and compare them with similar
Cr**-doped Y¥;SiOs to be applied as a saturable-absorbercalculations ona-SiO, and Y,0;.?° We are mostly con-
Q-switch lasert® This is mainly because the substitution of cerned with the subtle differences in those properties that can
Si** in Y,SiOs by a Cf* ion entails no other charge- be attributed to their specific crystal structure and local en-
compensating ions and has the highest figure of ni&rit, vironment. Our calculations demonstrate that the naive no-
whereas in systems such as*Crin Y3Al;0;, (YAG), it tion that the properties of Y-Si-O systems can be described as
requires the addition of Ca or Mg as charge-compensatinthe average of SiQand Y,O; is grossly inadequate. In the
ions, which could affect the laser operati@lthough there  following section, we will describe the crystal structures of
are many reports on the spectroscopic studies of doped,SiOs; and Y,Si,O;. The method of calculation is outlined
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FIG. 1. Crystal structure of
Y,SiOs; and Y,Si,O;.

in Sec. Ill. The main results of the calculation are presente®.199 A to 2.373 A. 02 bonds to three Y and one Si while
and discussed in Sec. IV. In the last section, some concludin®3, O4, and O5 all bond to one Si and two Y.
remarks and a comment on the direction of future investiga- In Y,SibO, there is only one Y site, one Si site, and four
tions are made. O sites. Y has six NN O ions with BLs ranging from 2.250
Ato 2.328 A. Si is at the tetrahedral site with BL’s slightly
different from that in %SiO; (1.616, 1.622, 1.631, and 1.637
Il. CRYSTAL STRUCTURE A). O1 is the only atom in a bridging position with two NN
Si. 02, 03, and O4 all have two Y and one Si as NN'’s. For

e . . 3 ison, Il that ia-SiO,, O is i idgi
sketched in Fig. 1. The lattice constants are listed in Table Icomparlson we recall thal ia-Si0,, O is in a bridging

We used the crystal data recently reported by Leonyul{)osmon while Si is tetrahedrally bonded with Si-O bond
; P hs of 1.605 A 1.614 A1 , both Y1
et al’? The single-crystal sample for ,8i05 is Cr doped engths of 1.605 A and 1.6 n20s, both Y1(&) and

. ) . Y2(24d) bond to six O atoms with BL's of 2.244 A, 2.337
while that of Y,5i,0 is undoped. They were grown by the A, :Smd %.268 A. There is only one unique O E&ite which

Czochralski technique in a high-frequency heated iridiumbondS to four Y atoms similar to O1 in,BiOs. We will
crucible. The crystal parameters determined are SlgnlflcantlYurther discuss the implications of these local structural con-

different from the ones reported more than 30 years?8gb. . , -
The crystal structures of )5i05 and Y,Si,O; are fairly {Lgmgggnsvgncﬁggt;@ﬁﬁlast:g ?{? ctron density of St3S)

complicated. They both have a monoclinic lattice but with
different space groupsB2/b for Y,SiOs and P2;/c for lIl. METHOD OF CALCULATION
Y,SibO;. In Y,SiOs, the unit cell contains 32 atom<Z (
=4) with two different Y sites Y1 and Y2, one Si site, and We used theab initio orthogonalized linear combination
five O sites, which we will label as O1—-05. Y1 bonds to Of atomic orbitals(OLCAO) method® for the electronic
seven O ions with bond lengthiBL) ranging from 2.199 A  structure calculation. In the OLCAO method, the localized
to 2.604 A. Y2 bonds to only six O ions with ranging from atomic basis is used in the expansion of the Bloch function.
2.203 A to 2.287 A. Si is tetrahedrally bonded to four O’s This localized description of the orbital basis is particularly
with two short bonds (BE 1.602 A and 1.605 fand two  effective in describing the bonding in complex crystals. The
longer bonds (BE 1.628 A and 1.636 A O1 is the only O  method has been well described in many recently published
atom in Y,SiOs that has no Si as a nearest neightidN)  Papers.’*°2~*Here, we briefly outline the details that are
and is loosely bonded to four Y ions with BL's ranging from pertinent to the present calculation. In both crystals, the basis
sets consist of YLs, 2s, 3s, 4s, 5s, 6s, 2p, 3p, 4p, 5p,

TABLE I. Crystal parameters and interatomic distances in@’ 4d, 5d; Sils, 2s, 3s, 4s, 2p, 3p, 4p, 3d, O1s, 2s,

The crystal structures of 5,0, and Y,SiO; are

Y,Si0; and Y,Si,0; from Ref. 5. 3s, 2p, 3p atomic Ebitals, which are expanded in terms of
a Gaussian-type of orbitdlGTO). These basis sets are gen-

Crystals %,SiO; Y,Si,0, erally referred to as full basis sets. The minimal basis sets
will have Y 6s, Y 5d, Si 4s, 4p, 3d and O %, 3p removed

Space group C2lc P2;/c from the full basis sets. The core orbitéataose underlined

Lattice constants were orthogonalized to the “non core” orbitals in the usual

a(A) 14.371 4.694 “frozen-core” approximation. The semi core Yp4orbital

b (A) 6.71 10.856 was treated as a “none-core” orbital since its orbital energy

c A 10.388 5.588 is only slightly lower than that of O 2 The crystal poten-

B 122.17° 95.01° tials were constructed according to the density functional

Cation coordination Y1-07, Y2-06 Y-06 theory with the local approximatiofDFT-LDA).3® Wigner-

Sio4 Si-04 interpolation formula was employed to account for additional

correlation effects in the LDA potential. The crystal poten-
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FIG. 2. Calculated band structure 08105 and Y,Si,O;.
Y2
tials were expanded in terms of atom-centered analytic func-
tions consisting of a combination aftype Guassians. We
used the experimental lattice parameters for the electronic
structure and optical properties studies. In the case of ground
state bulk properties, we used a total-energy minimization
scheme for geometry optimizatidh®® Geometry optimiza-
tion is necessary in order to obtain an accurate bulk modulus
in which all crystal parameters are simultaneously varied
when the crystal volume is compressed or dilated. The bond-
ing properties are described in terms of Mulliken effective
atomic charge and bond order values between nearest-
neighbor pairs. For these calculations, separate minimal-
basis sets were used to obtain a more meaningful description
since the Mulliken schenigworks best when the basis func-
tions are more localized. For the optical properties calcula-
tion, the dipole transition matrices were included for transi-
tions from the occupied valence ba\B) (including those
of Y 4p) to the unoccupied conduction baf@B). To im-
prove the accuracy of higher CB states, additional atomic
obitals(Y 7s, 6p, 6d, Si5s, 5p, 4d, and O 4, 4p) were
added to the basis set in the optical calculation, which is
generally referred to as an extended basis set. Even with an
extended basis set, the optical calculations were limited to
transitions no higher than 35 eV since the accuracy of the
wave functions of the high CB states cannot be fully guar- PV et
anteed in a method based on the variational principle. A suf- -25 -20 -15 -10 -5 O 5 10 15
ficiently large number ok points in the irreducible portion
of the Brillouin zonegBZ) were used64 and 54 for ¥SiOs Energy ( eV )
and Y,Si,O,, respectively both in the self-consistent itera-
tions and in the final analysis of the DOS as well as in the FIG. 3. Calculated total DOS and atom-resolved PDOS of
optical properties calculations. Y2SiGs.

Total and Partial DOS ( state/eV/cell )
y
=
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IV. RESULTS may not be exactly at th€ point but the difference is so
small that the gaps in both crystals can be considered to be
direct band gaps.

The band structures and the DOS ofSYOs and Y,Si,O; The main electronic structure results of,O; and
were calculated using the OLCAO method. Fig. 2 shows theY,Si,O; are best illustrated by their total DOS and atom-
band structures of the two crystals along the high-symmetryesolved partial DOSPDOS which are shown in Figs. 3
lines of the BZ. These band structures are typical of ionicand 4, respectively. To facilitate discussion, the DOS and
insulators with relatively large band gaps and flat-topped®DOS of a-SiO, and Y,0O; are also presented in Fig. 5. In
VB’s. The gaps are direct, 4.82 eV for,8i0; and 4.78 eV both crystals, we can roughly divide the VB DOS into two
for Y,Si,O;. The real gaps may be somewhat larger in bothregions. Those above9.0 eV are derived mainly from O
crystals since it is well known that LDA theory generally orbitals and those below14.0 eV are associated with the
underestimates the band gaps of insulators. In both cases, tRe2s and Y 4p states. We note from Fig. 5 that the corre-
bottom of the CB is af” and consists of a single band of sponding O 3 band ina-SiO, is at a lower energy than that
predominately Y 4 and Si 4 character. The top of the VB of Y,0;, and the O » band in a-SiO, (separated into

A. Band structure and density of states
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FIG. 4. Calculated total DOS and atom-resolved PDOS of - ) o
Y,Si,0;. 20 O
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10
two segmentsis much wider than the Of2bands in %0;. oM m e Mf“w*'“
Focusing on ¥SiOg, we can summarize our observations as -25 -20 -15 -10 -5 © 5 10 15
follows: (1) The PDOS of O1 is totally different from the
PDOS of the other four oxygens. It has a sharpsp@ak at Energy (eV)

—15.1 eV and a narrow ORband. This is because O1 is not
bonded to any Si atom but to four Y ions with much longer FIG. 5. Calculated total DOS and atom-resolved PDOS%apf
Y-O bonds. The PDOS profile has a great resemblance to the-SiO, and(b) Y,0;.
O PDOS of Y,05. This indicates that Y-O is a relatively
weak bond in ¥SiOs. (2) The PDOS of 02, 03, 04, and O5 a sharp peak at-8.0 eV, which comes from the bridging
are all very similar. As discussed in Sec. Il, the only differ- oxygen O1. Thus the PDOS of O1 is significantly different
ence among them is that O2 has three Y and one Si as NNom those of other three O ion&) The PDOS of the other
whereas O3, O4, and O5 have two Y and one Si as NN. Thithree Os, 02, O3, and O4 are very similar because they have
small difference is reflected in the slight difference in thethe same local bonding configurations as pointed out in Sec.
PDOS near the top of the VB. This reenforces the assertiofl. (3) The PDOS of Si is very different from that in,%iOs
that Y-O is a relatively weak bond and its main influence is ateven though they are both tetrahedrally bonded to four O’s
the top of the VB.(3) The PDOS for Y1 and Y2 are very with comparable BL's. The upper VB does not have multiple
similar. Their only difference is in the CB PDOS because Y1segments as in XSiOs;. This underscores an important fact
has an extra O as NN atortd) The PDOS of Si, which is that the NN local bonding is not the only factor to distinguish
tetrahedrally coordinated, resembles to some extent thihe electronic structure of constituent atoms in complex ox-
PDOS in a-Si0,. Both the upper and the lower sections ides. In this case, the structure of the second NN, namely,
break into multiple segments. 01, has a great influence on the PDOS of(8j.The PDOS
Figure 4 shows the total DOS and PDOS 0§SY,0; of Y is only slightly different from that of Y2 in ¥SiOs;
which are quite different from that of )8i0O;. We summa- both have six NN O’s. The minor difference in the lower CB
rize the results as followg1) the most prominent feature is region is obviously related to the different crystal symmetry
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TABLE Il. Calculated effective charg®?* in Y,SiOs and
Y,Si,O;. Also listed are the* values ina-SiO, and Y,0;, cal-
culated in a similar fashion. For Y, the charge for the spxelec-
trons are not included.

Pap= 2 2 CH'CSLip. )

n,occ i,j

Here C, is the coefficient of the eigenvector of thrth
band.a(i) specifies the atortorbital) andS;, ;4 is the over-

Y,SiOs Y,S,0;  a-Sio, Y,0, X \ ; i
lap matrix between the Bloch functions. Since the Mulliken
Y 1.972,1.940 1.928 - 1.961, 1.978 scheme is more meaningful when the basis functions are
Si 2.641 2.539 2333 - more localized, we made separate calculations using minimal
O 6.599, 6.714, 6.716, 6.803, 6.709 6.834  6.684 basis sets for both »SiOs and Y,Si,O,;. The results are
6.721, 6.697 6.716, 6.707 summarized in Tables Il and Il together with those @f

Si0, and Y,0;, for comparisorf® In general, a larger charge
transfer indicates a stronger ionic character of the crystal
and slightly different Y-O BL's. It is clear from the above bonding. Table Il shows that Y loses about one electron and
calculated DOS and PDOS of the two crystals that the elecSi about 1.4 or 1.5 electron in the charge transfer. For the O
tronic structures of ¥SiOs and Y,Si,O; cannot be simply ions, O1 in Y,SiO; (Y,Si,0;) has a smalle(largey Q*
viewed as a superposition of those of Si@hd Y,0; in Fig.  than other O’s. O1 in ¥SiO; has no Si as NN and tends to
5. The sharp peaks at15.1 eV in Y,SiO; and—8.0 eV in  be less ionic while O1 in ¥Si,O; is a bridging O withQ*
Y,Si,O; should be easily detected experimentally usingclose to theQ* of O in a-SiO,. The variations ofQ* among
techniques such as x-ray photoelectron spectroscopy arntle other O ions at different sites are generally less than 0.01
resonant x-ray emission spectroscopy. electron. The charge transfer froniS) ion is slightly larger
(smallep than the respective charge transfer in th®Y and
SiO, crystals.

The bond order$BO’s) between each pair of atoms in the

B. Effective charge and bond order

One of the great advantages of the local orbital methods ifV\/o crystals were calculated according to E8) and are
the ease with which the effective charggs on each atom al”ﬁ%ted in Table Ill. Also listed in the parentheses are the cor-
the strength of the bonds between pairs of atoms can b,

i . . X %sponding BL's. From the BO values, it is obvious that the
quantified and compared in a simple and straightforward way;; ~ ,ond is much stronger than the Y-O bond with BO
provided the same computational method and basis set

S ) . Se ARues of almost twice that of Y-O. In 2Bi0;, the largest
used. This is particularly useful for comparative studies OfY—O BO is 0.191 for the Y2-O1 bond with a BL of 2.203 A.
crystals with complex structures. The differences are usuall_\,i-he BO of Y1-O1 is only 0.187 even though the BL is ac-
small and delineate the small differences in local bonding{ually slightly shorter(2.199 A). The largestsmallest Si-O
configurations. In accordance with the Mulliken schethe, BO is 0.318 for Si-Oiéi-OZ) with the BL of 1.602 A(1.628

the effective chgrge@z on each atom and the bond order A). Itis also noted that Si-O5 has a BO of 0.305 even though
pap for each pair of atomse, ) are given by it has the longest Si-O BL of 1.636 A. So the BO values do
not necessarily scale with BL. Apparently, the bond angle
and the second NN effect also influence the strength of a

1
@ given bond. In ¥%Si,O; crystal, the variations of Y-O BO

Q=2 > 2 CH'ClsSinis:

i n,occ J,

TABLE llI. Calculated bond ordep,, g in Y,SiOs and Y,Si,O;. The bond lengths in A are listed in the

parentheses.

Crystals

Bond Y,SiOg Y,Si,0; a-Si0, Y,05
Y1-O01  0.1872.199 0.1302.373 - 0.1242.288 (6)
Y1-02  0.1372.374 0.0852.604 0.1812.252 0.1672.279

Y1-03  0.1682.319 0.16Q2.297 0.1912.25))

Y1-04 - 0.18%2.250 0.1782.328

Y1-O5 0.16%2.299 0.1652.317 -

Y2-01  0.1912.203 0.1532.279 - 0.1422.244 (2)
Y2-02  0.1492.283 - 0.1052.337 (2)
Y2-03  0.1832.275 - 0.1332.268 (2)
Y2-04  0.1712.280 0.16Q2.287 -

Si-01 - 0.3091.63) 0.3241.609 (2

Si-02 0.2861.628 0.311(1.622 0.2991.619 (2

Si-03 0.3181.602 0.3051.616 -

Si-O4 0.2951.605 0.2901.63% -

Si-O5 0.3051.636 -
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TABLE IV. Calculated ground-state and electronic properties of 8
Y,SiOs and Y,Si,O;. . 6 (a)
3 44
Crystals Y,SiOs Y,Si,O; o]
W 27
a (A) 14.099 (- 1.90%) 4.712 ¢ 0.38%) 04 S
b (A) 6.807 (+1.45%) 10.862 ¢ 0.06%) — 2 e
c A 10.722(3.22% 5.611(0.41% 6
B 119.46 (- 2.22%) 95.14 (-0.90%) 5 (b)
VIV, 1.027 1.008 73 44
B (GPa 134.8 140.2 < 34
B’ 3.86 4.65 W 27
E, (€V) 4.82 478 ¥
Bandwidth 6.19 5.94 DAL R AL R
O 2p (eV) 30
£4(0) 3.11 3.44 2.5+ ©
o, (eV) 14.,21.,30.9 205, 23.2, 27.3, 30.5 o
l:ﬂLo-
0.5
and BL are less than those inSiO;. The maximum BO is 0.0 /e
0.185 for Y-O4 (BL=2.250 A and the minimum BO is 0 5 10 15 20 25 30 35

0.160 for Y-O3(BL=2.297 A). Likewise, the Si-O BO and
BL values in Y,Si,O; fall between the limits for the ¥SiOg ENERGY (eV)
crystal. Again, the largest Si-O BO of 0.311 for Si-Q&L FIG. 6. Calculated optical properties 0£SiOs: (a) real part of

=1.622 A is larger than that of the Si-O4 paiBO=0.306  the dielectric function(b) imaginary part of the dielectric function,
W|th a ShOI‘ter BL Of 1.616 A Compal’lng the BO ValueS Of and (C) electron energy loss function.

the binary crystalsx-SiO, and Y,0O;, we find the BO for

Si-O bonds in ¥SiOs and Y,Si,0; are slightly weaker than jisieq in Table IV. The bulk moduli for ¥SiOs and Y,Si,O,
those ina-Si0,, while the BO of Y-O bonds are slightly are very close, 134.8 GPa and 140.2 GPa, respectively. They
larger than those in 30;. are both smaller than the reported experimeBtalalue for
Y,0; ranging from 150 GPé&Ref. 41 to 170 GPaRef. 42.
They are much larger than tlivalue of 34 GPa im-SiO,
S o (Ref. 43 because of the flexible bridging O mquartz. On

We used a total energy-minimization scheme within thethe other hand, the high-pressure polymorph of ,Si@r
OLCAO method”**to obtaine the equilibrium geometry of stishovite, has a bulk modulBas high as 304.6 GPa and is
Y,SiGs and Y;Si,0; The results for the crystal parameters sometime referred to as the second or third hardest material
are listed in Table IV. Also shown are the percent deviationgfter diamond and BN. In stishovite, Si is octahedrally coor-
from the experimental values of Table I, which were used forginated and all the octahedrons are edge sharing. In contrast,
the electr_onlc structure calculation. In the optimization pro-tetrahedrons ine-SiO, are all corner sharing linked at the
cess, all internal parameters of the crystabt shown are  |yigging O site. Introduction of Y stabilizes the Si@etra-
simultaneously varied. It can be seen that in the case dfeqrons(similar to the case of Y-stabilized ZgD) thereby
Y2SibO7, the predicted crystal parameters are in excellentegyiting in a significant increase in its bulk modulus. We are

agreement with the measured ones with deviations in latticgot aware of any measured values of the bulk modulus for
constants of less than 0.41% and the deviation in the aigle v_sjo; or Y,Si,0, .

of only 0.9%. In the case of )SiOs, the deviations are
considerably larger, but are still within the general level of
agreements for LDA calculations. The main reason for the
larger deviation in YSiO; is probably due to the fact thatthe  The interband optical transitions with all dipole matrix
crystal sample in Ref. 12 is Cr doped. This certainly will elements included were calculated foySIOs and Y,Si,O; .
affect the measured crystal parameters to a large extent. TH® achieve higher accuracy, an extended basis set was used.
corresponding deviation in the equilibrium volumeti®.9%  The imaginary parts of the dielectric functions(w) were
for Y,Si,O; and +2.7% for Y,SiOs. calculated first and the real pags(w) were obtained from

We have calculated the bulk modulBsand the pressure the imaginary parts by Kramers-Kronig conversion. The en-
coefficientB’ of Y,SiOs and Y,Si,O,. The crystal volumes ergy loss functions were obtained from the inverse of the
were expanded or contracted with the crystal symmetncomplex dielectric function or Iffie;(w)+ie,(w)] 1}
maintained and all the internal parameters relaxed. By fittingrhese results are presented in Figs. 6 and 7 {8i®; and
the calculated total-energy versus volume data for the twdr,Si,O; respectively. For ¥SiOs, £5(w) rises swiftly from
crystals to the Murnaghan equation of statE©9.*° We  the threshold at 5.0 eV to reach a plateau at about 7.1 eV. It
have obtained andB’ for Y,SiO; and Y,Si,O; which are  starts to drop at 9.2 eV until around 24 eV: it rises again with

C. Bulk properties

D. Optical properties
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8+ less accurate, the quoted plasmon frequencies for the two
6 (a) crystals need to be treated with caution. The plasmon fre-
3 4 quencies and the optical dielectric constant values are listed
= 5] in Table IV.
W ]
0 _vM,._,o—-"
S —— V. CONCLUSIONS
63 We have studied the electronic and the optical properties
. 53 (b) of two yttrium silicates, ¥SiOs and Y,Si,O;. Both are im-

3 47 portant ternary crystals either in laser technology or for a
= 37 better understanding of structures of complex ceramic inter-
W %_ faces. It is shown that the electronic structure and bonding in

0 these two complex crystals cannot be simply interpreted as
LALLM LA AL the weighted average af-SiO, and Y,05. They depend on
3.0 the crystal structure and the specific local bonding configu-
2.5 © rations. In particular, the local bondings of O1 in these two
m20- crystals are very different from each other and from that of

Eig: other O ions, resulting in very different local PDOS spectra.

‘e 3 The effective charge and the bond order calculations delin-
0.5 . : . . e
YT . A— eate the fine difference of the cations and anions in different

local environments. It appears that in Y-Si-O compounds, the
0 5 10 15 20 25 30 35 Si-O bond is slightly weakene@vith respect tax-SiO,) and
ENERGY (eV) the Y-O bond is somewhat strengthen@dth respect to ¥
O3). Furthermore, the bulk properties and the optical prop-
erties of these two crystals are also calculated and compared.
However, experimental data on these two crystals are nonex-
istent: we therefore view the present results as theoretical
) predictions to be confirmed later by actual experimental
a peak at 26. eV. The second peak at the higher energy [geasurements. It is our intent to perform systematic and
attributed to transitions from the semi core g fevels to the  gimjlar calculations on other crystalline phases related to the
CB._ The gros_s_features _of the abs_orption spectrum ogioz_yzog_si3N4 phase diagram in order to gain a deep
Y2SibO; are similar to %SiO; except it does not have a insjght on the structures and properties of the intergrannular
plateau inz,(w) in the same energy ranges(w) actually  glassy films in polycrystalline §N, ceramics where differ-
peaks at 9.6 eV and the peak associated with transitions frogit types of cation-anion bonding are exhibited. It is also
Y 4pis at 26 eV, similar to that in ¥SiOs. desirable to carry out supercell calculations with rare-earth
The calculated optical dielectric constanb=e1(2w  (Ce- or Er) or Cr-doped %SiOs such that the interactions
=0) for the two crystals are found to be 3.11 and 3.44petween the metal ions and the crystalline host can be better
respectively.eo can be related to the measured refractiveynderstood. In particular, the issue of excited state absorption
index for throughn= \/e,, so we estimate the refractive in- of C** in Y,SiOs, either to other localized states in the gap
dex for the two crystals to be about 1.76 and 1.85, respecr to the states in the conduction band of the host, is a sub-
tively. Again, we find no reported experimental data for theject of current interest Such calculations are currently un-

optical constants in these two crystals. The peaks in the elegter way* and will be reported elsewhere in the future.
tron energy loss function are interpreted as the frequency

wy, for bulk plasma excitation. Figures® and 1c) show
that the main plasmon peaks fopSiO; and Y,Si,O; are at
30.9 eV and 30.5 eV, respectively. However, additional This work is supported by NSF Grant No. DMR-00162 in
peaks at 14.0 eV and 21.0 eV for,8i0; and at 20.5 eV, collaboration with  NANOAM Project of EU-CODIS
23.2 eV, and 27.3 eV for ¥Si,0; can also be identified. (G5RD-CT-2001-00586 It is also partially supported by the
Because the plasmon peaks at high-energy region where théS. Department of Energy under Grant No. DE-FGO02-
values of the dielectric function are usually small and84DR45170 and NEDO International grant.

FIG. 7. Calculated optical properties 0§Si,0;: (a) real part of
the dielectric function(b) imaginary part of the dielectric function,
and (c) electron energy loss function.
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