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Nonscalability and nontransferability in the electronic properties of the Y-Al-O system
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Based omab initio calculations of electronic structure and properties of five crystal&l,Os, Y3AI50;,,
YAIO;, Y,AILOq, Y,0; with different Al to Y ratios and local coordinations, it is concluded that the electronic
properties of the Y-Al-O system cannot be simply scaled according to cation ratio, and any of the fundamental
properties cannot be transferred from one crystal to another. This finding has an implication on the segregation
of Y at the internal boundaries in alumina and the precipitate phases contained therein. It is speculated that
possible Y-Al interaction may explain the “Y effect” in the Y-containing aluminum oxide. The electronic
structure and bonding of Al;0;5, YAIO3, and Y,Al,O4 crystals are discussed in considerable detail in
relation to their complex structurelsS0163-182@9)04720-7

. INTRODUCTION have been described elsewh&ré® All calculations were
self-consistent, with a full basis set, and well convergeHtl in
Alumina (a-Al,03) and yttria (Y,03) are the two most Space integration and lattice summations.
important ceramic materials. Between these two stable end
crystals, there are three congruently melted compounds wit AL
different Al to Y ratios: Y,AlO;, (YAG), YAIO; (YAP), ﬁ STRUCTURES OF CRYSTALS IN THE Y-Al-O SYSTEM
and Y,Al,Oq (YAM). They comprise the Y-Al-O system and  The structural information of the Y-Al-O system are sum-
all have complex structures with distinct and well-definedmarized in Table I. Comparatively speaking,Al,O5 with a
local atomic coordinations. While the electronic structurerhombohedral corundum structure is the simplest. All Al and
and properties of AD; have been quite well studiddyork O sites are equivalent and cations are octahedta)lgoor-
on Y,0; is limited®™* and that of YAP and YAM are nonex- dinated. The isoelectronic ;03 has a bixbyte structure in-
istent. Only very recently, the electronic structure of thestead, and there are two differemtoordinated Y sites. The
YAG crystal was studied for the first tinfeBoth YAG and  most complicated one is YAG with a garnet structure con-
YAP are important laser optical materidlsSingle-crystal taining 80(160) atoms in the primitive(cubic) cell.*® There
YAG is usually stabilized by Nd doping. It has been knownare two different Al sites, the-coordinated Al and the
that Y has a very low solubility in bulk alumina, but a small tetrahedrally(t) coordinated AL, while Y is eightfold coor-
addition of Y leads to an increase in adhesion of Al-dinated. The crystal structure of YAG has been discussed in
containing oxide$:® As a doping element, Y segregates to fair detail®
the internal grain boundari¢&B’s) in a-Al,O3, inhibits GB YAP has a perovskite structure of the GdRegpel® The
diffusion and increases creep resistafice.This is the so-  orthorhombic cell contains four formula units with two non-
called “Y effect.” The atomic scale structure of Y at the equivalent O sites. The coordinates of the ions in the YAP
internal GB is unknown and YAG is frequently precipitated unit cell are distorted from the positions of an ideal perov-
at the GB and interfaces ir-Al,O;. Single-crystal YAG  skite, and a monoclinic pseudocell representation is equally
also possesses excellent creep resistance and is vital for highlid.*® Both Y and Al areo coordinated and contained in the
temperature structural applicatiotfs.Indeed, the micro- distorted octahedra formed by the O atoms. There are three
scopic understanding of the Y effect is one of the most outdifferent Al-O bonds(1.862, 1.867, and 1.957)Aand six
standing problem in materials science and technology. different Y-O bondg2.213, 2.471, 2.213, 2.339, 2.338, and
To understand the structure and properties relationshi@.656 A).

in the Y-Al-O system and to provide a possible explanation The monoclinic YAM crystal is the most peculiar and the
for the Y effect, we have carried out detailed electronicleast studied. The crystal structure has been accurately deter-
structure calculations and made comparative studies amongined by x-ray and neutron diffraction on both single-crystal
the five crystals. The electronic structure of alumithand  and powder sampl€8.There are nine O, four Y, and two Al
yttria* have been reported earlier and that of YAG verysites. Two of the Y iongY1, Y3) are sevenfold coordinated
recently® Those of YAP and YAM are reported for the first and the other twaY2 and Y4 are sixfold coordinated while
time. We used the first-principles, density-functional-theory-both All and AI2 are coordinated. Of the nine independent
based orthogonalized linear combinations of atomic orbital® sites, four are bonded to three metal ions and five bond to
(OLCAO’s) method® in the local density approximation four metal ions. O1, 02, O4, and O6 have three Y atoms and
(LDA). The OLCAO-LDA method is very effective for com- one Al atom as nearest neighbd@itéN’s). O3 and O7 each
plex multicomponent crystals such as YAG and YAM. The have two Y and one Al as NN’s while O8 and O9 each have
use of atomic basis greatly facilitates the calculation of bondhree Y as NN's. O5 distinguishes itself as the only O atom
order or overlap population from the wave functions usinghaving two Al atoms as NN's in addition to the other two Y
the Mulliken population scheré.Details about the method NN's. This plethora of local environments result in a differ-
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TABLE I. Structural information on the crystalline Y-Al-O system.

Crystals a-Al,0, Y A0, YAIO, Y ,Al,Oq Y,05
Space group R3c, C§, lagd, OF° Pbnm, 3¢ P2/c, Gy, lag, T}
F.U./cell 2 8 4 4 8
Lattice constant$A):
(@ 5.128 12.000 5.179 7.375 10.604
(b) 5.329 10.507
(0 7.370 11.113
a=55.333° B=108.58°
No. atoms/cell: 10 80 20 60 40
Density (gm/c.c) 3.983 4,552 5.352 4,525 5.032
ALY ratio 1:0 5:3 11 1:2 0:1
No of different sites:
Y - 1 1 4 2
Al 1 2 1 2 -
(0] 1 1 2 9 1
Cation coordination:
Y - 8 6 7,6 6
Al 6 6, 4 6 4,4 -
Average bond length€}):
Y-O - 2.367 2.461 2.334 2.282
Al-O 1.913 1.849 1.895 1.741 -
ent local density of stated DOS'’s) for YAM that will be 6.0
discussed later. The Al-@Y-O) bond lengths(BL's) in 5.0 |
YAM range from 1.667 to 1.821 A2.158 to 2.565 A The 40 F
average BL's are listed in Table I. Of the four crystals with 30 ¢
Y-O bonds, ¥%0; has an average BL of 2.288 A, smaller 20 ¢
than the average BL's in YAG2.368 A, YAP (2.340 A, 10F
and YAM (2.334 A). Likewise, of the four crystals contain- 588
ing Al-O bonds, YAM has the shortest average BL's of 400 b
1.741 A anda-Al,0; has the longest1.913 A. Such a 300 b
tantalizing variety of crystalline bonding structures within =
. : = 200 F
the Y-Al-O system form a very interesting case of study. 8 100 b J
. COMPARATIVE STUDY OF THE ELECTRONIC > 12'-8 T
STRUCTURE OF THE Y-AI-O SYSTEM g 0ol
The electronic structures and properties of the five crys- §
tals in the Y-AI-O series are presented and discussed. The @ 50
results for YAP and YAM will be elaborated in more detail. ﬁ J
Our focus will be on the comparative study of the five crys- -
tals with an emphasis on their relationship to the local bond- &2 ¢
ing structure. Figure 1 shows the density of std@©S’s) Qo
for the valence ban@vB) and the conduction bandB) of [ 300f
the series. There are significant differences in the DOS spec- B 200}
tra as will be described below. Other calculated properties 10.0 ¢
are: (1) the band gagEy and band width§BW's); (2) the 9
pressure dependence B ; (3) the bulk modulusB and the w00 b
pressure coefficierB’; (4) the effective valence for cation ‘
and anion;(5) the electronic portion of the static dielectric 0.0 ¢
constante;(0). These results are summarized in Table II. 200 ¢
The electronic structure calculations were carried out using 10.0 ¢

experimental structures of Table | and then repeated at dif-
ferent crystal volumed/ with internal parameters fixed to
obtain the pressure dependence of the gap. Btend B’ ENERGY (eV)

were obtained from fitting the total energy data to the Birch-

Murnaghan equation of staté.The effective charges were FIG. 1. Total DOS of(a) a-Al,O3, () Y3AIsO;, () YAIO,,
obtained by using a real-space charge analysis schéme. (d) Y,AI,Oq, (€) Y,Os.
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TABLE Il. Calculated properties of the Y-Al-O systerky and BW in eV.B in Gpa anddEg/dP in
eV/Gpa.D (id) for direct (indirect gap.

Crystals a-Al,04 Y 3Al;045 YAIO 4 Y 4Al 5,04 Y03
Eq 6.31 (d) 4.71 (d) 4.99 (id) 4.72 (d) 4.54 (d)
dEy/dP 0.0518 0.0025 0.0119 0.0224 0.0124
B 242 221 234 157 183
B’ 3.24 4.00 3.75 5.09 6.92
Cation valence:
Al 2.75 2.72 2.72 2.72 -
Y - 2.50 251 2.54 2.50
O valence: —1.83 —-1.76 —-1.74 —-1.73 —1.66
Average bond 0.094 0.096 0.083 0.097 0.098
order:
O-2p BW 7.37 6.78 7.58 5.46 341
0O-2s BW 3.26 2.21 2.58 2.57 1.16
Gap in VB 8.53 8.67 7.94 9.29 11.09
£1(0) 3.01 4.62 4.40 5.42 3.20
Due to the different ionic sites and BL'’s in these crystals, the 15
calculated effective valences are the averaged ones and only ] al
\ . ] Tot
approximate. The average bond strengths between cdlons 104
or Al) and O as characterized by their bond ordéosbe ]
discussed laterwere obtained from the wave functions of 5_3
separate minimal basis calculations. Thg(0) were ex- 1
tracted from the complex dielectric functions calculated ]
separately?? Figure 1 and Table Il provide many interesting 0 e T e
observations on the electronic properties of the Y-AI-O sys- ] Y
tem. a-Al,0; has the largest and YAG the smalldgg.?® 10
a-Al,0; has a bulk modulu8 larger than YAG. TheB for E ]
YAM and Y,03 are substantially smaller than the other three o) 5j
crystals.a-Al,05 is the most ionic and YO; the least ionic. O 1
The O-2 and O-Z BW in a-Al,0O; are more than double ]
that in Y,03, indicating a fundamental difference in AI-O > 0 et T“’AM‘- ARRRE LA TAW
and Y-O bonding. In Fig. @), a sharp peak at5.5 eV in 3 ] Al
the VB of YAM originates from @ which has two Al as NN. h 104
The calculated:1(0) of YAG, YAP, and YAM are larger _8
than the two end crystals, signaling a possible mixed-ion S 5]
effect. on 1
Table Il displays the relative ranking of the calculated  — Jj\/t MM
properties of Table Il. With the exception of the overall ion- N LU s A IR I LA IR I
o 107 01
TABLE IIl. Relative ranking(in increasing ordegrof calculated Q ]
properties in the Y-AI-O system. ol 5-:
Crystals a-AlLO;  YzAIO;, YAIO; Y,ALOg Y,05 ' ] JU\ _MM
E 5 2 4 3 1 g RELBLALAN BRALALELES LR ELELE BUNLELELEY BURLELALEN BLELELALES BLELELELI UL AL
9 10
dEy/dP 5 1 2 4 3 02
B 5 4 3 1 2
B’ 1 3 2 4 5 57
lonicity 1 2 3 4 5
Bondorder 2 3 1 4 5 0 | [ R R L R
0O-2p BW 4 3 5 2 1 —-20 =15 -10 -5 O 5 10 15 20
O-2s BW 5 2 4 3 1
oot A S S ENERGY (eV)
1(0) 1 4 3 5 2

FIG. 2. Atom-resolved LDOS of YAP.
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icity, there is no clear trend of scaling of properties with the

ALY ratio or with any other crystal parameters. The proper- FIG. 4. Atom-resolved LDOS of YAM, nine O sites.

ties of five crystals are distinctive and each is governed by

their own structure and local coordination. The properties oboth sixfold coordinated. Similarly, the LDOS of Y1 and Y3
YAG, YAP, and YAM cannot be scaled or extrapolated be-are close because both are sevenfold coordinated. We also
tween the two end crystals, or transferred from one to annote that the LDOS of All and AI2 in YAM which are both
other. To illustrate this point more vividly, we show in Figs. t coordinated differ from that in YAP where it is coordi-
2-4 the atom-resolved LDOS of YAP and YAM to supple- nated. The variety of LDOS for the nine O sites in YAM
ment the total DOS of Fig. 1. The LDOS af Al ,05, Y,05, (Fig. 4) is really fascinating but can be understood by a care-
and YAG have been presented elsewHert® In the YAP  fully analysis of their local coordinations and different BL's.
crystal, both Y and Al ar® coordinated, so the comparison The most outstanding one is O5 which is the only O bonds to
of their LDOS establishes the relative positions and spectrdwo Al atoms. Since the bonding energy of Al-O is lower
weights of their electronic states both in the VB and in thethan that of Y-O, this results in a sharp peak-&5.5 eV.
CB. The multiple structures in the Osznd O-2 segments Also, both O8 and O9 have only three Y atoms as NN and
of the VB reflect the many different BL’s in the crystal dis- therefore they do not have any structures arouril5 eV.
cussed above. The LDOS in the YAM crystal is the mostFigures 3 and 4 also show that the LDOS of both Y and Al
tantalizing. Without going into too detailed a description, wehave some amplitudes in the Gs2egion from —15.0 to
surmise that the LDOS reflect the local bonding environment-17.8 eV. This indicates possible a interaction between Al
of each atom described in Sec. Il. For the metal atoms, thand Y through a collective bonding with the O atoms.
LDOS of Y2 and Y4 resembles each other since they are Figures 5 and 6 show the orbital decomposed LDOS of Al

FIG. 3. Atom-resolved LDOS of YAM, Y, and Al sites.
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FIG. 6. Atom and orbital-resolved LDOS of Y in the conduction
band. Solid line: $§+d) component, dashed linp:componentia)
ENERGY (ev) Y ;A0 (b) YAIOS; () Y,AILQq (average of 4 sites(d) Y,05
(average of two sitgs
FIG. 5. Atom and orbital-resolved LDOS of Al in the conduc-
tion band. Solid line: §+d) component, dashed linp:component.  prominent peaks. The pre-edge structure i,/A$ due to
(@ a-Al,05 (b) Y3AlIs0;,, octahedral sitefc) Y3AlsOy, tetrahe-  interaction between Ak and the Y ion(to be discussed later
dral site;(d) YAIO4; (e) Y,Al,Oq (average of two sitgs which is also present in YAMFig. 5€)]. In a-Al,0s, there
is no such pre-edge structure since there is no Y. Third, Al in
and Y of the five crystals in the CB region. The CB LDOS «-Al,0; and YAP are allo coordinated and, in YAM alt
are important because in the dipole approximation to theoordinated. In YAG, both coordinations are present. Yet,
inelastic electron scattering, they are often used to interprahe LDOS of Al with similar coordination also show marked
electron-loss near-edge structyet NES) and x-ray absorp- differences in peak positions and amplitudes. This clearly
tion near-edge structureKANES) spectra. In recent years, demonstrates that coordination alone cannot adequately char-
ELNES obtained from analytic transmission electron micro-acterize the LDOS of the ion. Their local environment be-
scope have been used as “fingerprints” to characterize thgond the first NN shell and variations in BL must be taken
local bonding structure in unknown materials andinto account. In the case of Y LDOS, different local environ-
structure$’ Recent ELNES measurements on the Y-Al-Oments result in different widths of the Yedpeak and its
system show very different O-K, Y-K, and Al, 3 edges®  splitting. The splitting is more complicated than the simple
Figure 5 shows the broadened LDOS of Al in the CB regioncrystal field splitting, and is most pronounced in YAG with
for the four Al-containing crystals. The even parity compo-eightfold coordinated Y and the longest Y-O bond.
nents §+d) (solid line) should mimic the experimentél, 3 The bond ordefalso called the overlap populatipp, 4
edge, and the odd paritp) componentdashed ling theK is a convenient way to quantify the strength of bonding be-
edge. For the YAG crystal, the LDOS for ffand Al,are  tween a pair of atoms and 8. The bond orders of the all
shown separatelyFigs. §b) and §c)]. For YAM, the LDOS  AI-O and Y-O bonds in the five crystals were obtained from
is the average of the two Al sites. Similarly, the LDOS for Y separate minimal basis calculations, and are plotted in Fig. 7
in the Y-containing crystals are shown in Fig. 6. For YAM against their BL's. Several interesting points emerge: First,
and Y,03, the LDOS are the averages over different Y sitesthe bond order of Al-O is generally larger than that of Y-O,
Several conclusions can be drawn. First, the LDOS of Y anatonsistent with the notion that Al-O is a stronger bond than
Al are very different. The peak from Y-gtis more localized the Y-O bond. Second, the bond order roughly scales with
and closer to the CB edge. The AH3.DOS has more struc- the BL with larger values for the shorter bond. But there are
tures and are at higher energies. Second, The LDOS for thebvious deviations from this linear relationship which de-
same cation in different crystals are very different. This ispend on the details of individual local atomic environment.
especially true for Al. In YAG, LDOS for A); and Al  Third, the YAM crystal has the most variety of Al-O bonds
differ substantially both in structure and amplitude,,Atas  and Y-O bonds. It has a higher Al-O bond order than in other
a higher pre-edge structufat 6—12 eV but less number of crystals but it also has very low Y-O bond orders for those
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16 17 18 19 2.0
Al—-0O Bond Length(lgx)
0.5 ] FIG. 9. Valence charge distribution in YAP in two planes per-
@ (b) pendicular to thec axis and containinga) Y-O1 bonds;(b) Al-O2
& ] . . bonds atoms. The thin lines outline the unit cell boundary. Contour
E 010 _"""':..n . line units are the same as Fig. 8.
3] i 4 L e, . .
2} * o x4 Y-5s and the first node of Y-d wave functiong. The ma-
] ° jority of the Y chargeq5s and 4d) reside outside the ring
T e which aid to the covalent character in the Y-O bonding. The
21 22 23 24 25 Y-4d electron plays a significant role in the inter-atomic
Y-0 Bond Length(d) bonding. It is sufficiently extended, at a lower orbital energy

and is very different from the Al-8 electron. This accounts
for the differences in the LDOS of Al and Y. For the same
reason a Y impurity in bulk a-Al,O5 has its defect levels
lowered into the gap, providing a natural explanation for the
so-called donor effect of Y in sapphifé.Figure §a) also
Bives evidence for Y-Al; interaction because of a slight

FIG. 7. Bond order ofa) Al-O bonds andb) Y-O bonds. Dif-
ferent symbols for different crystal® (a-Al,O3), % (Y3Als045),
A (YAIO,), @ (Y,AILQg), B (Y,0,).

bonds with larger BL'’s. The average cation-anion bond orde

in the five crystalsa-Al,Os, Y3AI5015, YAIO3, Y,4AILO,, . . o .
charge build up between the two ions. This interaction leads
and Y,O3 are 0.094, 0.096, 0.083, 0.097, and 0.098, respeqy the pre-edge structure in the LDOS of Al The Ay, is

tively. Y,0O5 has the largest average bond order mainly be- . . K A
cause it has the shortest Y-O bord.Al,O5 has the smaller \;V(ililoihlelded by the O ions and there is little Yglinter

average bond order than YAG and YAM because it has a Th C .
. ) e valence charge distribution in YAP and YAM in a
longer Al-O bond. With the exception of YAP, the average .. solected cwstalgplanes are shown in Figs. 9 and 10,

bond .orders of the other four crystals are 'quite close. It .'Srespectively. Unlike in YAG, there is no low index planes
tempting to relate the average bond order in a crystal to It3hich contain the Al, Y, and O atoms. We select two planes

mechanical properties. However, in real materials, defectﬁh YAP perpendicular to the axis and each containing the

impurities and microstructures control the macroscopic scal§_~q and Al-O2 bonds. and three planes in YAM perpen-
mechanical properties which are not addressed tin the preseft. 1ar to theb axis eacﬁ containing the Y, Al, and O atoms

StUd.V' It can be seen from these diagrams that the charge distribu-
Hon surrounding an Al in YAP(YAM) resembles that of
Al (Aliep in YAG in Fig. 8 because of the similarities in
ghe local coordination.

YAG on a[001] plane containing Ak, Ale, and Y ions.
The O ions are in planes slightly above or below. A less tha
spherical distribution of charges on all ions are obvious an

the difference at Al;and Al sites is noticeable. The charge IV. DISCUSSION AND CONCLUSIONS
distribution around the larger Y ion is remarkabBlgVithin _ . .
the Y ionic sphere of charge, there is a rimgdius 0.3 A of The results presented in the previous section show the

near zero charge due to the coincidence of the third node dgfonscalability and nontransferability of the electronic prop-

FIG. 8. (a) Valence charge distribution in YAG in[®01] plane FIG. 10. Valence charge distribution in YAM in three planes
containing Al, Aliey, and Y ions. The O ions are off plane. The perpendicular to thé axis and containinga) Y atoms, (b) Al
contour lines are in units of 0.001, 0.002, 0.004, 0.008, 0.016atoms, andc) O atoms. The thin lines outline the unit cell bound-
0.032, 0.064, 0.128, 0.256 electral®). ary. Contour line units are the same as Fig. 8.
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erties in the Y-Al-O system due to a combination of factorsbility of forming stable Y-O and Y-Al bonds in reducing the
including different local environments, different orbital con- overall strain energy. A complete understanding of the
figurations of Y and Al, possible interactions between Al andy-effect may require proper modeling of the GB structures
Y, and a less ionic character of the Y-O bond. At a generaln conjunction with analytic and high resolution TEM stud-
grain boundary inx-Al,O3 where Y ions segregate, the local jes, with and without Y ions. The present calculation for the
bonding structure will most likely be similar to those found crystalline Y-AI-O system is the necessary first step towards
in YAG, YAP, or YAM. Therefore, one possible explanation sych understanding.

for the Y effect would be the bonding between Y and.Al

which inhibits movement of the Al ions resulting in the re-

duction of the creeping rate. Recently, Gétoal. had argued ACKNOWLEDGMENTS
that the reduction in the creeping rate daAl,0O5; could be
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