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Comparative study of the electronic structure of two laser crystals: BeAJO, and LiYF,
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The ground-state electronic structure and bonding of two important laser crystalsCBeAH LiYF,, were
calculated using a first-principles method based the local approximation of the density-functional theory. The
results were compared with similar calculations on several other laser crystals including yttrium aluminum
garnet (LAI;0;,). The geometry of each crystal was optimized first with all internal parameters relaxed. The
bulk moduli B were obtained by fitting the calculated total energies at different volumes to the Murnaghan
equation of state. It was found that LiYfB=90.0 GPa) is much softer than Be@®), (B=217.3 GPa). In
BeAl,O,, Be and Al atoms have very similar local electronic structure and the crystal resembles that of
a-Al,O; (sapphire. LiYF, is a highly ionic crystal while BeAD, has a significant amount of covalent mixing.

The density of states, their atomic and orbital decompositions, the effective charges, the bond order, and the
charge distributions in these two crystals are presented and contrasted.
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I. INTRODUCTION crystals, which are also laser-host materials, such as
a-Al,05,8° MgAI,0,° MgO,? YAIO,,'° and Cak.!! Sev-
The development of solid-state laser technology dependeral other groups have also studied many laser crystals using
on two critical ingredients: a robust crystalline or giassy me-different methods?~*°In this paper, we extend our study to
dium and a suitable doping element. The doping ion is usutWo important laser crystals, Bef, and LiYF, (YLF). To

ally a rare-earth element or a transition-metal ion that carPU’ knowledge, the electronic structure and boding of these

produce desired localized levels in the gap of the host crystdlVC cTystals have never been reported. B@Alis a beautiful
emstone. When doped with Ct it is an effective laser

for emission and absorption at specific frequency rangesg 2l called al ari h di 0 th
Among a variety of laser crystals, oxides with a garnet strucMaterial called alexandrite, whose discovery in the 1970s
ture such as ytirium aluminum garnet4M<Oy,). or YAG, Spurred a flurry of activities in the laser communityand

occupy the most prominent position because of their superiotPad led to the further development of tunable vibronic lasers.

physical properties such as hardness, low index of refraction\,(LF is the paradigm of the fluoride-based laser materials

resistance to optical damage, and chemical inertness. TH4th NA:LiYF, the most successful fluoride-based laser.
Nd:YAG laser is therefore unquestionably the most well-Other fluoride-based laser crystals mcIudel s-aEiCaF,
known laser in commercial market. Other laser host crystaltiCaAIFs, and fluoral apatite[ Ca(PO,)sF].~ Generally
include sapphire ¢-Al,0;), magnesia (Mgo), spinel speaklng, ox@e Iaser.crystals have better thermomechanical
(MgAl,0,), forsterite (MgSiO,), and several fluoride’s? properUes Whl!e fluoride laser prystals have lower thermal
Most theoretical studies on laser crystals concentrated prima€"Sing distortion. A comparative study of the electronic
rily on the spectroscopy of the energy levels of the dopingStrUCtu_re of these two CTySta'.S IS part|c_ularly interesting be-
element in the local environment of a given host material C2US€ it contrasts an oxide with a fluoride. Furthermore, the

developed in the framework of the ligand field thedfyThe fo_ur. cations "?md the two anions |n.these two crystals are
atomic multiplet levels were typically calculated with dlstlnctlyely different, and so are their crystal structures. By
crystal-field parameters fixed by experimental data, while th&olmparmg_the glectrpﬂlc sﬁtructulre rzsults gf tcr;ese two crys-
physical properties of the host itself were frequently ignored!&S In conjunction with others already studied, a consistent
In particular, the electronic structure and bonding in mampverall picture on thg electronic properties of laser crystals in
laser crystals have not been extensively studied, while Sucgener:;l c?r;l be_obtame_d. S d ibe th |

investigations can contribute to the understanding of many !N the following section, Sec. Il, we describe the crysta

salient features of laser operation and may even aid to tharructure of BeAlO, and LiYF,. We briefly outline the
discovery of new laser host materials. method of calculation in Sec. Ill. The main results on the

Recently, we have studied the electronic structure an@round-state properties, the electronic structure, and bonding

bonding of several laser crystals with a garnet structure2r® Presented and discussed in Sec. IV. In the last section,

GSGG (GdS6Ga0;7), GSAG (GAdSGAIZ0;,), and GGG ieca!v, we me;kfe some concluding remarks and comment on
(Gd,Ga0,,),% in addition to the earlier study on YAGThe  the direction of future investigations.
difference in chemical bonding of cations of various sizes at

. . Il. CRYSTAL STRUCTURE
the tetrahedral and the octahedral sites in the garnet structure CRYS STRUCTU
was emphasized. Over the years, our group had studied the The crystal structure of BeAD, and LiYF, are sketched
electronic structure and optical properties of many ceramidén Fig. 1. The lattice constants and the interatomic distances
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FIG. 1. Crystal structure of BeAD, and LiYF,.

are listed in Table I. The perfect crystal Be@, is the min-
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bond lengthgBL) ranging from 1.861 to 2.017 fsee Table
I). This is to be compared with the Al-O BL of 1.857 and
1.967 A in a-Al,0;, and the Al-O BL of 1.761 Atetrahe-
dral site and 1.937 Aloctahedral sitein YAG. The Be atom
is tetrahedrally coordinated with relatively short Be-O BL'’s
of 1.579, 1.631, and 1.687 A. All and Al2 have local point
group symmetry ofCs and Ci, respectively, commonly re-
ferred to as the mirror site and the inversion site. The substi-
tution of CP* in alexandrite is predominately at the mirror
site Al12°

The LiYF, crystal is obtained from equimolar mixing of
LiF and YF;. The tetragonal cell belongs to the space group
14,/a with four formula units per ceft?> The crystal is
birefringent since it has a scheelite structure. The as-grown
crystal contains a significant amount of rare-earth impurities
so the structure for a pure Li,Amay be slightly different.
The Li ion has four and the Y ion has eight nearest-neighbor
(NN) F ions. The two Y-F NN distances of 2.244 and 2.297
A are much larger than the single Li-F NN distance of 1.897
A. On the other hand, Y in YAG is also dodecahedrally
coordinated but the Y-O distances of 2.303 and 2.432 A are
considerably larger than the Y-F distances in YLF.

Ill. METHOD OF CALCULATION

As with other previous studies on laser crystals and
inorganic optical materials, we used thke initio orthogonal-
ized linear combination of atomic orbital$OLCAO)
method® for the electronic structure calculation. Here, we
only outline the details that are pertinent to the present
calculation. In the OLCAO method, the basis expansion
consists of atomic orbitals, which are expressed in terms of
Gaussian types of orbitafs. For BeALO,, the basis set
consists of Bels,2s,3s,2p,3p, Al 1s,2s,3s,4s,2p,3p,4p,3d,
and O1s,2s,3s,2p,3p atomic orbitals. For LiYE, it consists
of Li 1s,25,35,2p,3p; Y 1s,2s,3s,4s,55,65,2p,3p,4p,5p,
3d,4d,5d atomic orbitals. These basis sets are generally re-
ferred to as full basis sets. A minimal basis set in B&)l
will have Be 3,3p, Al 4s,4p, and O 3,3p removed from
the full basis set. Similarly, a minimal basis set in Liyiill
have Li 3s,3p, Y 6s,5d, and F 3,3p removed from the full
basis set. The core orbitalthose underlinedwere orthogo-
nalized to the “noncore” orbitals and later eliminated from
the secular equation. The semicore Y 4rbital in LiYF,
was treated as a noncore orbital. The crystal potentials were
constructed according to the density-functional theory with
the local density approximatiofDFT-LDA).2* The Wigner-
interpolation formula was employed to account for additional
correlation effect in the LDA potential. The crystal potentials
were written as a superposition of atom-centered functions

eral chrysoberyl. Chrysoberyl can be regarded as a close@ach consisting of a combinations ®fype Gaussians. Full

packed analog to the spinel structure and is isomorphic wittattice convergence was obtained and no restrictions were
olivine. The gemstone alexandrite is a Cr-doped variation ofmposed on how far the interactions of distant atoms should
chrysoberyl. It has an orthorhombic cell with a space grougoe included. Experimental lattice constants were used for the
of Pnma The crystal structure was refined by Farrel, Fangglectronic structure calculation, although the geometry of the
and Newnhant® based on the earlier measurement of Braggcrystal structures was separately optimized by minimization

and Brown'® There are two nonequivalent Al sitésenoted

of the LDA total energy. Geometry optimization is necessary

by All and Al2 and three O site&denoted as O1, O2, and in order to obtain the accurate bulk modulus using total en-
03). Both Al ions are octahedrally coordinated with Al-O ergy values obtained from the OLCAO-LDA calculation.
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TABLE I. Crystal parameters and interatomic distances in B@pland LiYF,. The number in the
parentheses indicates the number of bonds.

Crystals BeAJO, LiYF,
Space group Pnma U, /la
Lattice constants
a(h) 9.404 5.164
b (A) 5.476
c(A) 4.424 10.741
Cation coordination 4Be), 6 (Al) 4 (Li), 8 (Y)
Cation-anion distance Be-O: 1.579, 1.687, 1.631 Y-F: 2.244(4), 2.297(4)
Al1-0: 1.861(2), 1.892(2), 1.917(2) Li-F: 1.897(8)

Al2-0: 1.941(2), 1.8622), 1.893, 2.017

The computational scheme for geometry optimization hags YAG and sapphire with excellent thermomechanical prop-
been well described in recent publicatidig® For effective  erties. No direct experimental data were found for the bulk
charge and bond order calculations, separate minimal-basisaodulus of BeAJO,, although it was reportéd that the

set calculations consisting of only the valence-shell orbitalsroung’s moduli for BeA}O, and «-Al,O3 are close and
(including the Al 3 in BeAl,O,) were carried out. A suffi- exceed 400 GPa. The Young’s modulus depends on the crys-
ciently large number ok points was used both in the self- tal orientation and may even be sample dependent. On the
consistent iterations of the crystal potential and in the finabther hand, the calculatel for YLF is only 90.0 GPa, less

analysis of the density of stat€®QOS). than half of BeA)O,. This suggests that YLF is a much
softer material and probably has a weaker electron-phonon
IV. RESULTS interaction. Although we cannot find any direct measurement
_ of bulk modulus for YLF, the elastic constants and Young's
A. Bulk properties modulus for LiCaAlf had been reportetf, and are in the

The crystal structures of BefD, and LiYF, were opti- range of 100 GPa. Assuming these values are not too far
mized by the energy minimization scheme describedrom the bulk modulus and assuming YLF crystal is similar
before?>?®Both the lattice constants and the internal param10 LiCaAlF, then our calculated value & for YLF is not
eters were varied as the total energy converged to a mininconsistent with these data. The relative softness of the fluo-
mum. The resulting equilibrium lattice constants and vol-ride laser materials implies some limitations in its applica-
umes are listed in Table Il. The theoretical values are withirfions when the hardness of the crystal is a crucial factor, such
0.6% to 0.8% of the measured values listed in Table I. Thi®s the propensity for a laser crystal to shatter when experi-
is well within the accuracy of calculations based on densityencing thermal stress induced by strong optical pumping.
functional theory. No attempts were made to improve the
agreement by using other forms of the extension to the LDA B. Band structure and density of states

theory, such as the popular generalized gradient approxima- The band structures and the density of stA@©S) of

tion (GGA).?” For ionic crystals, there is no convincing evi- : .
! : eAl,O, and LiYF, were calculated using the OLCAO
dence that GGA can actually improve the agreement in thg ethod. Figures 3 and 4 show the band structures of the two

equilibrium lattice structure. Part of the disagreement in th  rvstals alona the high-svmmetry lines of the Brillouin zone
lattice constants for YLF can be attributed to the doped na- Y 9 gn-sy y

ture of the crystal while the calculation is for a perfect(BZ)' These band structures are typical of ionic insulators

dopant-free crystal. The same minimization scheme applie&"ith relatively large band gaps and flat tops of the valence

to the three known crystalline phases of\j (Ref. 295 and
several complex oxidegsRef. 26 such as YAG, AJO,,
MgAl,O,, MgO, Y505, and YAIQ; yielded considerably bet-

TABLE II. Calculated ground-state and electronic properties of
BeAl,O, and LiYF,. BW denotes the bandwidth in eV.

ter agreement in the equilibrium geometry. Crystal BeALO, LiYF,
The total energiek of BeAl,O, and YLF at different and
fixed volumesV were calculated with all internal parameters a(A) 9.481 5.125
relaxed. EightE vs V data points in the range of lattice b (A) 5.510 5.125
expansion up to 1.5% and contraction down-t8.0% were c(R) 4.442 10.671
obtained and fitted to the Murnaghan equation of state VIVqy 1.018 0.979
(EOS.?8 Figure 2 shows the calculated data points and the B (GP3 217.2 90.0
fitted EOS for the two crystals. The bulk mod#iand the B’ 3.89 4.95
pressure coefficient8’ for the two crystals are listed in Eq (eV) 6.45 7.54
Table 1l. For BeA})O,, the calculatedB of 217.2 GPa is O/F 2p BW 7.73 3.16
comparable to that of-Al,O; (248 GPa and YAG (181 O/E 2s BW 3.28 4.00

GPa.?% This implies that BeAIO, can be as robust a crystal
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FIG. 2. FittedE vs V curve for(a) BeAl,O, and(b) LiYF ,.

band (VB). The gaps are direct, 6.45 eV for Be@®, and
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FIG. 4. Calculated band structure of LiY.F

almost 8.5 eV. A special point worth comment is that the
PDOS of Be, All, and Al2 in BeAD, are remarkably simi-
lar, differing only slightly in the 0.0 to-3.0 eV range. This

is in spite of the fact that Be is tetrahedrally coordinated and
Al's are octahedrally coordinated. Most likely, Be with one
less valence electron than Al produces a similar local bond-
ing structure as the Al at the octahedral site. The PDOS of
01, 02, and O3 in BeAD, show some differences, espe-
cially with O3. This is because each O bonds to one Be and
three Al ions. O1 and O2 each have two All and one Al2 as

7.54 eV for LiYF,. The real gaps may be even larger in both
crystals since calculations based on LDA theory generally
underestimate the band gaps of insulators. In both cases, the
bottom of the conduction banB) is atI" and consists of a
single band.

The DOS and their partial atomic compone(@HOS of
the two crystals are shown in Figs. 5 and 6. The VB of
BeAl,O, consists of two segments. The upper @ I2and is
about 7.7 eV in width and the lower Csdand is about 3.3
eV wide. The two segments are separated by a large gap of
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FIG. 5. Calculated total DOS and atom-resolved PDOS of
FIG. 3. Calculated band structure of Be@}. BeAl,O,: (a) total; (b) Al1; (c) Al2; (d) Be; (e) O1;(f) O2;(g) 0O3.
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TABLE IIl. Calculated effective charg®?* in BeAl,O, and
LiYF,4. There are two Al sites and three O sites in Bg3l

BeAl,O, LiYF,
Be: 1.560 Li: 0.538
Al 1.817, 1.786 Y: 1.837
(@] 6.721, 6.713, 6.702 F: 7.406

Here C{, is the coefficient for the eigenvector for band
with atomic specificationr and orbital specification S, ;5
is the overlap matrix between the Bloch functions. Separate
calculations using minimal basis sets were carried out for
both BeALO, and LiYF,, since the Mulliken scheme is more
meaningful when the basis functions are more localized. This
is because the Mulliken scheme assumes equal partitioning
of the overlap between two different atoms, which is true
only for homopolar systems, and the error is accentuated
when the basis functions are extended.

In the present calculation, 76 points in the irreducible
part of the BZ were used. The results are summarized in
Table 1ll. It shows that only 0.4 electron from Be and 1.2

FIG. 6. Calculated total DOS and atom-resolved PDOS ofélectrons from Al are transferred to O in Be@),. So, quali-

LiYF 4 (a) total; (b) Li; (c) Y; (d) F.

tatively speaking, there is a considerable covalent character
in BeAl,O, since there is only a partial charge transfer from

NN’s while O3 have two Al2 and one All as NN’s. There the cation. In LiYR, about 0.5 electron from Li and 1.2
are differences in the bond |engths between Be, A|1' A|2,e|eCtr0nS from Y have been transferred to F and the Charge

and the three Qsee Table)l

The DOS and the PDOS of LiYjfare shown in Fig. 6 and
they are quite different from that of Befd,. The more
ionic nature of LiYF, is very obvious. First, the gap is much

transfer is also partialln this case, we did not include the
semicore level of Y4, which is assumed to have no charge
transfer) However, the Mulliken charge alone cannot accu-
rately determine the ionicity of the crystal singQg is some-

larger and there are very litle PDOS components from Liwhat basis dependent. A more revealing factor will be the

and Y ions in the upper VB. Most of the Li2valence
electron, and to a lesser extent, the two ¥ édectrons and

valence charge density distribution that will be discussed
later.

one Y 4d electron have been transferred to F. The upper VB The bond ordersBO's) between each pair of atoms in the

derived from F 2 is very narrow, only 3.16 eV. It is sepa-
rated from the much deeper S2nd Y 4p—derived bands
by a large gap of 13.7 eV. The semi-core-like Y devels
interact rather strongly with the deep I8 2vels to produce
two segments of bands centered-&20 and—17 eV in the
deep VB. The lower one is dominated by B &ates and the
higher one by the Y g states. The significant interaction
between F 8 and Y 4p orbitals has seldom been discusse

in the literature and should not be overlooked. The lower parir

of the CB in YLF is mainly derived from the Y dl orbitals.

C. Effective charge and bond order

The effective charge®? on each atomx and the bond
order p,, for each pair of atomge,B) in the crystal are
calculated according to the Mulliken scherfe:

> X CLClSiais:

n,occ j,B

Q=2 @

pa,B: E E Ci*anclnﬁsiaij' (2)

n,occ i,j

two crystals calculated according to E@) are listed in
Table IV. Also listed in parentheses are the corresponding
interatomic distances. In BefD,, the largest BO of 0.153
belongs to Be-O1 followed by 0.122 for Be-O3. The BO’s of
the AI-O pairs are slightly smaller. Thus our calculation
shows that the Be-O bond is stronger than the Al-O bond in

d TABLE IV. Calculated bond ordep,, ; in BeAl,O, and LiYF,.

he bond lengths in A are listed in parentheses.

Crystal BeALO, LiYF,

Be-O: 0.153(1.579 Y-F:
0.107(1.687)
0.122(1.63))
0.089(1.861)
0.089(1.892
0.094(1.917)
0.077(1.94)
0.106(1.862
0.077(2.016
0.106(1.863

0.041 (2.738

0.066(2.2449
0.057(2.297

Al1-O: Li-F: 0.050(1.897

Al2-O:

Al-Al:
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FIG. 7. Valence-charge-density contours in {081 plane in
BeAl,O,. The contour lines range from 0.00 to 0.25
electronsfa.u)? in intervals of 0.005(a) z/c=0 plane showing All
and Al2; (b) z/c=0.0665 plane showing the Be iorig) z/c
=0.2585 plane showing O1, 02, and O3. Note only O3 is exactly
on this plane.

FIG. 8. (a) Valence-charge-density contours in t@91) plane

this crystal even though Be is an element belonging to coli'”I LiYF?I. The le’_mo‘ér\‘(“;ts /arf ihggz?mi as in I;ig(aﬁ.z/c=0
umn Il in the periodic table, which is generally believed to P/a"€ showing Li and Y(b) z/c=1. showing = lons.

be more ionic. Thls is be_cause of the substantially shc_)rter BLBeAIZO4, the difference in the charge distribution between
for the Be-O pairs, ranging f_rom 1.579t0 1.687 A. Itis also A|1 and A2 in thez=0 plane is minimal. Figure(B) shows
noted that the Al1-O3 pair with a BL of 1.917 A has a BO of the charge distribution in the Be plang/¢=0.433). Be is a
0.094, larger than the BO of 0.089 for the Al1-O1 pair with mych smaller ion but its bonding to O ions in the off-plane
a BL of 1.861 A. Therefore, in this case, the BO does nOtpositions is quite obvious. F|gurdd shows the O3 p|ane
strictly scale with the BL. Local symmetry and the presencez/c=0.259), which also contains O1 and O2 in the slightly
of other nearby atoms can also influence the overall BO valoff-plane positions. The distributions of the charge around
ues. In LiYF, crystal, the BO of 0.05 between Li and F is the O ions are nonspherical and show evidence of some co-
much smaller, as is typical for alkali-metal ions. On the othervalent bonding with cations on the other planes.
hand, the BO of 0.083 for the Y-F pair is fairly large, con-  The atomic arrangement in Li;Hs much more regular
sidering the much larger distance of separation between thtan in BeALO,. Figure 8a) shows the charge distribution
two ions. This is attributed to a considerable interaction of An the z/c=0 plane, which contains both cations. Li is a
2s with the semicore Y $ electrons discussed earlier. much smaller ion compared to Y. Bonding between Y and F
ions on the other planes is evident. Figur@®)8shows the
charge distribution in the anion plane. The distribution of
D. Charge-density distributions charges around the F ion is much more spherical than that
O|around O in the BeAD, crystal, indirectly supporting the

To illustrate more clearly the electronic structure and® . : -
viewpoint that YLF is more ionic.

bonding in BeA}O, and LiYF, crystals, the valence charge
distributions in these two crystals are shown in Figs. 7 and 8,
respectively. Since there is no single crystallographic plane
that contains all the cations and anions, several crystal planes We have studied the electronic structure and bonding in
perpendicular to the axis are chosen. It can be seen that intwo laser crystals, BeAD, and LiYF,. We find that LiYF

V. CONCLUSIONS
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is softer and more ionic than BefD,. The electronic prop- excited-state absorption exists in these crystaymmetry-
erties of BeA}O, resemble that ofe-Al,O; even though it  allowed transitions from the doping levels in the gap to ex-
contains tetrahedrally bonded Be atom. In Liyfhere is a  Cited states either in the gap or to the conduction band have
significant interaction between the semi-core-like iy dlec-  implications on the durability and stability of laser pumping,
trons with F 2 orbitals, which contributes to the cohesion in and also offer potential avenue for up-conversion channels in
the crystal. With the ground-state properties in these twdaser operation. Such studies can lead to a better understand-
crystals reasonably understood, the next logical step woulthg of the factors governing laser degradation and eventually
be to study the specific dopant ions in these crystals and tH&prove their performances. Another area of significant in-
resulting spectroscopic properties related to the laser perfoterest is that the same fluoride crystals can be used as phos-
mances. Such calculations have been attempted recently fepor materials with very practical applications in the
Cr in YAG within framework of the one-electron theotylt ~ mercury-free fluorescent lamps and color plasma display
is conceivable that the theory may be extended to include thBanels:* In both BeALO, and YLF, and in other laser crys-
many-electron effects by direct calculation of the multiplestals, one would eventually like to understand the roles of
using the one-electron result as a starting pbiwe intend ~ defects and the effect of ion-ion interaction based on a more
to study the Cr levels in BeAD, using a supercell approach. realistic first-principles approach. Therefore, we expect fun-
It will be instructive to see if there are any Spectroscopicdamental studies in both the oxide and fluoride laser CryStaIS
differences for Cr substituting the All or Al2 sites. Experi- Will be an active area of research in years to come.
mentally, it was found that about 70% of the Cr ions enter
the Al1 site although the nature of the site preference is not
clear?® The microscopic origin of the site preference in laser
crystals is a problem of great importance. The work at UMKC was supported in part by the U.S.
For the LiFY, crystal, it would be desirable to study dif- Department of Energy under Grant No. DE-FGO02-
ferent rare-earth ions at the Y site since this is the mairB4DR45170. The work of B.K.B. was supported in part by
experimental interest. Such calculations will be much morghe U.S. Department of Energy under Contract No. DE-
demanding because the multiplet structures of rare-earth io’&C04-76-DP00613. W.Y.C. wishes to thank Dr. K. Or-
in a crystal field is much more complex than that of agasawara for helpful discussions. We thank Paul Rulis for
transition-metal ion. It would also be of interest to see ifassistance with graphics.
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