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Multiplet structures of tetrahedrally coordinated*Crand CP* in Y3AlsO;, (yttrium aluminum

garnej were calculated with use of thab initio electronic-structure calculation method. The
calculated absorption spectrum of“Crshowed that two bands at the near-infrared and visible
spectral regions originated from the sarii€; parent multiplet term. The calculated levels
originating from CP* in the near-infrared region overlapped with the levels originating frofi Cr

Both the lowest-spin-allowed transitions of “Crand CP' were revealed to have the same
polarization dependence. The result indicated that confusion on the assignment of the peaks could
be ignored if the CY' state really exists. €2001 American Institute of Physics.

[DOI: 10.1063/1.1364655

We report the results obtained from thb initio calcu-  associated with excited-state absorpfiofihose methods,
lation of multiplet structures of tetrahedrally coordinatedhowever, lied under the framework of a one-electron ap-
Cr* and CP' in Y3AlIzO;, [yttrium aluminum garnet proximation, and we could not directly obtain the multiplet
(YAG)] crystal. First, we show that the revised assignmenstructures which require us to perform a many-electron cal-
of the absorption spectrum proposed by Eiletsal! was  culation.
valid as regards the conclusion that both dominant bands We have been developing a geneahlinitio method, the
located at the near-infrarg@NIR) and visible regions origi- discrete variational multielectroidVME) method for direct
nated from the transitions to the states which belong to thealculation of electronic structures that involve multiplet
same®T, parent multiplet term of tetrahedrally coordinated structures produced by impurity met&l#s for the Cf*
Cr**. Second, we predict the absorption peak energies ofystem, we had already confirmed that the method repro-
tetrahedrally coordinated €r and CP*. We propose a pos- duced the large energy splittings within thg, parent mul-
sibility that the lowest-spin-allowed transition of Crcould tiplet term(>3000 cnil) and the polarization dependence of
be confused with that of &t in the NIR region. the intensity derived from the lo®& symmetry at the Ct

Cr**-doped crystals have been studied in the researckite in the absorption spectrum of CrCa,GeQ,.” The char-
field of solid-state lasers with NIR emission. One well- acteristic feature of the DVME method compared to the tra-
investigated CY" laser crystal is Cr-doped YAG. However, ditional methods based on ligand field theory is that we can
the assignment of the ground-state absorption spectrum @hbtain such large energy splittings under low symmetry,
Cr*":YAG has been controversial. In early years, the twowhich has been a question regarding thé'@toped system,
broad bands at the NIR and visible spectral regions had beegithout introducing any adjustable parameters. Since the de-
assigned to the transitions to the states in diffefdtand  tails of the DVME method had been already written in Ref.
3T, parent multiplet terms, respectivélyBut, another as- 6, only the essence is explained below.
signment was proposed by Eilezsal, who pointed out that First, in the computational procedure one-electron mo-
both bands should originate from the transitions to the stategcular orbital calculation based on density functional theory,
in the same®T, parent multiplet term with large energy on which many contemporary one-electaminitio methods
Spllttlngl Why did such amblgwty exist in Understanding the are dependent, is conducted with theaT Codef_3 Next, the
absorption Spectra? Classical Semiempil’ical analySiS methmpurity_|eve| molecular 0rbita|s] which are main'y com-
ods, which were often based on ligand field thebrgquired  posed of the Cr @ orbital, are taken out to construct the
us to stand on our assumption to determine the adjustablgaye functions of the many-electron system in expression of
parameters. To avoid ambiguity in determining the paramthe |inear combination of Slater determinants. One difference
eters, we have to depend oab initio methods. In  of the DVME method from traditional semiempirical meth-
Cr*":YAG, only a few studies have been done basedibn  gs hased on ligand field theory is that two-electron integrals
initio electronic-structure calculation methods. Sobaeal.  5.¢ numerically calculated, not analytically. This numerical
gave a simple discussion concerning the valence state %Fpproach enables us to universally apply the method to the
chromium by a cluster methddChing, Xu, and Brickeen gystem with any symmetry and with any electron configura-
conducted the band calculations, and proposed a mOdﬁgn. The present study was performed by a nonrelativistic
version for simplification. The spin-orbit coupling parameter,
dE|ectronic mail: tack@cms.mtl.kyoto-u.ac.jp which describes the primary relativistic effect, is small
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TABLE |. Calculated and experimentally obtained energies (Yrof the

Cr
YOs Cr** states.
States This work Eiler619942 Riley (1999°
Cr-O distance:  1.761 A 303
£0CrO angle:  99.9° and 114.5° B(T2) 9533 7814 7814, 7842
AlOs  Symmetry at Cr: Sy ECT2) 10490 ~10000
SACCTY) 11150 ~10000 8977, 9281
33 _
FIG. 1. Geometry of the (CryAl,O,,) cluster models. Additional point 1E(1T1) 16270 14306-16 700 ~15000
charges with formal valences are placed at the atomic sites outside thelB(lE) 6805 8264 ~9 500
cluster to reproduce the effective Madelung potential. A(E) 8094 8292 (Calg

“Reference 1.

enough(<500 cm %) for a Cr ion, compared to the magni- "Reference 10.

tude of energy splitting within the parefit; multiplet term

on which we focus in this study. _dipole transition from théB(°A,) state to the excited triplet
The YAG crystal belongs to the garnet-type structure instates to the Lorentz resonance curve with a full width at half
the cubic system.It has been commonly said that the domi- maximum of 325 cm’. The peak energy and intensity ratio
nant bands in the absorption spectrum in the NIR-visibleyre compared with the experimentally obtained absorption
region, up to about 18000 cth are produced mainly by spectrum in Fig. @) taken from Ref. 1. In Fig. @), we see
tetrahedrally coordinated €. In this study, we used hat the®T, multiplet term had a twofold splitting into the
(CrYeAlO4 5~ and (_CrYGAI4O44)53_ cluster models for oer3A state and into the highéE state due to the reduc-
calculation of the multiplet structures of tetrahedrally coor-4ion of the symmetry fronT to S,. The magnitude of the
dinated C#* and CP", respectively. The geometry of the gnerqy spiitting was large at 5120 ch and the splitting
cluster models is shown in Fig. 1. The coordinates of the,.q,ght the two bands at the NIR and visible regions into the
atoms in the cluster were taken from the structure of the hosheoretical spectrum. This two-band structure agrees well
YAG crystal, and the tetrahedrally coordinated Al atom atyith the structure in the experimental spectrum. We see from
the center was replaced by a Cr atom. The symmetry at h¢gpje | that the calculated magnitude of the splitting also
Cr site isS,. Additional point charges with formal valences agreed with the experimentally deduced ones. Although the

were placed at 'the atomic sites outs.ide the cluster. to rePrymmetry was low, transitions to the states’i, multiplet
duce the effective Madelung potential. The four ligand Oyerm in which the transition was originally electric-dipole

atoms around the Cr atom were completely shared by YOgo pigden in the pareriy symmetry, had no significant tran-
and AlG; coordination polyhedra so that the covalencyiion probability to produce the NIR band in our calculated
around the chromium was sufficiently described. result. By these facts, we confirmed from thie initio cal-

r4+The calculated energy and transition probability of thegjation that the dominant NIR absorption band was pro-
Cr'” states are shown in Fig(&. The calculated levels are §,ced by the’B(3A,)—3A(3T,) transition of the tetrahe-

classified into singlet sta.tésppeb anq triplet stateglower). drally coordinated C¥. Thus, we agree with Eilers’
The symbols of the multiplet terms in the par@ijtsymme- .~ clusion that the energy splitting within tA&; multiplet

try and in the exacg, symmetry are attached to the levels. (g s Jarge enough to produce both the apparent NIR and
The calculated energies of some excited states were CONyihle hands. Rileyet al. pointed out from their semiempir-
pared with the experlml%ntally obtained peak energies dg5) analysis that the energy splitting within the multiplet
scribed in the literature’s'® summarized in Table I. The the- term should be large, at more than 1000 ¢mand the as-

oretical spectrum in the lower field in Fig(&2 was obtained signment concerning thkE multiplet term proposed by Eil-
by applying the calculated oscillator strength of the electric g ot al. with only a 28 cm* splitting was invalid® We

obtained energy splitting at 1290 ¢ We agree with Ri-

Singlets Ty: 'EAITT ley’s conclusion as far as the magnitude of the energy split-
il i ting within 'E multiplet term is concerned. We consider that
Triplets Ty 34, 30 T the doublet structure with energy splitting of 28 thin
Si: 3B 3B3E3A OE Eilers’ result originated from spin-orbit coupling.
| | The calculated energies of the states located at the NIR
(a) Calc region obtained from Cf and CP' cluster models are
Cré+ . : shown in Figs. 8) and 3b), respectively. Comparing the
0 5 10 15 20 results in Figs. @) and 3b), we see that the excited states
Wave number (<10 cr-1) well overlap each other. There have been several studies that
(b) Expt indicated the existence of Trin the Cf*-doped system.
Eilers ez al. (1994) Reinenet al. studied diffuse reflectance spectra of Cr-doped
5 10 15 Ca,PO,Cl and Ca(PQ,);Cl, which had tetrahedrally coordi-

Wave number (x103 cm-1)

nated sites. They revealed that the’Glike spectrum had
FIG. 2. Upper field in(a) the calculated peak energy obtained from th&"Cr  specific bands in the 10000—13 000 ¢thregion, which
cluster model, classified into singlet and triplet states. Lower fielin  gverlapped with the bands in the Crlike spectruml.l

theoretical absorption spectrum obtained by calculating the electric-dipoley ,-: - .
transition probability of the’B(3A,) — triplets transitions.(b) Experimen- %mno’ They’ and Vivien reported a band at 875 rifil 430

71 . . . .
tally obtained ground-state absorption spectrum taken from Ref. 1 for com&M ) in Cr-doped LyMgSiO,, and attributed the band to the

parison. E— 2T, transition of CP*.12 Our calculated energy of the
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(a) Tq: 3Az IE 3T %N phonon lines at 1280 nn{7814 cm?) by polarization-
Ss: 3B 1B 1A 3B3E 34 dependent emission spectroscdpihey attributed the zero-
| L1t phonon lines to théB(3A,)—3B(°T,) transition of Cf*.
T;:  2E 2T, Most studies until now seem to have followed the Eilers’
(b) Si: 2B 2A 2B 2k assignment. We still propose, however, another possibility

I | | that the weak zero-phonon lines at 1280 (on other satel-
—_———— Iite2 lines around themshould be attributed to théB(%E)
Wave number (x103 cm-1) —2B(?T,) transition of CP*. There has been no study that
discussed the existence of*Crin Cr**:YAG, although the
F|G 3. (a) and (b) calculated energies of the states_in the NIR region ex|stence had been already Observed in garnet'
obtained from the G and CP* cluster models, respectively. Cr:CaGa,Ge;0». 13 \We hope further experimental investi-
gations will follow to reconfirm the assignment of the peaks

2E(2T,) state at 11330 ciit in Fig. (b) agreed well with  in the absorption spectra of the ‘Crdoped system.
those descriptions based on the experimentally obtained re-
sults. We propose the possibility that the tail of the NIR
absorption band of the so-called*CrYAG is composed of
at least two absorptions attributed to th&B(3A,)
—3A(3T,) transition of tetrahedrally coordinated ‘Crand
to the 2B(’E)—2E(?T,) transition of tetrahedrally coordi-
nated C?*, if the CP* state really exists.

Confusing states in the NIR region are fi&(°T,) state H. Eilers, U. Honmerich, S. M. Jacobsen, W. M. Yen, K. R. Hoffman,
of C*" and the’B(°T,) state of C?". Both states should be 2;ndRWi-|‘z)If?nZ?1ySL-JRa}gnigér%fﬁog(lﬁﬂgépjacobsen and W. M. Yen. 3
located below 10000 ciit in the same energy region. Both | min. 52, 277 (1992. L ' T
the °B(°A,)—3B(°T,) and ?B(’E)—?B(°T,) transitions  *S. Sugano, Y. Tanabe, and H. Kamimukéyltiplets of Transition-Metal
are spin allowed and electric-dipole forbidden, and have theA'AO”E i”Sggﬁslée\;'s(ﬁcsdg?gﬁre{:')‘flw\yo/&k' Lljgfch AL Mitkovets. A A
?&I‘ge pOIanZZatlgn dependence under_ﬂasymmetry. The Stavrov, and A P. Shkadare\;ich, Fiz. Tverdi Tdleningrad 33: 321
B(°T,) and“B(“T,) states could be situated at even closer (1993 [ Sov. Phys. Solid Stata3, 185 (1991)].
energy than indicated in Figs(8 and 3b), since we ne-  °W. Y. Ching, Y.-N. Xu, and B. K. Brickeen, Appl. Phys. Leit4, 3755
glected the static lattice relaxation due to substitution of (1999 ) _
chromium ions for aluminum ions with a different ionic ra- <, 0gasawara, T. Ishil, I. Tanaka, and H. Adachi, Phys. Re618143
dius. We estimated the average effect of the lattice relaxatior, |3hii, K. Ogasawara, |. Tanaka, and H. Adachi(dBA Trends in Optics
on the calculated multiplet energies by the simplest (£rO and Photonics, Advanced Solid State Lasers, Davos, Switzerland, 2000
cluster models with different Cr—O bond lengths. The mag- i‘r’;t:gc:yv\';;s'hri‘i]eﬁgr I;’-C K;ég&;”%f ’\g:hamp“ca' Society of
nitudes of the relaxation of the Cr—O bond length estimatedsc g,oko, M. Tsfkadéy and H. Adachi, j.plshys..SOC. #51333(1979.
by ionic radii were+1.1% for Cf* and —2.5% for CP" 9F. Euler and J. A. Bruce, Acta Crystallogr9, 971 (1965.
based on the original AI—Olbond length. The correspondin(jog/lé Jl-SRSi(I)eaél;gR- Krausz, N. B. Manson, and B. Henderson, Phys. Rev. B

. — 3p/3 + , .

Z:gr_%);; g If(;{rsnﬂefz)?'_fﬁeongZTSrsttg?e E;Ec II%Z.S?F:?SO;SZ_nS 11(D1.9|;§inen, U. Kesper, M. Atanasov, and J. Roos, Inorg. Ct2n184
that the peaks in the absorption spectrum originating from2c. Anino, J. TRey, and D. Vivien, inOSA Trends in Optics and Photon-
the two transitions should be difficult to distinguish from ics, Advanced Solid State Lasers, Orlando, Florida, 198ifted by C. R.
each other by some experimental methods whose analyse g'oflg‘ga%”ci/x\(‘fd Boqube’@p“ca' Society of America, Washington,
are based on the polarization dependence of the transitionsg v padiyak, A_p'E_ Nosenko, V. M. Maksimenko, and V. V.
Eilers et al. had well investigated especially the weak zero- Kravchishin, Phys. Solid Stas, 1185(1993.
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