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Abstract. The experimental determination of the electronic energy levels for Ce®* in some chloroelpasolite
hosts for both the ground 4f* and the excited 5d* configurations is described. High-resolution f—f absorption
and f—2T,4 d absorption and emission spectra have been recorded at low temperatures for Ce3" diluted
into various hexachloroelpasolite lattices. A fluorescence spectrum at ~50 000 cm™1 is tentatively assigned
to the emission from the highest 5d crystal field level, 2Eq, of a Ce®" impurity in Cs,NaErCls, enabling the
values of all the energy levels of both the 4f' and 5d* configurations to be given for Ce3" in elpasolite
hosts. Vibronic structure superimposed on the electronic transitions is analyzed in terms of a simple
configurational coordinate model involving the ground and excited configurations. It is found that the
difference in the Ce—Cl bond length between the 4f! and 5d* configurations is ~0.04 A. Ab initio model
potential calculations on the (CeClg)®~ cluster embedded in a reliable representation of the Cs,NaYCls
host support these conclusions.

Introduction 6d level is~ 50 000 cn1l5 In the few structurally characterized
__ . . Th®* organometallic compounds, thelGmbnfiguration has been
At the beginning of the 4f and the 5f transition series, the f found to be the ground configuratiéi,but the ground term is
and d electronic configurations of the di-, tri-, and tetravalent from the 5f configuration and the firsé 6d level is 10 000dm
free i_ons are very close in enerdy: This is also true for thesg higher in the TR" free ion. The U' ion in the LaC} host has
ions in compounds. For example, the lowest energy configu- yo first 56 to 56 transition at approximately 22 000 ¢y
re;tlo: for the C_:é free_ |on4|f35(£Xe cofl_re]zﬁ V\_"th the g;g';mg'rg although in the B*/RbY,Cl; system this transition is found at
a the opposLt:e ﬂarlty h co(r; |gurf§t|on at N . ~14 000 cnTt.8 Thus, as the degree of ionization increases and/
owever, in a Cairhost, the ground configuration is [Xe core]- or the atomic number is increased (for both the lanthanide and

3 -+ i : : :
4|15d|' The ;:dé free |0£17h961337a :I%%und r(]:_on_ﬂgu_ratllon V;'th the actinide series), thé Eonfiguration becomes increasingly
the lowest 5d state at c enthisionisplacedin  gapijized so that the interconfigurational transitions are not

a crystal, the lowest 4f to 5d electric dipole allowed transition observed in the visible or near-ultraviolet region. Only at the

zas be;n repor:]ed to pe :n the range gf 20 OOO. tg 40 O_Oqacrg beginning of both the lanthanide and actinide series is it possible
epencing on the part.lc.u ar.compound or matrix investigated. , ohserve these interconfigurational transitions in this energy
Similarly, for the actinide or 5f series, the lowest—%d range

transition for the PH ion diluted in CsZrClg is at 20 000 cm?, . : . )
. . ' For the lanthanide series, the®éon has been extensively
but the free ion separation between ground 5f level and the first .
studied and measured levels have been reported for both the

ground 4t configuration and the excited Satonfiguration.

T City University of Hong Kong.

* Lawrence Berkeley National Laboratory. Figure 1 shows schematically the_ energy levels and nqmencla-
I§|Argonn_e National Laboratory. ture used for the 4fand 5d configurations of the C¥ ion
University of Wisconsin. diluted in choroelpasolite hosts. &6 K 4f—5d absorption and
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50000 35 730, 37 908, 41 134, and 45 247 dhwhich were assigned
I54'E r to f—d transitions of C&. The 19 eV-excited emission spectrum
45000 ° % of CsLiLaClg doped with 1% C& gave a broad band at 26 616
J cm1, assigned to €f emission of Cé&", in addition to a broader
40000 feature (33 069 cmmt) assigned to core-valence luminescence.
. No emission was evident from tH&y state of Cé".
35000 ~ In a more recent study of €e-doped CgliYX ¢, even the
r.’E‘ 20000 1 1 - neat CsLiYClg showed extensive bands between 48-600
s 59° T, 7s 100 000 cm! in the excitation spectra of the “host” emission
3 p 8g at 29 036 cm?. The 130 K excitation spectrum of E&Cs-
S 40007 LiYCl ¢ (monitoring the C&" emission at 25 003 cm) showed
w 1 additional bands at roughly 27 0632 000, 36 300, 42 700, and
30004 T 50 000 cn. The 36 300 and 42 750 crhbands were assigned
{48 °F o Ta to Ce" transitions: the lower energy band being due to a lower
2000 T symmetry site, and the 50 000 cfnband to the’Ey state. No
1 emission was observed from tRgy level in Cé-doped Cs
1000 + LiYX g under X-ray excitation, but emission from tfiE, level
14f %F Fou was observed.
0 o T, In this paper, we report the experimental determination of

Figure 1. Schematic energy level diagram of thé dfd 5d configurations
of the Cé* ion in a chloroelpasolite crystal field. Note the change in the
energy scale between thet4fnd the 5& configurations.
magnetic circular dichroism (MCD) spectra of Caliluted in
CsNaYCls were reported by Schwartz and SchatZThey
located the 5dT,q I's andI'y levels at 28 196 cmtand 29 435
cmL, respectively. No further electronic absorption transitions
were detected up to 50 000 cfn The 5d?Eg4 I'g level was thus
assumed to be-20 000 cn! above the?T,4 baricenter. The
EPR spectrum of the Ge ion in CsNaYCls has also been
measured® The 5d-4f luminescence from théT,q state was
recently reported under low resolution at 80 K, with about a 30
ns lifetime!* The decay curves for X-ray- and vacuum
ultraviolet-excited emission of G&/Cs,LiYClg and C&"/Cs-
LiLaClg have recently been reportét3lonova et al. have cited
the lowestr — f charge-transfer band in Ceft near 60 000
Cmfl_l4

van't Spijker et al'® reported the excitation spectra of the
425 nm (23 530 cml) emission of C&" in CsNaLaCk, Cs-
NaCeC}, and CsNaLuCk. In each case, bands were observed
near 210 nm and attributed te-fE; d transitions of C&. The
wavelengths of these bands have been listed by Doré§bos,
with the addition of 210, 217 nm (47 620, 46 083 cinfor
Ce*"/CsNaYCls. For O symmetry, only one band is expected
in this energy range, but multiple sites are often observed for
lanthanide impurities in these hosts. Hence it is well-substanti-
ated that the’Ey state is near 47 000 crh in these cubic

the electronic energy levels for €ein some chloroelpasolite
hosts for both the ground 4&nd the excited Sctonfigurations.
A preliminary account of the emission spectra from the lowest
5d level of C&" in CNaYCls to the 4f energy levels has been
given!®We have recorded an emission spectrum oNag&rCk
at ~50 000 cntl, which we tentatively assign to the emission
from the highest 5d crystal field level of a &eimpurity.
Although the magnitude of the crystal field at the3Csite in
CsNaErCk is not quite the same as that for BiaYCls, the
differences should be relatively small since the ionic radii of
Erf™ and Y3+ are similar. If the assumption is made that the
differences in the crystal field strength are negligible, accurate
data are available for both the'4fnd 5d configurations in the
elpasolite host. These data are analyzed, and the parameters
evaluated using the crystal field model.

We also report the results of supportive ab initio embedded
cluster calculatior®8-2* on (CeC})3~/CsNaYCle.

Experimental Section

CsNaCeC4 and other (Ce-doped) hexachloroelpasolites were pre-
pared according to Morss method® he powders were passed through
a Bridgman furnace at ca. 85 in vacuo in quartz tubes to give
polycrystalline materials. The purity of the lanthanide oxides employed
was 99.999% for RO;1, 99.9% for TmOs;, 99.999% for EfO; (all
from Strem Chemicals), and 99.999% fojO4 (Berkshire Ores). Cegl
(99.9%, Strem) was used to prepare neafNa€eC} and Ce-doped
CsLiYCle. ICP-AES analyses showed that thgO¢ contained (relative
to Y) 58 ppm Ce, 120 ppm Pr, and 17 ppm Nd. Similar analyses, by
direct calibration and by standard addition, were attempted for t@ Er

elpasolite hosts. This state also has been observed at 42 20@haterial but reliable data could not be obtained.

cm~1in the 300 K photoacoustic spectrum of CHBak,.r’
Rodnyi et al'® observed bands in the 300 K excitation
spectrum of the 3.3 eV luminescence ofCa CsLiLaClg at

(9) Schwartz, R. W.; Schatz, P. Rhys. Re. B 1973 8, 3229.

(10) Schwartz, R. W.; Hill, N. JJ. Chem. So¢Faraday Il 1974 124.

(11) Laroche, M.; Bettinelli, M.; Girard, S.; Moncorg®. Chem. Phys. Lett.
1999 311, 167.

(12) Combes, C. M.; Dorenbos, P.; van Eijk, C. W. E.; Kex, K. W.; Gidel,
H. U. J. Lumin.1999 82, 299.

(13) Rodnyi, P. A.; Mikhailik, V. B.; Stryganyuk, G. B.; Voloshinovskii, A. S ;
van Eijk, C. W. E.; Zimmerer, G. K. Lumin.200Q 86, 161.

(14) lonova, G.; Krupa, J. C.; Gard, |.; Guillaumont, RNew J. Chem1995
19, 677.

(15) van't Spijker, J. C.; Dorenbos, P.; van Eijk, C. W. E.; Wickleder, M. S.;
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(16) Dorenbos, PPhys. Re. B 200Q 62, 15650.

(17) Zhang, Y. G.; Don, YPhysica B1996 217, 149.
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Infrared and absorption spectra were recorded using a Biorad FTS-
60A spectrometer, equipped with DTGS and photomultiplier detectors,
and using an Oxford Instruments closed-cycle cryostat with base
temperature 10 K. Ultraviolet and emission spectra were also recorded
using a B lamp or 355 nm radiation from a Nd:YAG laser, together
with a 0.5 m Acton monochromator equipped with a charge-coupled
device. Raman spectra were recorded as described previésime

(18) van Loef, E. V. D.; Dorenbos, P.; van Eijk, C. W. E.; Krar, K. W.;
Gudel, H. U.J. Phys.: Condens. Matte&002 14, 8481.

(19) Edelstein, N. MJ. Alloys Compd1995 223 197.

(20) Barandiarm, Z.; Seijo, L.J. Chem. Phys1988 89, 5739.

(21) Seijo, L.; Barandidrg Z. In Computational ChemistrReviews of Current
Trends Leszczynski, J., Ed.; World Scientific: Singapore, 1999; Vol. 4, p
55

(22) Mérss, L. R.; Siegal, M.; Stenger, L.; Edelstein,INorg. Chem197Q 9,
1771.
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Table 1. f and d Electron Energy Levels (in cm™1) of Ce3" in Elpasolite Lattices
electronic electronic electronic electronic
Raman, absorption, absorption, absorption, fluorescence fluorescence fluorescence
configuration Cs;NaCeClg Cs,NaCeClg Ce3*/Cs;NaYClg Ce3*/Cs,NaTmClg Ce3*/Cs,NaErClg Ce**/Cs,NaYClg Ce¥*/Cs,LiYClg
@S+, irrep 20K 90K 10K 90K 10K 10K 10K
41 2F5), T 0 0 0 0 0 0 0
I'su 562, 580 563, 575 594 599 578
4f1 27, T'7u 2161 2159 2159 2157 2125
Tsu 2663 2659 2674 (2676) 2628 2689 2674
Tsu 3050 3048 3086 3061
5d Tog T'gg 28196 28193 28 265
T'7g 29 435
5d Ey T'gg 47 080

experiments were also performed at Hong Kong University, where the
anti-Stokes Hshifted harmonics of an Nd-YAG pulsed laser were used
to excite polycrystalline Ce/GNaYCls and CsNaErCk (assumed to
contain traces of Cé&) with the equipment described earlérThe
spectral resolution was between 2 and 4 &rBpectral calibration was

transitions that originate or terminate in crystal field states of either
Iz, Ty or Teu sSymmetry for the 4fconfiguration osg or I'7g for the
5dt configuration. The electric dipole operator transformsTas
Evaluating the direct products of the initial and final states with the
electric dipole operator shows all purely electronic zero phonon

performed using various standard lamps, and the wavelengths weretransitions are allowed, with the exception Bf;—I's.. The f< d
corrected to vacuum. transitions between crystal field states may couple with totally
Fluorescence spectra obtained at LBNL from the lowest 5d level to symmetric vibrational modes, whereas in addition thg mode is
the 4f manifolds were obtained using a xenon lamp as described potentially Jahr-Teller active for transitions betwedy andI's states.
previously?® The sample was cooled te10 K using an Oxford f—f Absorption Spectra. The 4fcrystal field levels of C8NaCeCé
Instruments model 1204 cryostat. The entrance and exit slits of the have been deduced from earlier electronic Raman, absorption, and
Spex 1403 double monochromator were set at2@or a resolution emission studies and are given in Tabl&%° A crystal field fit gave
on the order of 1 cim. The spectra were calibrated with a mercury &y = 623 cnrl, By = 2119 cnt! and By = 261 cn% The f—f
lamp and corrected to vacuum. electronic absorption spectra of CALsNaY Cls and CsNaCeC} have
Review of Parametric Theory. The Hamiltonian for the energy been reported and are dominated by magnetic dipole transffions.
levels of an f electron in an octahedral crystal field may be written Although the former is cubic at low temperatures, the latter undergoes
ags a phase transition at 178 3234 The infrared absorption spectra were
reinvestigated in this study and the derived energy levels are listed in
Table 1. The magnetic dipole transitiofs<2)I'; — (3F72)I'7, I's are
the most intense bands, with measured oscillator strengths 4@
and 5.1x 1078 respectively in dilute C&/CsNaYCls. The fact that
Hee = BolCo + ()™(C% 4 + C,Y)] values measured in neat S&CeCh are smaller (6.3« 10° and 1.7
6r~6 _ 7/ \1/2(~6 6 x 1078, respectively) is attributed to saturation effects.
T BelCo— (1) (C2 + G (1) Vibrational Spectra. The normal vibrations of the @d¥aCeC}
The empirical parameters above include the crystal field parameters crystal are described in the notation of Lentz, with the relationship to
By and BS (utilizing the Wybourne notation) and the spiarbit the CeC§*~ moiety mode vibrations being given in columns 1 and 2
coup"ng Constar@“(r). The matrix elements for the angu|ar momentum of Table 235 Assignments are included from the Raman and vibronic
operatorss and | and the tensor operatosg depend only on the spectra. The energies of the stretching vibrations are somewhat higher
angular coordinates and are evaluated by standard techiffi€sr in the CsNaYCls lattice, withvy, for example, being near 300 cfn
the 4f configuration of C&/CsNaYCls, the spin-orbit interaction is Also included in Table 2 are the results from normal coordinate
larger than the crystal field interaction. The spirbit coupling calculations employing moiety mode and unit cell group mo#fets.
interaction splits thelffree ion state into twd levels,J = %, and/x, Aft ?F5—5d" (*T2g) Absorption Spectra. The 6 K- ultraviolet
and the octahedral crystal field splits the ground 5/, term into al'z, electronic absorption spectrum of CsNaYCls has previously been
doublet and &'s, quartet, using the double group notation for octahedral reported by Schwarz and Schatit.comprises electric dipole allowed
symmetry. Similarly, thel = 7/, term splits into two doublets dfy, transitions from the 4f?Fs; T'7, ground state to the 3dTzg I'sg and

andI'e, symmetry and one quartet &k, symmetry. Figure 1 shows . . )
the approximate energy level diagram and the nomenclature used. gig EQEZ{; E_' ﬁ_ ; ();(ﬁallja,si\h?‘;ﬁﬁgti}ﬂ&.;ﬁ%ﬁisﬁg. BP.%?SZR%?'Bl%gé
The above Hamiltonian may also be utilized for the 5d configuration. 60, 13902.
In this case, the sixth order crystal field tefjis equal to zero and  (2%) Byisma, 3. Mareachh, K M Ferstein, N. M.; Boatner, L. A; Abraham,
the spin-orbit coupling constant i§sq«(r). However, unlike for the 4f (26) Wybourne, B. GSpectroscopic Properties of Rare Earthsterscience
configuration, the 5d configuration experiences a crystal field interaction Publishers: New York, 1965. ) )
that is considerably larger than the 5d spinbit coupling. The (27 Judd, B. ROperator Techniques in Atomic SpectroscopGraw-Hil:
octahedral ©y) crystal field splits the Sbconfiguration into two levels, (28) Piehler, D.; Kot, W. K.; Edelstein, Nl. Chem. PhysL991, 94, 942-948.
a triply orbitally degenerate 5 lower state and a doubly orbitally ~ (29) fg?erger' H.-D.; Rosenbauer, G. G.; Fischer, RVDI. Phys.1976 32,
degenerate fupper state. When the spiorbit interaction is included,
the Tyq level splits into a quartelsy lower level and a higher-lying
doubly degeneratg;q state. The Fupper state transforms into a quartet
T'sq state as shown in Figure 1. The solutions of the above Hamiltonian
for a 4f electron configuration or of the corresponding Hamiltonian
for a 5d electron configuration are well-known and will not be
repeated?®
The emission and absorption transitions reported in this paper
between the 4fand 5d configurations are allowed electric dipole

H=Hgot Hee

Hso= Car) I's

(30) Tanner, P. A;; Kumar, V. V. R. K.; Jayasankar, C. K.; Reid, Ml.RAlloys
Compd.1994 215 349-370.

(31) Tanner, P.; Krishnan, Appl. Spectroscl993 47, 1522.

(32) Schwartz, R. W.; Watkins, S. F.; O’Connor, C. J.; Carlin, RJLChem.
Soc, Faraday 111976 72, 565.

(33) Krupski, M.Phys. Status Solidi A989 116, 657.

(34) Knudsen, G. P.; Voss, F. W.; Nevald, R.; Amberger, H.-CR&ne Earths
in Modern Science and TechnolodycCarthy, G. J., Silber, H. B., Rhyne,
J. J., Eds.; Plenum: New York, 1982; Vol. 3, p 335.

(35) Lentz, A.J. Phys. Chem. Solids974 35, 827.

(36) Tanner, P. A.; Shen, M. YSpectrochim. Actd994 50A 997.

(37) Ning, L. X.; Tanner, P. A.; Xia, S. DVib. Spectrosc2003 31, 51.
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Table 2. Vibrational Assignments for Cs;NaCeClg

unit cell 20K 90K
group mode moiety mode  Raman  f~f vibronic
and Oy, point and Oy point  spectrum spectra caled®  caled®
group irrep. group irrep. (cm™) (cm™) em™)  (cm™
S1 Ce—Cl sym. str. v1(0g) 279 279 279
S, Ce—Cl str. V2 (€g) 222 222 224
Sz rotatory lattice 1) (~20p 21
Sy ClI—Ce—Cl bend V5 (T29) 111 108 114
Ss Cs transl. tag) 46 48
Ss Ce—Cl ant. str. v3(T10) 253(TO); 257 257
279(LO)
S; CI-Ce—Cl bend v4(T10) 98(TO); 106 112
119(LO)
Sg Na—Cl str. (r14) (173 168
Sy Cs transl. 1) 56(TO); 53
69(LO)
S0 Cl—Ce—Cl bend ve (T20) 74-84 77 76

aFrom the spectra of GNaPrCk; TO/LO transverse/longitudinal optic
modes; str., stretch; sym., symmetric; ant., antisymmetric; trans., translatory.
b Using 5-parameter general valence force field for moiety métiésJsing
9-parameter unit cell group mod&l.

0.8 |-
2 Cs LiPrCl:Ce
C
>
2 06
8
@
[&]
&
£ I
2 04 1;79
< Cs,LiTmCl :Ce
1 . 1 N 1 1 wivd,

28500 29000 29500 30000

Energy (cm™)

Figure 2. Absorption spectra (10 K) of trace &eimpurity in CsLiPrClg
and CsLiTmClg between 28 000 and 31 000 cin(The initial state id'7,
in all cases, and the terminal d-electronic states are labeled.)

Table 3. f—d Absorption Spectra of Ce3* in Elpasolite Lattices
Jattice energy from 2Fs; Tz, (cm™) energy
lattice parameter? (A) Myy Tgg My g difference (cm=?)
CsNaYCls 10.733 28 195t 2 29435 1240
CslLiPrClg 10.651 28 363 29 625 1262
CgLiTmClg 10.439 28 236 29 489 1253
CsliYClg 10.479 28 267

aFrom Meyer?*

I'7y states. Prominent vibrational progressions in modes of 300 and 47
cm™* were built upon the zero phonon lines. We have reinvestigated
the spectra at 10 K, and our spectrum is very similar to that of Schwarz
and Schatz, with fine structure in addition to the two prominent
progressions. A further progression in a lattice mode of ca.1®cnt?!

tions of the order of 1% exhibit total absorption in this region. The
vibrational progression frequencies, averaged over all the first members,
are listed for the two strongest progression modes in column 4 of
Table 4.

2T, ¢ 5d*—4f! 2Fg), 2F7, Emission Spectra.The Xe lamp-excited
~10 K emission spectrum of dilute €¢CsNaYCls is shown in Figure
3. Transitions are observed to th&,, 2F7> terminal crystal field levels
of Ce", as marked in Figure 3, and the derived energies are listed in
column 3 of Table 5. The lowest energy electronic origin is mostly
self-absorbed, as is shown by the superposition of the absorption and
199.8 nm excited emission spectra from thé EVel, both at 10 K
(Figure 4). The mirror-image relationship of the broad absorption and
emission spectra is not exact because, although the zero phonon
transitions of the lowest energy absorption and highest energy emission
bands coincide, there are further electronic transitions which are unique
to either absorption or emission. The energy difference between the
maxima in the broad emission and absorption spectra, ca. 1929 cm
is therefore not solely related to vibrational energies, but also to the
locations of the relevant 3cand 4f electronic states.

The D, lamp and 355 nm excited luminescence spectra of Ce
CsNaYCls at 10 K are similar to the 199.8 nm excited spectrum, except
that the highest energy bands are strongly self-absorbed. The 199.8
nm excited emission spectrum of €edoped into Ca.iYClg is
generally similar to, but less well-resolved than, the spectrum &f/Ce
CsNaYCls (Figure 5). The vibrational progression frequencies are given
in column 4 of Table 4, and the derived energies are listed in column
4 of Table 5.

2Eq4 5d'—4f' Emission Spectra.Under 199.8 nm excitation at 10
K, a group of bands is observed in the emission spectrum of negat Cs
NaErCk which cannot be associated with electronic transitions &f Er
(Figure 6). We tentatively assign this emission to thé'Gef* %, state
emitting to the 4F electronic levels. The reasons for this assignment
are because (i) the luminescence is clearhyf dnd not f, and there
are nofl%d energy levels of Br at such low energy; (i) f
luminescence from Et would be quenched by th#D,,, state, just
below 47 000 cm?; and (iii) the line intervals cannot be matched with
energy level intervals of Ergt . Furthermore, these bands are evident
neither in the emission spectrum of dilute*E#C€sNaYCls nor in the
218 nm excited spectra of @aErCk. The electronic origin at highest
energy is located at 47 080 ci(Figure 6). The progressions in
vibrational modes of 49 cmt and 297 cm? are characteristic of the
5d—4f emission spectra described above and are given in column 4 of
Table 4. At the second member of the progression, there is an
apparent doubling of bands, which can be explained by the presence
of a further electronic state at 594 chmbove the ground state. It is
for these reasons that we believe these bands can be assigned to
emission from the tPE, I's state of a C& impurity in neat CsNaErCk.

Only one further similar group of bands is observed to lower energy.
For this weaker group of bands (Figure 6), two further electronic origins
can be assigned. The inferred locations of tHe?f), states (Table 5)
are, however, rather lower (by about 40 ¢inthan expected from the
energy levels of C&/CsNaYCl. The derived energy levels are given
in column 5 of Table 5.

Since the 199.8 nm excitation energy is 2954 €to the high energy
of the highest energy zero phonon line of*Cdt appears that either

was reported by Schwarz and Schatz, although the first member is notthe absorption takes place into arfEenergy level, with subsequent

evident in the present study or in their published spectrum. However,
we do observe a shoulder at 32 chabove the zero phonon line, in
agreement with Schwarz and Schatz.

The 10 K absorption spectra néatCsLiPrCls and CsLiTmClg in
the ultraviolet show +d absorption bands due to €eimpurities
(Figure 2). The zero phonon line transition energies are listed in columns
3 and 4 of Table 3. The weak feature to the low energyQf— I'sy
in Ce"/CsLiPrCls is a hot band. The low energy part of the3Qe
CsLiTmClg absorption spectrum overlaps thés—!D, f—f transition
of CsLiTmCle. Samples of elpasolite hosts doped witt¥ Ceoncentra-
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energy transfer to Cé or cooperative ion effects occur. Strong emission
from the 4f energy levels of Er is observed at lower energies, which
masks the’T,y Ce®" transitions, if preserttt

We have assigned the fluorescence spectra observedNaEsCk
beginning at 47 080 cnt as the emission from the highest'&g) level
to the 4f levels of the Cé ion. This assignment is consistent with
other observations for the €eion in this energy range as discussed
in the Introduction. The observed vibronic spectra and the derived 4f
energy levels given in Table 1 support this assignment. However, no
fluorescence from the fstate was observed in the TELsNaYCls
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Table 4. Progression Frequencies and Bond Length Changes in f — d Transitions of Ce3" in Elpasolite Lattices

CES+
conen v AQ(vy) (A) Ar(v))? v(lat) AQ(lat) (A) Ar(lat)?
crystal host (mol %) transition (cm™ Ce—Cl A (cm™) Ce—Cs R
Emission
CsNaYCls 0.5 Zng Tgg— 2Fs/2Tsu 300+ 2 0.12 0.050 48t 2 0.14 0.050
2TogTag— 2Fsi2 7y 298+ 3 0.11 0.046 A48t 2 0.14 0.050
b 2TogTgg— 2Fsi2 Taul7u 299 0.09 0.037 47.5 0.139 0.049
CslLiYClg 1.0 2TogTeg— 2Fs2 sy 303+ 2 0.11 0.043 54- 3 0.18 0.062
2TogTgg— 2Fsi2 Ty 301+1 0.12 0.049 52-3 0.15 0.053
CsNaErCk Eg— 2Fs; Ty 297+ 5 0.10 0.040 4% 3 0.15 0.055
b Ey— 2Fs2 Tgu M7y 297 0.085 0.035 48 0.133 0.047
Absorption
CsNaYCls 0.01 2Fsip 7y — 2Tog gy 299+ 2 0.13 0.051 44+ 3 0.15 0.054
CSngTmCIG 2F5/2 F7u i 2T29 Fag 296+ 5 54+ 3
CsLiPrClg 2Fsio T7u— 2Tog g 285+ 5 0.13 0.051 512 0.19 0.067

a Absolute values of bond length difference between the 4f and 5d states involved in the particular tréfRigiguits from the HuangRhys analysis
(see text).
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Figure 3. (a,b) Xenon lamp excited UV emission spectrum (10 K) of'@@8sNaYCls between 28 500 and 22 500 chn

system when this system was excited in the wavelength range ef 192 in the C&7/CsNaYCls system is by 5et5d energy transfer to killer
210 nm at 10 K, although 3 emission was observed. The calculated sites. The most likely candidates aré'Pand/or Nd* since these ions

Ey emission intensities are in poor agreement with the experimental have 5d levels in the 200 nm region. Analysis of the undoped Cs
data (see below). One possibility for the quenching of therission NaYCls crystal shows that these ions are present in relatively significant
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Table 5. Derived f and d Electron Energy Levels from the 10 K

Emission and Absorption Spectra of CeClg3~

Ce®/ Ce®/ Ce®/ calcd
state Cs,NaYClg Cs,LiYClg Cs,NaErClg levelsa—¢
nit @S+, irrep. (cm™) (cm™) (cm™) (cm™)
4f1 2Ry, Tqy 0 0 0 0
Tsu 599+ 3 578 594 597
4f1 27, Ty 2125 2167.
Tsy 2689+ 3 2674 2628 2691
Teu 3086+ 3 3061 3085
5t Tog Igg 28193+ 2 28 265+ 3 28 196
I'7g 29435 29435
5dt Ey I'gq 47 080 47 125

aData from Cé&"/CsNaYCls. For the 5d configuration, thel'zq level
was taken from Schwartz and Schétand thelsg level, from the C&'/
CsNaErCk data.P Parameters (cn) 4fL: &4 = 624.1,B3 = 2208.,B5 =
249.6. 58 FO = 36 015.4,(5 = 792.7,B¢ = 38 709.¢ g(I'7,) (calcd)=

1.253.
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Figure 4. Comparison of 10 K absorption spectrum of3G€sNaYClg

with the 199.8 nm excited emission spectrum at 10

K.
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Figure 5. Comparison of 199.8 nm excited 10 K emission spectra of (a)
Ce**/CsNaYCls and (b) C&7/CsLiYCle. The terminal f-electron states

are labeled.
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Figure 6. Emission spectrum (199.8 nm excited, 10 K) oPQ€sNaErCk
between 47 100 and 43 500 cfn

emission is quenched by &e Also, we have been unable to find
another plausible mechanism.

Vibrational Progressions, Line Widths, and Condon Parabolae.
Several vibrational progressions have been identified above #Tthe
5dt — 4f! 2R, 2F7, emission and absorption spectra of GECI
Selection rules for these spectra show that the vibrational mode must
transform as the totally symmetric representation alQherystal site
of Ce". Following the remarks of Schwartz and Schatand by
comparison of the progression intervals with Table 2, it is clear an
alternative, the occurrence of Jahheller effects, is not evident in the
2T,4 state. These authors assigned vibrational progression modes with
energies of 16 and/or 32 cth The first of these energies is comparable
with the S rotatory mode, whereas the second energy could correspond
to an acoustic mode. The occurrence of progressions in these modes
would thus infer contributions to the intensity from points away from
the zone center. Since these progressions are not well-resolved, and
we do not observe corresponding features in the spectraof@s
LiLnCls, we do not discuss these bands further. The strongest
progressions in the spectra of €L SALNCIs (A = Na, Li) occur in
the v1 (oug) CeCk™ moiety (i.e., first shell) mode, with the energy
rather greater than that in neat 86€eCk because Ce@l is
compressed in the crystalline hosts employed. The next prominent
progression occurs in the mode near4@ cnt! in A = Na hosts,
but in 51-54 cnttin A = Li hosts. Clearly the energy of this mode
is not very sensitive to the masses of Ln or A, but it is similar to that
of the S (r29) mode. This progression mode can therefore be envisaged
as ak = 0 totally symmetric mode (such as along thedirection of
reciprocal space) or more simply (but less accurately) as the totally
symmetric stretch of the second shell, CeCs

It is evident that a further, weaker progression occurs in a vibrational
mode of 186-193 cnt! for A = Na and 237252 cn1? for A = Li.
This vibration can be envisaged as the contribution from thér9)
mode away from the zone center or, alternatively, from the totally
symmetric stretch of the third shell, €&las. In all of these totally
symmetric breathing modes, the Ce nucleus is stationary. Additional
evidence for this latter “sodium” mode comes from the study of the
line widths and relative intensities of consecutive bands in the emission

concentrations, so this is a possibility. Reliable analytical data could
not be obtained for the ED; starting material used to prepare,Cs
NaErCk. If the amount of Pr/Nd in the GNaErCk crystal is
significantly less than that in the @$aYCls system, then this could
be a possible explanation for the appearance of theE§&mission.
The fluorescence from the €eE, state is unlikely to be quenched by
Ers* f electron levels. Quenching by d electron levels offNEP*
would not give rise to &f emission from these lanthanide ions because
Nd®*" does not exhibit &f emission in elpasolites, and Prd — f
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spectra. When the emission transitfdig sy — 2Fs2 I'sy is considered,

after subtraction of the continuous background, the first few bands can
be better fitted by Gaussian rather than Lorentzian profiles (Figure 7).
This is presumably because some of the fitted bands comprise more
than one component. The half-height width shows an increase for the
first few bands in the progression of the 48 ¢nfattice mode, with a
progressive decrease in intensity. A sharper feature is then apparent at
190 + 3 cm'%, which must then correspond to the first member of a
further progression. The lowest energy band in Figure 7 corresponds
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Figure 7. Gaussian fits to the first few bands in the 1GReg ['sg— 2Fs/2
Ty emission spectrum of G&CsNaYCls. The numbers over the centers
of the bands indicate the energy intervals (inéjrfrom the zero phonon
line.

to the first member of the 48 crhlattice mode progression upon the
190 cm! mode.

The wave functions obtained from eq 1 represent only the pure
electronic wave functions. When vibronic coupling is also considered,
the intensity of an electronic transition from the initial stat® the
final statef may be written (in the adiabatic approximation which . . . ; ; . 2
assumes the electronic part is independent of the vibrational coordi- ~ 45500 45750 46000 46250 46500 46750 47000 47250

Intensity (arb. unit)

nates) as Energy (cm™)
Figure 8. Fits of the experimental emission spectra using the Huan
1O |<lijer |f> <Ijm>|? @ Rﬁys formulation as desgribed in the text. (Top%ﬂ@seNaYgle: Si-r1 ’
. . . o = 1.275,v1 = 299 cnTd, line width= 14 cnT?!; Sy_go = 1.8, V5t = 47.5
wherel is the intensityer, the electric dipole operator, ahcand m emr, line width = 14 enTL; Sy-rs = 4.39, vbiga = 202 cnr?, line width
are the initial and final vibrational states, respectivéfplf it is further = 145 cnt; intensity ratio of the transitior&T g T'gg — 2Fs/2 T7u t0 2T gl sg
assumed that the electrorigibrational coupling is linear (i.e., the =~ — 2Fs2 I'gy = 2.0. (Bottom) C&/CeNaErChk: Si-r1 = 1.13,v1 = 297

vibrational states in the ground and excited states are equal) and onlycm %, line width = 9 cnr'%; Sy_re = 1.3, v = 48 cnT?, line width = 9

l 1 1.
the lowest vibrational level of the initial state is populated, then em % Si-rs = 1.55,vbrgg = 300 e, line width = 105 cm'; intensity
pop ratio of the transitions Flsg— 2Fs2 1‘7u to Egl'gg— 2Fs/2 ['su = 0.13. The

n calculated spectra are shown as the dotted lines, the experimental data are
Sy H-R shown as solid lines. Gaussian line shapes are assumed.
l.~e (3)

n!

line (ZPL) intensity,|°C For the case of the; progressions,
where Si-r is the Huang-Rhys parameter and is the vibrational

quantum number of the terminal state. jon [E(ZPL) — nv1 R0
The Huang-Rhys parameter can be evaluated from a harmonic IO_'O E(ZPL) (5a)
progression in a vibrational mode. For the vibration corresponding to
the normal coordinate, ™0 [E(ZPL) + mwv, Rm,o 2
y 0~ [T EZPD | [Rua 50
; ) :
Sir= E(AQi) (4)

where the overlap integral®, and Ryo can be related to the
displacementQ of the minimum of the potential surface of the excited

equilibrium distances of the metal ion and the ligand in the ground electronic state along thesg normal coordinate. Furthermore, the

and excited states for the vibrational modeof angular frequency individual Ce~-Cl bond length change iar = AQ/«/_G._The Franck .
383 Condon analyses were performed upon the emission and absorption
spectra, after subtraction of the continuous backgrdtind.

The spectra shown in Figure 8 were fit by using the HuaRbys
formulation for three oscillator§,-r; corresponding to the-300 cnt?
vy vibration,S4-r, corresponding to the-48 cnt! assigned to the totally
symmetric stretchvarice Vibration. The third frequenc$y—rs was used
to fit the broad background. The line widths were treated as free
(38) Denning, R. G. Invibronic Processes in Inorganic Chemistiiint, C. parameters, and the relative intensities of the two electronic transitions

D., Ed.; Kluwer: Dordrecht, 1989; Vol. 288, p 111. ) . involved, 2T,q (or Eg) T'sg — 2Fsi2 I'7y and?Tog (Or Eg) Tgg — 2Fsi2 [ay,

(39) gffg‘:gra?]’l‘\'[e%tg“gfesscsh' gkfeofé'ci‘gggec”osc"py of Inorganic Solids \yere adjusted to give the best fit. Representative fits forta6 000

(40) Yersin, H.; Otto, H.; Zink, J. I.; Gliemann, G. Am. Chem. Sod.98Q
102 951. (41) Bron, W. E.; Wagner, MPhys. Re. 1965 139, 233.

whereM is the effective mass andlQ; is the difference between the

A similar method to relate the change in intensity along a vibra-
tional progression to the change along the corresponding vibrational
coordinate has been given by Yersin et%Tlhey have related the
measured, relative vibronic intensities in emissidhand absorption
I™0 (where m,n indicate the number of quanta) to the zero phonon
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Table 7. Ab Initio Embedded Cluster Calculations on
CszNaYClg:(CeClg)3~

Table 6. Relative Experimental and Calculated Electric Dipole
Emission Intensities for CeClg3~

relative relative relative relative exptl
fluorescence fluorescence fluorescence fluorescence zero-phonon

intensity from intensity from intensity from intensity from main r(vy) Ar(vy) V1 T levels

5d* TZQ r‘x!ga 5d! TZg rag 5d* Eg ngb 5d* Eg ng character state (A) (A) (cm’l) (Cmil) (ClTlfl)

exptl calcd exptl calcd 4ft ), Tz, 2723 0 305 0 0

Aft 25T, 0.2 0.76 1.0 1.0 Ty 2727 0.004 307 831 596
41 2Fg50g, 1.0 1.0 0.2 6.9 AL, Ty 2724 0.001 307 2318 2195
41 20407, 0.03 0.15 1.5 Tau 2.727 0.004 307 3019 2686
4fL 2Rl g, 0.05 0.33 0.05 8.2 Teu 2.727 0.004 307 3376 3083
4L 2R 506y 0.2 0.30 5.3 5dt 2T,y Tgg 2676 —0.047 293 25510 28 195
I'7g 2.676 —0.047 293 26716 29 488
a Ce3t/CyNaYCls. b Ce/CNaErCk. 5dt %5, I'gg 2.740 0.017 297 47263 47 080

aMinimum-to-minimum energy difference8In Ce**/CsNaYCle. ¢In

cm! emission of C&/CsNaYCls (from Figure 3a) and for the Ce&+/CNaErCh. @ From Schwartz and Schatz.

~48 000 cnt! emission of C&/CsNaErCk (from Figure 6) are shown
n I;lgurek_Sc.: d | . 5 d45b al ; dwave functions, the major component of the wave functions cannot

ranck-t.ondon analyses using eqs >a an iSO Were performed . yip e any intensity (in the limit of zero crystal field mixing) to
upon all the emission and abs_orptlon spec_tra, _after subtractlt_)n of thethe 4f J = 7/, levels. Nevertheless, the experimental intensities from
continuous packgrouﬁaassumlng that the vibrational frequencies are the 5 E, levels are completely off from the calculated values. In fact,
unf:rt;angec_i in dthe ground and %leted sta}_tes. din col g the calculated values show the intensities to the) 4% 7/, states should

e derived parameterar andAQ, are listed in columns 5and 6 o o rger than to the 48 = 5, states, completely in reverse to the

for the Ce-Cl bonds and columns 8 and 9 of Table 4 for the-Gs observed values
bonds. The displacement t;;\etween the d and f electron potential energy As expected, the crystal field fits shown in Table 5 agree with the
hypersurfaces of 0.090.13 A represents a Cecl bond length change experimental energies quite well. In this case, the number of observables

of about 0.04 A, which is<2% of the bond length. Similar changes !
. . ST . and the number of parameters are comparable. A better test is the
have been obtained from the analysis of-5d4f emission transitions . —
o . a2 comparison of the calculated ground statd'4fg value,g = —1.253,
of P* in elpasolite lattice4? The bond length change along the'Cs . . 2 10
with the experimental valugy = |1.26§.

lattice mode coordinate from this analysis is G-0607 A. Ab Initio Calculati T | he d ith ind d
A similar fit was performed for the-50 000 cm* emission assigned I’.lItIO ~aicu at_|ons. 0 complement the ata.W't indepen .e.”.t
theoretical information, we performed wave function based ab initio

(tentatively) as due to th&Ey I's — 2Fs. With this initial state, the ) . X X
displacement between the d and f electron potential energy hypersur_calculatlons on the (Ceg? cluster embedded in a reliable representa-
tion of the CsNaYCls host. The results are summarized in Table 7.

faces is 0.080.09 A, representing a CeCl bond length change of Th lculati ke i h : bondi
about 0.035 A, slightly smaller than found with thieg I's as the initial . ese _ca cu gthns take |nt07 acgou_nt t ? most important c_m Ing
interactions within the (Ce@F~ unit, including electron correlation

state. The differences in bond distances found for transitions that are d | d spirorbi i lativistic eff d vel
initiated from either the 7; or the E orbitals can be rationalized by and scalar and spiror It coupling relativistic effects, and ghay Cls
host embedding effects.

the differences in bonding in these two 5d orbitals (see below). . . o
Electric Dipole Intensities and Crystal Field Calculations. The The details of the calculations follow. We use the ab initio model
wave functions obtained from diagonalization of the matrices given Potential method, AIMP, as an embedding technique and as an effective

by eq 1 can be used to evaluate eq 2. The radial part of eq 2 is theCOre potential metho#:>! The embedding potential we use for,Cs
same for all transitions, so we compare the calculated relative intensitiesN@YCls was obtained earlief. The relativistic AIMP we use for Ce
with the measured relative intensities for the emission transitions in Was obtained from Seifé and represents its [Kr] core; the ab initio
Table 6. spin—orbit potential produced earliét is used here with an empirical
The measured electric dipole intensities from thgIT state to the scaling factor 0.9¢ the basis set for the 4d5s5p4f5d valence is the
4f levels were obtained by subtracting an empirical background (14510p10d8)/[6s5p6d4f] sét.For Cl, we use the [Ne] core AIMP
corresponding to the underlying broad background shown in Figure 3 @nd the (7s6p) basis éextended with one diffuse p functithand
from the spectra and then fitting the vibronic peaks with a Gaussian contracted as [3s4p]. Additional (7s4p)/[1s1p] basis set functions are
peak-fitting program. We estimate the accuracy of the experimental '0cated on the Naions along the 100, 0310' and 001 directions that
intensities obtained in this way to be about 50%. For transitions ar€ next neighbors to the (CefI" cluster!? The electron correlation
originating from the lowest level of the Sdonfiguration, the agreement  &ffects from the 36 3p electrons of the Cl ligands and the unpaired

between the experimental and calculated relative intensities is reason-electron of C& are included by means of average coupled pair
able. functional calculations, ACP:%° Finally, we use the spin-free-state-

With the assumption that Figure 6 corresponds to emission from shifteq spin-orbit Hamiltonian (sfs$} in an identical manner as that
the 2E, state of C&, then the relative intensities of transitions from  describe for (PaCh)*", to put together the electron correlation effects
this level are not in good agreement with calculation. This is not because @1d the spirrorbit coupling effects in a simplified way.
the lower energy bands are absorbed I Eansitions in CsNaErCk, The calculated bond distances along the breathing mode are shown
since there is a spectral window between 44 000 and 46 000 ftm in column 3 of Table 7. They are almost equal for all the states of the
the energy levels of Er.

The calculated intensities show that the emission to th&4# states
should be considerably greater from the' & levels than from the

(43) Al-Abdalla, A.; Barandidna, Z.; Seijo, L.; Lindh, RJ. Chem. Phys1998
108, 2005.

o ; : (44) Seijo, L.; Barandidra Z.; Ordejm, B. Mol. Phys.2003 101, 73.

5d! T, levels. The reason for this intensity change is because only (45) Seijo, L.; Barandidrs Z.; Harguindey, EJ. Chem. Phys2001, 114, 118.

have~65%L = 3, J = %, character and-35%L = 3, J = 3, character
as compared to the35%L = 3, J = %, character and-65%L = 3,

(47) Barandiara, Z.; Seijo, L.Can. J. Chem1992 70, 409.
(48) Dunning, J., T. H.; Hay, P. J. Modern Theoretical Chemistrpchaeffer,
H. F., lll, Ed.; Plenum: New York, 1977; p 1.

)
)
transitions withAJ = 0,+1 are allowed. The 5dE, wave functions (463 Seijo, L.J. Chem. Phys1995 102 8078.
)
)

J = 3/, character of the 5dT,4 wave functions. Thus, for the 5@

(42) Tanner, P. A.; Mak, C. S. K.; Faucher, M. D.; Kwok, W.-M.; Phillips, D.

L.; Mikhailik, V. Phys. Re. B 2003 67, 115102.
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(49) Ahlrichs, R.; Scharf, P.; Ehrhards, &.Chem. Phys1985 82, 890.

(50) Gdanitz, R. J.; Ahrlrichs, RChem. Phys. Lett1988 143 413.

(51) Llusar, R.; Casarrubios, M.; Barandiay&.; Seijo, L.J. Chem. Physl996
105 5321.

(52) Seijo, L.; Barandiarg Z.J. Chem. Phys2001, 115 5554.
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4f' manifold; the slightly smaller values for the twb7, states
correspond to those being the only ones with Aj(arbital character,
which is the f orbital most stabilized by the ligand field. All these states
have essentially the same vibrational frequency (column 5, Table

7). The computed values compare well with the experimental data. The

computed minimum-to-minimum energy differences of the potential

energy surfaces (corresponding to the zero phonon experimental

energies) listed in column 6 of Table 7) are very reasonable when
compared with experiment (column 7 of Table 7). To lower the mean
average deviation from 260 crh it would probably be necessary to

possible that admixtures of charge transfer states into the 5d E
state could be important. We have tentatively assigned the
energy of the upper BdEy level (47 080 cm?) for the Cé*
ion from the observed UV emission in aB&ErCk crystal at
low temperatures. Further experiments are needed in order to
conclusively prove this assignment. Unfortunately, at this time,
we do not have the necessary facilities to perform excitation or
lifetime measurements in this spectral region.

Theoretical calculations are presented which give reasonable

increase the methodological and computational demands to a very largeagreement with the experimental energy levels and support the
extent. A more detailed analysis of these differences shows that its assignment of the 47 080 crhfeature to the 5HEy level. These

main contribution comes from a slight excess stabilization of the 4f-
(aey) molecular orbital (e.g., the mean average deviation from experi-
ments is 80 cmt for theT's, andTs, States, with no 4f(a) contribution)
which indicates that these calculations may be slightly overestimating
the effective ligand field.

The calculations on the 5dnanifold are perhaps more interesting.
The bond distance of the twid 4 StatesI'sq andI'74, are the same and
smaller than the bond distance of thé dfates. The absolute value of
the offset, 0.047 A, shown in column 4 of Table 7 agrees well with
the experimentally deduced value in Table 4. The fact that it is negative

calculations also show that the change in bond length between
the 4f and 5d T4 configuration is contractive with a value of
~0.04 A, in excellent agreement with the experimental result
(note that only the absolute value is obtained from the experi-
mental results). This short bond for the 5¢, Btate suggests
that the covalency of this 5d orbital with its consequent bond
length shortening outweighs the lengthening of this bond due
to the larger size of the 5d orbital. A detailed analysis for this
has been presented elsewh®& 8y contrast, the experimental

could not have been deduced from the analysis of the emission bandmeasurements from the;Emission spectrum show a slightly
shapes, which leads only to absolute values. The prediction of a clustersmaller bond length change than that for thg State. The

contraction in the transition from 4f to 5@t was also made in the
corresponding ca&of Pd*; it has to be the result of a balance between

theoretical calculations predict an increase in this bond length
relative to that in the ground 4f configuration, which means a

opposite tendencies: to increase bond distance as a consequence cgmaller bond length change than that obtained from the

the larger size of the 5(6)d orbital, on one hand, and to reduce bond
distance as a consequence of the larger bond covalency in thé 5(6)d

states, on the other. An analysis of the detailed reasons leading to this

contraction has been presented elsewhelée bond distance of the
5d 2Eg4 I'gq is larger than that of théT,g states, as usual for thenO
ligand field splitting of d states and corresponding to the §d{ebital
being destabilized with respect to the 5g(t The bond distance
increases so as to make it larger than theb#id distances by 0.017

A (column 4, Table 7). The calculated vibrational frequencies are very
similar to the 4% ones, only very slightly smaller, and they are again
close to the approximate experimental value of 300'cdeduced from
absorption and MCD spectra of €éCsNaYCls. The minimum-to-
minimum potential energy surface energies from the ground state to
the two 2T,q states,I'sy and 'z, are 2700 cm* too low, which is a
reasonable result for a theoretically demanding—4f5d transition.
Finally, the energy of the BcPE, I'gq State is calculated to be 47 260
cm L. It agrees extremely well with the experimental observation in
Ce**/ICsNaErCk, very probably as a consequence of compensation
between an underestimation of the 4f 5d baricenter and an
overestimation of the ligand field, as already observed in the splitting
of the 4f manifold. In any case, the ab initio calculation strongly
suggests the existence of thel5#, I'sy State of the (CeG)*~ unit

46 000-48 000 cn! above the ground state. This independent result
supports the assignments of the emission spectrum3dfCgNaErCh

in Figure 6.

Discussion and Conclusions

In this paper, we have reported the results of detailed
spectroscopic investigations of the®Céon in chloroelpasolite
hosts. The complete energy level schemes for theadfl 5d
configurations may be inferred from a combination of the fluor-

escence and absorption data from our work with earlier absorp-

tion data. Good fits were obtained for both the 4f and 5d levels
using the crystal field model. However, although the calculated
emission intensities from the 5¢4T's level were in reasonable
agreement with the experimental intensities, the calculated
intensities from the 5d EI's level were completely off. It is

(53) Barandiam, Z.; Seijo, L.J. Chem. Phys2003 119 3785.
(54) Meyer, G.Prog. Solid State Chen1982 14, 141.

experimental analysis.

One factor that can account for some of these discrepancies
hinges upon the subtraction of the broad background when inte-
grating peaks in the emission or absorption spectra. Rather dif-
ferent results are obtained if the entire vibronic sideband is inte-
grated (for example, in the Figure 4 absorption spectrum, the
maximum is an = 1 if individual bands are considered but at
n = 2 quanta of, if the background is not subtracted). Although
fits also were made assuming the background could be repro-
duced as a Gaussian function or by reproducing the background
with a band coming from the Huardrhys equation with an
empirical width, this may not necessarily account for the entire
background. For example, (i) there are overlapping electronic
transitions in some cases, and (ii) progressions in multiple quanta
of odd vibrational modes may occur, partly giving rise to the
broad underlying background. Furthermore, the relative intensi-
ties of the transitions involved with the 47 080 chemission
were in disagreement with the predicted relative intensities
obtained for the allowed electric dipole calculations. Thus the
relative measured intensities from which the bond length
changes are obtained must be considered somewhat suspect.
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