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Raman and electronic Raman spectra of lanthanide ions in elpasolite lattices
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Raman spectra have been recorded from 300-10 K for lanthanide hexachloroelpasalNes Qs Elec-
tronic Raman-scattering intensity ratios have been calculated using Judd-Ofelt-Axe theory and are in reason-
able agreement with experimental results, except for those cases where electron-phonon coupling has important
consequences. Bands resulting from temperature-dependent electron-phonon coupling phenomena have been
observed not only in the Raman spectrum o§N&sYbCl; but also in that of C8NaTmC}, and the interaction
mechanism is discussed. The coupling element between the caalbledl ; + v5 phonon-electron states of
3Hg in Cs,NaTmC} is estimated to be 20 cd, and the corrected wave functions for these coupled states
enable a consistent reinterpretation to be made of the optical spectra oﬁTmE)kcited-state electronic
Raman scattering has been observed in the 120-K Raman spectrunpNaTasCE. Using fixed wavelength
argon-ion laser lines, there is evidence for a small resonance enhancement of electronic Raman-scattering
intensity, and the unusual mechanism for this is discussed. The mixed crystal systdaG@s ,Yb,Clg
exhibits unimodal behavior for the, and vg vibrations, and the more complex behavior of features in the
neighborhood ofv, is described. The vibrational energies of the gerade intdrﬁ}bg‘ modes(determined
from Raman spectjavary linearly with atomic number df, except where electron-phonon coupling effects
occur.[S0163-182807)00218-X]

I. INTRODUCTION the case when the excitatig@d76.5 nm corresponded to
4f"—4f" electron transition energies, so that the so-called
Amberger and co-workers have studied the vibrationafesonant Raman scattering occurred. Moreover, a prelimi-
and electronic Raman spectra of lanthanide idr¥', in nary study has been made of the coupling between electronic
crystalline elpasolite lattice's? providing information useful crystal-field states and phonon states in the electronic
for studies of the vibrational force-field and the low-lying ground-state multiplets of two elpasolite systems. Finally,
multiplet term crystal-field parameters. The lanthanide ionsstudies of the Raman spectra of mixed crystals are referred to
are situated at octahedral sites of symmetry in lﬂ)@‘ in Sec. V.
anions, so that threefold vibrational and electronic degenera- Some key studies of electronic Raman and resonance Ra-
cies may be retained, thereby, in principle, providing rela-man spectroscopy have focused on the electron-phonon cou-
tively simple vibrational and electronic spectra. The Ramarpling in rare-earth vanadateand phosphates;” on asym-
spectra thus exhibit only four bands, duekte O vibrational ~metry and absolute electronic Raman-scattering cross
modes of the crystal, but at low temperatures some addisections for 4"—4f" transitions>® on resonance electronic
tional features may be resolved which correspond to elecRaman scatterintf:**and on the Judd-Ofelt-AxgJOA) clo-
tronic Raman bands. sure approximation calculatidi.We briefly review some of
The aim of the present work was to extend the previousghe results from these studies which are relevant to the
studied?in a quantitative manner by investigating the agreepresent work.
ment between theory and experiment for the intensities of The electronic Raman-scattering intensity ratios for tran-
electronic Raman bands. The Judd-Ofelt-Axe theory emsitions from the ground state to the crystal-field levels of the
ployed is outlined in Sec. Ill, and some of the more detailed*l ;5,, multiplet of E£* in ErPQ, were calculated by Becker,
account of the theory of Raman spectroscopy is also quotedased upon JOA theofy.The predicted intensity was found
in Sec. IVH for discussion. The relative intensity— to be in closer agreement with experiment when the ratio of
excitation line dependence of the electronic Raman bandthe scattering parameteFs /F, [Sec. lll, Eq.(4)] was ad-
of Cs;NaTmC} at 120 K has been investigated, including justed to a rather lower value than estimated by theory. To-
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gether with electronic Raman data from TmP@nd ments demonstrated that samples were polycrystal-
HoPQ, the low ratio was interpreted as showing the involve-line. (The nontotally symmetric contributiohso »; scat-
ment of 4f"~15g* electron configuration intermediate statestering were found to be negligibje. Electronic Raman-

in the electronic Raman spectra of these systems. Althouggcattering intensities were measured relative to a suitable
the calculated electronic Raman-scattering intensity ratio¥/ell-resolved electronic Raman transition of appropriate in-
for CePQ were in reasonable agreement with experiment, itensity by integration of the peak areas. The comparison with
was found that the application of standard JOA theory washe intensity of vibrational Raman scattering was also made
particularly inadequate for electronic Raman-scattering irfrom the integration of the,; peak area. The main error in
TmPQ,.%2 A subsequentlirect calculation of the electronic Peak area measurement was the choice of baseline, particu-
Raman-scattering intensities in Tmp@cluded the detailed larly where overlap occurred, and an indication of precision
energy-level structure of the intermediate excited configurahas been included in our experimental res(ftable .

tion, 4f115d" and gave improved resufisHowever, signifi- Several additional bands were observed in the 488-nm
cant differences remained, notably the absence of two ele@xcited 20 K Raman spectrum of S&YbCl, compared
tronic lines near 250 cit in the spectrum. Xiainterpreted ~ With other argon-ion excitation lines. This excitation energy
this discrepancy by a mechanism in which the excited stategoincides with the cooperative absorption of two Y$CI
undergo fast nonradiative decay into two optical phononsions. However the concentration dependence of the bands
We also make similar interpretations in the present discusshowed that they were not due to cooperative emission but
sion. rather to an unidentified impurity.

An investigation of the electronic and vibrational Raman
spectra of YbP@Qrevealed the occurrence of a temperature-
dependent electron-phonon coupling with a coupling
strength about an order of magnitude greater than previously
reportec® The observations were interpreted under a model
in which the off-diagonal electron-phonon interaction ele- Theoretically, when the polarizations of an incident pho-
ment was related to the electronic ground-state populatioton Ze and a scattering photohwg are o and p, respec-
factor® It turns out that a similar phenomenom is observed intively, the electronic Raman-scattering amplitude from vi-
the present study of @§aL Clg not only forL=Yb but also  bronic state|i) to |f) (where the phonon states |i) and
Tm. A preliminary account of the electron-phonon coupling,|f) are the same, and both are usually zero-phonon $tates
which is different from the mechanism in Ref. 6, is givencan be written as(f|a,,|i). The Cartesian electronic
here and a more general discussion of this phenomenom wilkaman-scattering tensor is writter*as
be presented elsewhere.

Williams et al. investigated the electronic Raman scatter-
ing of C€" in LUPQ, and observed intensity enhancements Apy= —E
of the order of 18 when the laser excitation was tuned close '
to the energy of the & configurationt! The results were
generally in agreement with that expected for electronic Ra

man scattering in which the states of the@'Sconfiguration ) 416 In th heli dlf
act as the intermediate states. In addition, the enhancemerft i) an f). In the present case, w if@ an f) are
ronic states of electronic configuratiofi™ |r) is taken to

of the intensities of electronic Raman transitions were founcg' ; A . -
e a vibronic state of the configuration such & 45d?!

to be of the order of 1 under resonant excitation to an o1 1 ) .
and 4f"~*5g". According to theory of electronic structure of

energy level within the configuration f& of Ef** in Hanide 1 . _ \ I
ErPO, 1 In the present study of resonance scattering foranthanide ions the Cartesian tensey, is usually turned

CsNaTmCl, the excitation is also within the configuration INto @ linear combination of spherical tensarg :
4112 put the enhancement mechanism must differ because
there are no odd-parity static crystal-field components at the

lanthanide ion site in the elpasolite lattice. We describe this Xpo ™ 2 C
unusual mechanism in Sec. IV H.

Ill. CALCULATION OF ELECTRONIC
RAMAN-SCATTERING INTENSITY RATIOS

D,IrXriD, D,lr)xr|D,
ho,—fho hw+hog |’

@

whereD is the electric dipole operator afd is an interme-
diate vibronic state with electronic parity opposite to the one

tq (1)
ay’, (2
ta po—q

wheret=0,1,2. The coefficient@}ﬁa can be calculated in the

usual way or taken from Ref. 3B, and determine the irreduc-
Il. EXPERIMENT ible spherical tensor composition of the polarization compo-
ent a,, of the Cartesian scattering matrpe,,]. The

Hexachloroel li r Is wer r r in Ia -
exachloroelpasolite crystals were prepared seale pherical tensor

quartz tubes from lanthanide oxid€39.9—99.999%, Strem
Chemicalg by passing the residue from Morss methetf ® ®
through a Bridgmann furnace. Raman spectra were recorded ag~=Uq'Fy, ©)

at a resolution of 1—-2 cm" using a Spex 1403-DM spec-

trometer equipped with a liquid-nitrogen cryostat and an Oxdn which U{ is a unit tensor acting on the electronic wave
ford Instruments closed-cycle cooler cryostat. Perpendiculafmnctions(fj and|i) within the configuration of #". F, is
faces were polished onto a crystal of ,RaYbCl and al- the following scattering parameter independent{ bf and
though the 300-K polarized Raman spectrum permitted théi), and is obtained from the Judd-Ofelt-Axe theory by in-
identification of ther, totally symmetric mode, the experi- voking the closure approximatiofi:
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TABLE I. Assignment and intensities of electronic Raman transitions gN&sClg. n.o.: not observed; w: weak; vw: very weak.
Values in parentheses are taken from electronic sp¢eea 16. The choseri; andF, values are representative and not best fit.

Electronic Raman transition

Relative intensity

L Energy (cm?) Obs. Theor. Calc. Assignment
F,=0.00
F,=4.13
Ce 562,580 4.180.45 0.244%F,|2+0.2073F,|? 4.18 CF5 )T ,—Tg(%Fsg)
2161 0.16-0.01 0.0078 |2 0.00 CFg )T, —T7(?F7p)
2663 0.86:0.07 0.022JF,|?+0.0058F,|? 0.39 CFs)T7—Tg(*Fap)
3050 1.00 0.018F,|? 0.31 CFg )T 7—T(%F4)
280 1.0:0.3 v
F,=1.96
F,=6.26
Pr 234,250 1.230.01 0.3211F,|? 1.23 CHT 1 —T4(3H,)
416,428 0.190.04 0.0641F,|? 2.53 CHOT;—T3(3H,)
704 1.00 0.025%,|2 1.00 CH,T1—T5(®Hy)
(2300 n.o. 0.0026F ;|2 0.01 CHy)T1—al 4(*Hs)
2400 0.24-0.08 0.006(F,|? 0.24 CHOT ;=T 5(3Hs)
(2643 n.o. 0.0007F,|? 0.03 CHT;—T5(3Hs)
(4392 n.o. 0.0006F,|2 0.02 CH)T1—T5(*Hg)
(4437) n.o. 0.0000F ,|? 0.00 GH,)T1—al's(*He)
(4878 n.o. 0.0044F |2 0.17 CH4)T 1—bT'5(*Hg)
5205 ww 0.031F,|2 1.23 CHT 1 —T3(3Fy)
(5294 n.o.2 0.0175F,|? 0.69 CHY)T1—Ts(°Fy)
(6613 n.o. 0.000¢F,|? 0.00 CHHT 1 —T4(5F,)
6622 w 0.007,|? 0.29 CHT 1 —T5(3F3)
(6964 n.o. CHYT1—T3(3Ty)
280 1.5-0.4 21
F,=0.99
F,=5.78
Eu 360 0.14-0.04 0.142F,|? 0.14 (Fo)T1—T4("Fy)
875 4.7£0.5 0.0571F,|? 1.91 (Fo)T1—T5("Fy)
1091 1.00 0.085F,|? 2.90 (Fo)T1—T's('F3)
290 2.5:0.3 vy
Erb 25 0.8+0.4 (lisalg—T (%15
56 1.00 (115)alg—bIg(*l15,)
(259 n.o. (11spalg—Te(*l 151
296 141 2}
Tm at 120 K under 476.5 nm excitatién
56 n.o. 0.347IF, | (*He)T1—T4(*Hg)
68 4+1 0.0102F ,|?+0.5433F,|? (PHe)T4—al's(®He)
200 1.00 0.115F,|? (*He)T 4—T2(*He)
(314 n.o. 0.0711F,|?+0.0786F,|? (®Hg)T 4—bI's(*Hg)
(339 n.o. 0.001F,|2+0.0494F,|? (PHe)T4—T'3(*Hg)
294 15-3 21
Tm at 20 K¢
56 n.o. 0.347[F4|2 (CHe)T1—T4(*He)
e 3 N cr3
1229 2.2258.05 0.0743F,|* ((3HH 6))rF 1_> :rrf’ ((3:6))
6. 1 5 6.
(370 n.o. 0.014¢F,|2 (®He)I'1—bI's(*He)
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TABLE I. (Continued.

Electronic Raman transition
Relative intensity

L Energy (cm?) Obs. Theor. Calc. Assignment
(394 n.o. 0.0051F,|2 (*He)T1—T'5(*Hg)
297 0.75-0.06 v
F,=1.47
Yb 203° 1.00 0.170fF,|?+ 0.2041F |2 1.00 (*F7)T—T3(?F7)
572 0.28-0.04 0.085(F,|2 0.28 CF1Te—T7(?F7)
294 2.32-0.03 7

Feature reported at 5297 crhin Ref. 1.

bCalculations were not performed. Resonance enhancement occurs when under 496.5 nm excitation.

°Resonant enhancement occurs notably for transitions frdhg)T,. There is insufficient data to f; andF,.

dStrong electron-phonon coupling effects are observed so that the FitsandF, have not been made. The coupled modes are denoted by

(e).

3 1 1'\2 find that all of these coherent terms disappeared after the
(0 0 0) summation ovep ando, which is expected since for a poly-
crystalline sample only the incoherent terms remain. In ad-
1 3 | dition, usually the level&; andE; are degeneraté.e., the
><(4f|r|n’|’)2(2t+1)1’2[3 1 I]EN, (48 initial and final statedi) and |f) are |[';y;) and |T¢y;),
respectively so that the scattering intensities of all transi-
where tions from variougT';y;) to various|T';ys) for aiw—# ws
‘ scattering(corresponding td';—1I';) need to be summed in-

N (—1) (ap  coherently, 8.2 oy (T 71l @0l Ti7)|? i calculated. As
E(n'l")~fhw EMN'l")+ho]’ expected this always equali= ., [(Tyila,.|Tiyi)l?,
where ('l") represents the intermediate electronic configuwhere m; is the degree of degeneracy of the initial state
ration 4f"~(n’I")* having opposite parity to#, and hav- [T
ing an average enerdy(n’l’) higher than that of the ground
state. Thus, besidegtf|r|5d), the parametefF, is deter-
mined by the energy structure of the intermediate configura-
tions n’l’, and from these configurations thg"415d is IV. RESULTS AND DISCUSSION
lowest in energy and is the most important one in the sum- A. Vibrational Raman scattering
mation (4). If F, is entirely contributed by &', the ratio

Fo=(—1)'> 7(2I’+1)

n'l’

en-|

A unit-cell-group analysfS of the CsNal Clg elpasolite

Fi/F,=1.9helE(5d)], (5) ?ystem provides the following Raman-active modes of vibra-
ion:
based on Eq4).
Considering theD,, molecular point-group site symmetry

of L3 in a microcrystal CgNaL Clg the matrix[ a,,] can be

split into nine matrices belonging to four irreds, («

=1,3,4,5) of grougD,,. Of theseI'; is constructed only by Wwhere the labels of thEC|27 moeity modesy;, i=1-5,

(Y representing Rayleigh scattering, afig only by o) refer to irreducible representations of t, point group,

and is antisymmetricQtl,:‘;z —C(];?)). Similarly, |i) and |f) and| is a caesium translatory lattice mode.

I’ (vib.:RamanC Vl(alg); VZ(eg); vs( TZg) JI( 729)1 (7)

also form basefl’; andI';, respectively of the O}, molecu- Figure Xa) shows thg energies of the internal vibrational
lar point group, and the selection rule for electronic Ramarinodesvy, v,, and vs in the 20-K Raman spectra of the
scatteringi — f takes the form: elpasolites C#NaL. Cls. In each case, the energies show an
overall increase with the number 6felectrons in the 3"
rier,cr,. (6) cation. Figure (b) compares the integrated intensity ratios of

the vibrational Raman bandqv,/v,) and I(vs/v;) for
In the present study the samples used were polycrystalEs,NaLClg at low temperature. The ratios both show an
line, so for ai w—f w4 Scattering intensities contributed by overall decrease with increasing number foklectrons in
various polarization componentis,, should be summed in- L3*. The intensity ratios exhibit a similar trend at room
coherently, i.e.>,,|[(f|a,,]i)|*> was calculated. Since,, temperature but the values are larger, particularly for
has all of the terms on the right-hand side of E2), the I(v5/v,). Obviously, the larger intensity ratio arises from
squared elementsf|a,,|i}|? contain coherent contributions the increase with temperature of the factors,1)/(n;
from different scattering spherical tensmﬁ). However,we +1) inl(v,/vq), and (5+1)/(ny+1) inl(vg/vq), Since
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FIG. 1. Plots of the atomic number bfas a function ofa) the
energies of thev,, v,, and vg internal modegb) the integrated
intensity ratios ofv, /v, and vs/v, from the 20 K vibrational Ra-
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man bands. These features sharpen on cooling, and the ener-
gies are found to correspond to those of the crystal-field lev-
els of the respective multiplet terms, as identified from
absorption, excitation, and luminescence spectrostopy.

this section, the electronic Raman bands are discussed for
each lanthanide ion in turn, and their relative intensities are
compared with calculation. The lanthanide idns Ce-Eu in
Cs)NaL Clg undergo phase transitions between 90 and 180 K
to a tetragonal formi’ The splittings due to the removal of
vibrational degeneracies of thg, and ¢, modes are not
resolved in the Raman spectra, but the site symmetry pertur-
bation results in splittings of up to 20 ¢rh for electronic
crystal-field levelg® The perturbation fron©,, site symme-

try is neglected in the present study since the integrated in-
tensity ratios of the electronic Raman bands were found to be
similar at temperatures above and below the phase transi-
tions. The energies and wave functions of the electronic
states of Cg\al Clg relevant to the present study, as deter-
mined from absorption, excitation, and emission spectra, are
listed in Appendix A, and these have been utilized in the
electronic Raman intensity calculations. The electronic Ra-
man transitions of Gial Clg are assigned in Table I, and
the scattering intensity ratios are listed and compared with
the calculated values. For each compound the relative inten-
sity of the vibrationalv; band is also included for reference.
The ratioF,/F, is compared in Sec. VI for the different
lanthanide ions doped into the elpasolite host lattice.

C. Electronic Raman scattering of CsNaCeCly

Figure Za) shows the low-energy part of the Raman spec-
trum of CsNaCeC}, at 80 and 20 K. The electronic ground
state is {Fs,)I';, with the CF,)I'g level calculatetf to be
at 570 cm *. The three crystal-field levels of the next high-
est multiplet term,?F-,,, are calculated between 2160 and
3048 cmt. The electronic Raman transitions from the
ground state to all these excited states are allowed by selec-
tion rules.

The electronic Raman transition to thg level is ob-
served near 570 cnt at 80 K, but split into two components
at 20 K[Fig. 2(@)]. Three higher energy bands are observed

man spectra of GilaL Cls, Data points are mean values from this Which correspond to the?Fs)I'7—T'g,I'g,I'7(?F7) tran-
study and from Refs. 1 and 2. Error bars reflect the differencesitions (Table ). These observations are in agreement with
between values from this study and from Ref. 1, single points indithose of Amberger, Rosenbauer, and Fis¢Ae@Eomparing

cating agreement; otherwise an erroroR cm ! has been taken

the observed and theoretical relative intensitiesble ), it is

for energy measurements. The linear regression equation@for apparent that the magnitude of the paraméterdoes not

are v;=190.89%+1.557,

=0.937); v5=31.86+ 1.37Z, (R=0.968).

the average occupation numiygrof phonons is proportional

(R=0.962); v,=132.70+ 1.54,

(R

to exphvkT) at temperatureT, and 120 cmi~hwpg
<hv,<hv;=290 cm L.

B. Electronic Raman scattering

play a significant role in accounting for the observed values.
When set to zer@Table ) the calculated relative intensities
are not very different from the observed ones. However,
when the ratioF,/F, is set to the theoretical valu®.68,
from Eg. (4), sinceE(5d) is measured from available ab-
sorption spectral datd for CsNaYCls:Ce' to be

37 165 cm'!], the values ofF; and F, become 2.38 and
3.50. The agreement with the observed intensities, relative to
the bands near 570 cm, is satisfactory for the
I';—T'4(?F) transition, but the relative intensities of the

In some cases, the low-temperature Raman spectra ®fansitions to thel's and I'g(?F;,) crystal-field levels are
CsNalL Clg exhibit additional features to the vibrational Ra- calculated to be smalléf.31 and 0.22, respectivgly
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FIG. 2. Raman spectra of @éal Clg: 514.5 nm excited spectrum ¢f) Cs,;NaCeC} at 80 K and 20 K{b) Cs,NaPrC}, at 20 K; spectra
of Cs,NaErCl at 20 K using(c) 496.5 nm,(d) 476.5 nm, ande) 514.5 nm excitation.

weak to be observed, whereas the single features observed
D. Electronic Raman scattering of CsNaPrClg for transitions to the’F, and F5 terms enable the identifi-

Part of the 20-K spectrum of g8aPrCk is shown in Fig. cations of the representations of the terminal states to be
2(b). Transitions are observed not only from thtH)I';,  Made. We do not observe the bands reported by Amberger,
ground state to the excited crystal-field levels of the groundRosenbauer, and Fischeat 4936, 5005, and 5297 crh
multiplet *H 4, but also to several excited multiplets, in order The first two energies of these bands cannot be rationalized
of increasing energys_HS, 3F2, and3F3_ The derived wave from the energy-level scheme ofPrin CSZNE;lF’rCLS.l6 The
numbers of the terminal states are in agreement with thosteature reported at 5297 ¢rh most likely corresponds to the
from infrared absorption and optical emission electronic Raman transition from the ground state to
spectroscopy® The spectrum is interesting because the(®F,)I's, this level being located from infrared spectra at
strongest electronic Raman bar@ear 234, 250 cmt) are 5294 cnm!. This band is obscured by noise in our spectra
governed by the antisymmetric tengas are the unobserved and is calculated to be about half as intense as the electronic
transitions at 2300 and 6613 cr). The electronic Raman Raman band at 5205 cm which we observe to be very
transitions to the {H,)I'; levels near 420 cm' are weak. weak.

Under 514.5-nm excitation, the transitionsdds are super- By settingF,=1.96 andF,=6.26, the calculated inten-
imposed upon absorption bands due to i, —'D, tran-  sities are in reasonable agreement with experintespe-
sition, and only the electronic Raman transition #1{)I's  cially when Amberger's observation is consideraxkcept
is located. Transitions to’Hg crystal-field levels are too for the intensities at 416 and 428 ¢ This means that the
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JOA closure approximation works well here, and the large Excitation using the 514.5 nm argon-ion excitation line
value (0.31) of F,/F, provides evidence that thef%5d* results in emission. This radiation is strongly absorbed by the
configuration contributes almost to be the only intermediatevibronic sideband of thél ,5,,—2H,, transition and upcon-
configuration, andE(5d)=80 000 cm . The experimental version occurs to ultraviolet levefs,from which emission
low intensities of the bands at 416 and 428 ¢mmay be  occurs. Figure @) shows the spectrum under this excitation
rationalized by the small excited-state lifetimes due to thdine, with the characteristic vibronies,v,,vg sidebands of
two (218 cmt) € phonon decay of these states Ifg, ErCIg_ (see Ref. 21 The (unobservegzero-phonon line in-
and/or the two (96 cm') 7, phonon decay td',. ferred to be at 19 414 cnt, so that this transition corre-
sponds t0 {Gy1) [g— g, ['7(*113). 2"

Williams et al1° were able to probe the resonant Raman
scattering of ErP@Qunder blue-green excitation without the

The electronic Raman spectrum of 88EuC} has been complications of emission. Indeed, it was carefully demon-
previously reported® Electronic Raman bands overlap emis- strated that the spectral bands corresponded to scattering and
sion bands at 120 K, so that the choice of baseline is uncerot emission. The reason for the absence of emission is clear
tain for intensity measurements. However, the relative intenfrom the energy-level scheme of ErpCseveral resonant
sities of electronic Raman bands differ considerably, withion-ion cross relaxations leading to depopulation of the low-
'Fo—'F, being much stronger thafF,—’F;. Theoreti- est *F,, level, I'q, in this host. The different energy-level
cally, they are determined by the parametéssandF, re-  structure of the elpasolite g@8aErCl does not provide a
spectively, so this observation is readily underst¢ddble resonant transfer pathway and weak emission is observed
). The relative intensities of the twéF,—'F, transitions  from “F-, in the elpasolite lattice.
differ considerably, however, for theory and experiment. The
theoretical intensities are proportional to the degeneracy de-
gree of the terminal crystal-field states. The experimental
ratios were measured for several different excitation lines.
The discrepancy could arise from the use of the JOA model The study of the electronic Raman spectrum of
and/or from the tetragonal site symmetry perturbation. Alter-Cs,NaTmC} is of interest for several reasons. First, the cal-
natively, the weak intensity of the;—I'g transition may be culated crystal-field levels of the ground-state multiplet term
attributed to the decay of tHes state by twor,y phonons to  show poor agreement with the experimental values from
populatel';. Two "Fo—F5 transitions reported by Am- emission spectroscofy.Second, this system provides the
berger, Rosenbauer, and Fischare obscured by lumines- opportunity to probe the change in relative intensities of
cence under the excitation used in the present study. electronic Raman transitions when the Raman excitation is
tuned through an intraconfigurationalf™-4f" transition,
1G,—3Hg. The luminescence from the'G, state is
quenched by a cross relaxation to the lower enéigy term
multiple?® so that it does not obscure the Raman spectrum.

The ground-state term of &F is #I,5,, and the next high-  Lastly, the Raman spectrum exhibits a marked change with
est term,*l 5, is about 6000 cm! to high energy. Elec- temperature which is attributed to the effects of electron-
tronic Raman transitions are expected from the;d)T'g phonon coupling.
ground state to the other crystal-field levels %fs,, Am-
berger, Rosenbauer, and Fischeported one electronic Ra-
man transition at 56 cm'. _ . .

Figures 2c)—(e) show the 20 K spectra of QN¥aErCh H. Excited-state resonance electronic Raman scattering
under different argon-ion excitation lines. The crystal is of Cs,NaTmCle
transparent to 476.5 nfi20 981 cm'!, Fig. 2d)] and 496.5 The electronic ground state of Pris (3Hg)I';, with the
nm [20 135 cm %, Fig. 2c)] radiation, and the vibrational crystal-field components otHg extending up to 394 cit.
Raman bands are accompanied by two bands near 25 ahthder argon-ion laser excitation, four vibrational Raman
56 cm ! in both cases, which correspond to thebands are observed in the room-temperature Raman spec-
(*“l15pal'g—T7(*l 15 and bT'g(*1,5,) electronic Raman trum of CsNaTmCl [Fig. 3(b)], corresponding to,, vs,
transitions, respectively. It is clear from FiggcRand Zd) v,, and v, in order of increasing energy. At 120 K some
that the intensity of the two electronic Raman bands isadditional features are appar¢htgs. 3b) and 3c)]. Two of
slightly greater, relative to the, vibration, under 496.5 nm these bands, at 68 and 200 ¢ are assigned to hot elec-
excitation than under 476.5 nm excitation. We do not presertronic Raman transitions from the first excited stdfg at
quantitative data herein and will reinvestigate this phenom56 cm ?) to further excited electronic states which are de-
enon using dye-laser excitation. This former excitation enduced to be at 124 cnt (al's) and 256 cm® (I',). These
ergy (20135 cm?) lies nearer in energy to the spectral bands disappear at lower temperatures because the occupa-
bands in the vibrational sideband of thls,—*F, transi-  tion of the initial state becomes negligible. Moreover, Fig.
tion of CsNaErCk.® A small resonant enhancement of the 3(c) clearly shows that the hot electronic Raman transitions
electronic Raman transition is therefore observed when thappear strongest under 476.5-nm excitation. From the elec-
intermediate state is*F,,,) + vogq, Wherev,qq refers to an  tronic absorption spectruiiFig. 3@] which comprises the
odd-parity internal vibration of G8laErCl, and the mecha- vibronic sidebands of theG,« (3Hg)T"; transitions, it is
nism is discussed in Sec. IV H. evident that 476.5-nm (20 981 ¢ excitation coincides

E. Electronic Raman scattering of CsNaEuClg

G. Electronic Raman scattering of CsNaTmClg

F. Electronic Raman scattering of CsNaErClg
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FIG. 3. Electronic absorption and Raman spectra gNa¥mcCk: (a) 20 K electronic absorption spectrum recorded using single beam
mode with Raman monochromatofbk) 514.5 nm excited Raman spectra at 300 and 12@cKRaman spectra at 120 K using 457.9, 476.5,
and 496.5 nm excitation; Raman spectra at 20 K usihgl96.5 nm ande) 476.5 nm excitation. Two additional weak, broadbands which
are observed in(e) correspond to the strongest vibronic structure of the luminescence specfit@y]s—[3Hg]T 1+ vg,
[PHg]T 4+ vg).

with the tail of a vibronic origin, and 457.9-nm excitation the electronic ground state’H)I'; to the crystal-field level,
lies at the edge of the absorption sideband. 496.5- anll,(*Hg) is too weak to be observe®ec. IV ).

514.5-nm excitation both do not coincide with absorption Clark and Dine$ presented a simplified expression of
bands. However, excitation by 20 981 thfrom the first <f|ap(,|i> by summation of the term#, B, C, andD in
excited crystal-field level of GBlaTmCl (I', at 56 cm'l)  formulas (19)—(22) therein to describe resonance Raman
results in a stronger absorption hot band!G{)I's  scattering. Starting from their formulé2) (which corre-

+ v3—(Hg)I 4, near 21 040 cmt. The enhanced intensity sponds to Eq(1) in this papey, by introducing the following

of the electronic Raman transitions originating from adiabatic Born-Oppenheimer approximation of the vibronic
(®*He)I'4 under 476.5 nm excitatiofFigs. 3b), 3(c)] can  states in the above scattering amplitydén,,|i):

therefore be attributed to the hot population of thelevel,

and to the contribution from resonant electronic Raman scat- li)=Igm)= |g>|mg>1
tering, which has not been considered in the JOA calculated
intensities of transitions from the first excited state [fy=]any=|a)|n,), (8)

(®He)T',. We do not therefore provide values Bf, and
F, in this casgTable I: Tm at 120 K The transition from Iry=lev)=|e)|ve),



12 190 TANNER, SHANGDA, LIU YU-LONG, AND MA YI 55

where|g), |a), and|e) are initial, final, and intermediate hE K
(here, resonahelectronic states arftng), [n,), and|v,) are D=[u,1° 0 e'e ee
. oo . Mplagrl moler
the corresponding harmonic vibrational states, respectively. Praet el (fwer—hwe) (hwe —fiwe)
Including the electron-phonon coupling Hamiltonian:
n v Y [m,
XE < a|Qk| e>< elel g>

m (hwg,—ho+ily,) (15

oH
H' =>

~ |70, 9

K
Q=0 The present report of the effects of this term in resonance
electronic Raman scattering is therefore unusual.

where Qy is the normal coordinate of thkth vibrational
mode of the system, we obtain the following corrected elec-

tronic states: I. Temperature-dependent electron-phonon coupling

k in Cs,NaTmClg
ley=le)+ X' le) ﬁ Qx, (10) It is very noticeable that instead of thg, phonon peak
e'(#e).k € e near 132 cm? at room temperature, a band is observed near
where 144 cm ! at 120 K, which becomes progressively stronger
and changes to 148 cm at 20 K. Furthermore, theg pho-
K .| oH non band near 128 cnt at 120 K, disappears at 20 K, and
hee=1\€ 0, e (1) another feature at 108 ¢ is observedFigs. 3¢)—3(e)].
K Tog=o This behavior is attributed to the interaction between the

Based on this and the resonance condition, Clark and Ding®l s €léctronic level and th&',+ v5(75g) vibronic level at

derived formulag19)—(22) in Ref. 3, among which formula [OW temperatures. We have found that the(7,q) energy
(19), i.e., the followingA term (with m,=n,=0) having no decreases for the other solid-state hexachloroelpasolites by
y ey g a

contribution fromH’ and (10): 4-5cm? on cooling from 300 to 20 K. Théunper_turbeﬁi
vs energy in CsNaTmCy is thus calculated from linear re-
gression of the 300 K lanthanide elpasolite series dataset to
. . (Nalve)(velmg) be 126.7 cm? at 20 K. On the other hand, the % crystal-
A=[,up]ae[,u,,]eg2 Troe—fa+iT ] (120  field energy levels exhibit smaller temperature shifts, and
v RO & E(al's)=124 cm ! (deduced above from the hot electronic
where Raman transition On cooling, the vibronic levell’;
+ v5(75g) therefore comes into resonance with the electronic
level, al's. It is evident that the spectrum of Amberger,
[k,13.=(alu,le), (13)  Rosenbauer, and Fischdor CsNaTmCl at 29 K shows a
) . . ) _ o weak feature at 127 cnt, in addition to bands at 108 and
andil, is a damping factofin cm™ 1) related to the lifetime 147 cni L. This band is observed by us at 128 chmt 120
of the statgr)=|ev), was thought to be the dominant term i "pt is not observed by us at the lower temperature of 20
of most resonance electronic Raman scatt_erlngs. It is reaIIK' and is assigned to the uncouplegl, vibration (i.e., ex-
the case . that the resonance scattering observed g in thel, electronic state or some low-lying acoustic-
LuP(34:Ce3 (Re‘;- 1D corresponds t¢e)=|5d), with large  hhonon state Note that at 120 K, features corresponding to
[#p]ae @Nd [, ]eq and the resonance observed in EFPO the ypper energy coupled state (144 dinand to the un-
(Ref. 10 corresponds to coupled phonon (128 cnt) are observed, but the band due
to the lower-energy coupled state is not observed by us. The
" reason may be that the latter is mainly elactronicstate so
le)=|(4f")al’ 7>_2 |(4f"~15d) BT ) (BIH"[@) , j[hat the temperature 120 K is still nqt Iow enough to observe
3 fhwg—to, it resolved from the backgrounfhs in Fig. 3d)]. As the
(14  temperature decreases thencoupledl phonon energy de-
creases also, to a value nearer to the electronic energy, and
with more ions in the ground state so that more ions come
into resonance.
The simplest model of the interaction between #ié;
andI'; + v5 states utilizes first-order perturbation theory in a
X 2 representation in which the two basis functions are the
Pt component of |al's;0)=|al's1)|0) and |T'y;vs)
=|T'17,)|1), respectively:

but both[u,]3. and[x,]2, are very small since they are
based on the perturbation-corrected terms in(&E4), which
come from the matrix element (B|H"|a)
=((4f"~15d) BT y|H"|(4f") al'y) of the static odd-parity
crystal-field energy operatdd”. However, the resonance
scattering observed in the present study cannot be related
the aboveA term in Eq.(12) since for theL®" ion in the
elpasolite lattice there is no static odd-parity/ so that
[1,]9e and [ 1,194 in Eq. (12) are zero. Instead, the odd- E(al's)—E W

parity terms contained in the electron-phonon coupkhg i E(Ty+vg)—E|
cause the corrected terms|e) in Eq. (10), which can give
nonzero [Mp]ge" and [Mg]g,g instead of [Mp]ge and  where, from the low-temperature spectra, the two solutions
[14,12, This result is equivalent to the so-call@iterms Of E—the coupled mode energies, a =108 cm
[formula (22) in Ref. 3], with my=n,=0: (al') andE,=148 cm ! (al'y ). As mentioned above, the

0, (16)



55 RAMAN AND ELECTRONIC RAMAN SPECTRA (F . .. 12191

unperturbedvs phonon energy has the value 126.7 ¢mif alg=0.77al's—0.63T'; + vs),

the unperturbed energg(al's)=124 cm ! is taken[i.e, & (17)
=E(I';+vs)—E(al's)=2.7 cm 1] then the matrix ele- )

ment, W, of the electron-phonon coupling Hamiltonian, al's =0.63l's+0.74T 1+ vs).

He p=20 cmil. The intensity ratio of the 148 and

108 cm* bands at 20 K, for several excitation lines, is This is in satisfactory agreement with the wave functions

2.22+0.05:1, with the higher-energy band being stronger. deduced from the values & and & from the Raman data.
We notice that both the electronic sta#€'s and thevs  The 3Hg energy-level fit is satisfactory when these revised

phonon state are degenerate and there is a possibility @hergy-level assignments are utiliZ€dnd some further re-

T, X1, type Jahn-Teller coupling. We hope to provide else-assignments in the electronic spectra of T@Care dis-
where a more accurate description of the interaction of theyssed in Appendix B.

degeneratestates than that given by E(.6). At any rate, the

interaction mechanism proposed herein differs from that of

Becker, in which the matrix elemeM of the interaction

energyH,_,, is proportional to the thermal population of the K. Electron-phonon coupled states of CgNaYbClg

electronic ground state. 3 The Raman spectrum of @¢aYbCl is of interest be-
The other electronic Raman transitiofz 370 cmtand  cause of the electron-phonon coupling between the poten-

394 cm ') are not observed in the low-temperature spectrunijally Jahn-Teller active first excited stat@F,;) I's, and the

of Cs;NaTmCl and this is consistent with the results from giate EF )+ v,(€4), Where one quantum of, is excited

the theoretical calculatiofTable |) where the coefficients of i the ground state. At room temperature one broad, weak

|F,|? are smaller for these transitions than for the transitionhang is observed at 2#1 cm 1, which is 17 cm * smaller

to aFg?. A band is also not observed at 56 chso that the than the magnitude of,=228 cn ! calculated from linear

magnitude off; appears to be much smaller than that of regression of the plot of the energy of this mode at room

F,. However we do not provide values of the Scatteringtemperature for GSaLCls against atomic number. Am-

parameters for GBlaTmC}, in Table | because the effects of perger and co-worket$2?* have described the behavior of

resonance scatterin@20 K data and electron-phonon cou- this band when the temperature is decreased. We also find

pling (20-K data are not included in our theoretical JOA that at 20 K only one band is observed in this region, at

treatment. The coefficients of the squares of the scatteringgg cnyt [Fig. 4g)]. Note that the energy of, would be

parameters in the table do however provide further evidenchpected to increase by-10cm ! (ie., v,~240 cm Y

for the resonance enhancement of the transitions fromrfom 300 to 20 K for CsNaYbCl, according to the trend for

(®He)T, at 120 K. The inclusion of the 120 K Boltzmann Cs,NaLCls. Since the energf(I'g) of electronic statd’g

factor for transitions from the initial level at 56 cth Shows  has not been determined exactly, the coupling elerdéis

that the intensities are calculated to be very weak under thggt estimated for this case.

conventional JOA theory. It is noteworthy that only one lower energy (200 cthy
band is observed, not two as in the case of the coupled
modes in CsNaTmCk. Xia® has explained the absence of
features from the low-temperature Raman spectrum of

J. Reassignment of the optical spectra of GlaTmClg TmPQ, as arising from radiationless decay of the electronic

The above explanation for the striking changes observetgVvels. For CsNaYbCk, the upper coupled state dfg
in the Raman spectrum of @¢éaTmC} as the temperature is ~ (I's+ v2) couplingE; is likely to be ~250 cni * (by ex-
decreased also serves to clarify the problems of assignmef@polation of Fig. 5, refer to next sectiprso the state could
in the optical spectra of this compound. Further confirmatiorflecay by emission of twe,y phonons.
for the assignment of the two coupled electron-phonon states The JOA theoretical intensities dfs—1I'g andI'¢—1T';
is obtained from the reana|ysis of tﬁ’e{s_)3H6 magnetic (Table |) can be in agreement with experimental ones when
dipole (MD) emission transitions of ngj (Ref. 22 be- F,=1.47 and_F2=_ 1.82 _and the contribution of electron-
cause the agreement with calculated MD intensity ratios i®honon coupling is not included.
satisfactoryonly if the redistribution of intensity from one
al's state to two coupled stat¢al's, al'¢ inferred to be at
104 and 147 pml respectively, from theoptical spectral V. RAMAN SPECTRA OF MIXED CRYSTALS
analysis of this transitionis taken into account. Further- OF Cs,NaGd,_,Yb,Clg
more, the intensity ratio of vibronic origins for transitions
from 1G,,%F3,%H,,%F, to (*Hg)al'$ compared with those The changes in the Raman spectrum that may result from
doping a guest ion into a cubic lattice have been discussed by

to (3Hy)al'e is measured to be constant. Taking the mea . . .
(He)al's 9 "Manlief and Farf® First, thek=0 wave-vector selection rule

|nten.5|ty. ratio 1:1.50.3 for ylbron|c -and MD transﬂpns is relaxed due to the loss of translational symmetry. Second,
terminating uporal's andal's respectively(and assuming  the |oss of inversion symmetry at the’™ site lowers the
that the intensities for the corresponding transitions terminatse|ection rules fronD}, to subgroupO. Third, the substitu-
ing on the phonon statd’q + vs) are negligit?IQ, the com-  tion of guest ions may produce local modes and additional
position of the wave functional'S and al'¢ is deduced modes from defect pairs, triplets, éfc. For cubic
from optical spectra to be (NH4),Te,Sn,_,Clg a two-mode behavior has been observed,
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FIG. 4. 20-K Raman spectra of daGd,_,Yb,Clg, x=0 to 1. The background has been subtractettirand (g). The feature near
570 cm tin (f), (g) is too weak to be observed in the spectra of the dilute crystals and corresponds 46 4hd —I';(>F+,,) transition

(Table ).

attributed to clustering in the mixed cryst&lsSliwczuk

et al?8

studied the Raman spectra ofCidoped at low con-

and the change in soft-mode spectral activiiy} the local

and resonani,; 4y modes associated with Trsites.

centrations into hexafluoroelpasolite lattices and attributed
many additional lines at low temperature (9 the occur-

In the present study the Raman spectra at 300 and 20 K
have been investigated for D80G, _,Yb,Clg, and the low-
rence of phase transitions leading to reduction in symmetryemperature results are shown in Fig. 4. At both tempera-
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320 electronic multiplet crystal-field levels, which complements
300 | v, that available from optical spectroscopy. In the present study
A & A IN A S S the relative intensities of the electronic Raman transitions
.;’.“ 280 have been calculated based on JOA theory, and the results
B 20 are in reasonable agreement with experiment. The exceptions
3 Ve O can be attributed to some cases in which the electron-phonon
" 2400 o = = coupling has serious consequences, or resonance electronic
0 220 - Raman scattering occurs, or to cases where the terminal level
-g v v o - undergoes fast nonradiative decay. In view of the limited
200 1 Ve VY experimental data, we have not provided best-fit calculated
A 150 - scattering intensity ratios but have provided representative
(1] values based on theory. As stated above, the JOA calculation
5 160 ) .
o does not give very good results for €en Cs;NaCeC}. In
B 140 - Ve addition, if only the 4"~ 15d* configuration contributes, the
120 o o o o © ratio F,/F, can be estimated to be 0.68. This ratio would
T provide a slightly worse fit to the Raman scattering than that
100 -— | | | l l given in Table I. In view of the relatively few crystal-field
0.0 02 04 0.6 08 1.0 levels of the 4°5d* configuration, the JOA closure approxi-

X mation by putting every intermediate configuration as degen-
FIG. 5. Plot of the energies of the,, v, v, and s modes at erate, is likely to be most valid in this case. 'From the flttmg
20 K against the value of in CsNaGd,_.Yb,Cls. v, and vq, values of the parameters for the .Ianthamde-lbnsPr,Eu in
refer to coupled electron-phonon modes, see text. CsNal.Clg (Table ) the mean ratio of, /F; is 0.22, close
to the theoretical value of 0.25 quoted by Beckehy as-
suming that the #"~15d* configuration is the only interme-

; ; ; — -1
tures, the energies of the and vs modes increase linearly diate qonflguratlon anE(5d)— 10° cm L s
with parametex. The intensity ratios/v; shows a smooth Exc.:|ted—stat'e electronic Raman transitions, |n|t|alt|ng from
decrease with increase i and the 300-K values are some- the first excited level of HHg)I'y (at 56 cm™) in
what greater than those at 20 K. The behavior with change iff$NaTmCk, have been observed ﬁt 120 K. Under 476.5-nm
concentration is unimodal and the energy shifts and relativéesonant excitation into thef4—4f" vibronic structure of
intensity changes are similar to those for,a_Clg in Fig. the G, multiplet the relative intensities of these transitions
1, so that the change in the vibrational force field acting upor@PPear to increase slightly, compared with other excitation
YbCI~, and the site-symmetry perturbation are both of mi-lines. A slight intensity enhancement of the electronic Ra-
nor importance. The nearest-neighbor distance from one YB'an bands was also observed inKsErCk under 496.5-nm
to another is 0.755 ni¥. excitation. The enhancement mechanism involves the mixing
The behavior of the features relatedtg(e) in the Ra- of opposite parity wave functions into thef% electronlc
man spectrum of GdaGd_,Yb,Cls between 200 and states by the vibronic operator, and not by the crystal field as
250 omL has been studied. Ineat CsNaGdCk the ¢, i the lanthanide phosphates. The enhancement is not ex-
mode is observed at 222 cthat 300 K. The energy of t?ﬂs pected to be great because the oscillator strengths of indi-
vibration is shifted 2 cm higher in CsNaGd gYbg ;Clg. In vidual vibronic transitions to the intermediate states are at
the room-temperature spectrum of ZNaGdi;be.xC|61 X most 10 7. A more thorough study of the magnitude of the
—05.0.7 both exhibit one broadband between 210 ang'€ctronic Raman resonance enhancement is planned by us-
230 cnil, and the feature is still weak but more distinct at "9 tunable dye-laser excitation. = .
209 and 2122 cm %, for x=0.9 and 1.0, respectively. The Strong pgonon—_electron coupling is not unique to the sys-
trend is clearer at 20 KFigs. 4 and B where only one tem Y'?PQ' and it plays an important role in the_Raman
feature(232 or 200 cm?) is observed fox=0 or 0.9 and sg:atterlr)g of CgNaTka and CsNaYbCl, .A prellmlnary
1.0, but two bands are apparent for intermediate values. THESCUSSion has been given of the mechanism of this process.
results indicate that the higher-energy peak (232 he present study has resolved the controversy concerning
—244 cmY) is predominantly of C#aGdCh character, he assignment of théH crystal-field levels of TmG .2
whereas the lower energy peak (200—212 émis pre- The Raman energies of_thq and vs moeity modes in
dominantly of the lower-energy state resulting from fhg ~ CSNaGd _xYb,Cls show a linear dependence upon concen-
~T4+ v, coupling of CsNaYbCl, discussed above. The tration xs,osgznllar to the behavior in some other cubic mixed
relative intensities of these features are very sensitive to theff'YStals:
energies, as shown in Figs(b} and 4c).
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APPENDIX A
Wave functions and energies of electronic statekdf in CsNalL Clg from electronic absorption, emis-
sion, and excitation spectroscopy. The wave functions f&Fs§,°F7)Ce", ("Fo1)EU™, and
(?F42,%F5;,) Yb3' were assumed to be pure.

L3* 25H r Energy (cm%) Dominant terms in composition of wave function
Pr 8H, I, 0 0.986¢H,) —0.163¢G,) +0.027€F,)
r, 235,249 —0.977€H,) +0.169{G,) — 0.098@°H;)
I, 417,428 —0.977¢H,) +0.175¢G,) + 0.076€H5:)
Is 705 0.983¢H,) —0.157¢G,) + 0.066FF3)
ar, 2300 0.92663Hs) +0.358(0°H5) + 0.113€H )
I 2400 —0.989¢H:) +0.118@%H¢) — 0.069¢F )
I 2643 —0.977@H;) — 0.158fF,) +0.096€H)
Ty 4392 0.990tH¢) + 0.084€F ) + 0.083¢Hs)
al's 4437 0.8266°H¢) + 0.5380°%H,) +0.117¢F,)
bI's 4878 0.7936°H¢) + 0.461@%H4) — 0.345€F,)
Iy 5203 0.970¢F,) —0.162¢Hg) + 0.143¢D,)
I 5294 0.910tF,) — 0.279@%H¢) + 0.243bHy)
r, 6613 —0.976€F;) —0.183¢H;) + 0.068p>Hs)
s 6618 —0.971€F;) —0.133p3H¢) + 0.113¢F,)
Tm 3Hg I, 0 0.9948H¢) +0.093¢1 ) + 0.054€F )
r, 56 —0.995@H) —0.093¢1¢) +0.037¢F )
al's 123 0.7976%Hg) — 0.59703H¢) + 0.07501 ¢)
r, 256 0.995¢H¢) +0.095¢1¢) +0.007¢F3)
bl's 370 0.796b3Hg) +0.597@%H¢) +0.076@%1 )
I's 394 0.995¢H¢) +0.096{15) —0.014¢F )
APPENDIX B: ELECTRONIC ENERGY LEVELS dence for the observation of two-phonon modes are now
OF TmCIg~ seen to correspond t8H,, 3F3—T',+ v3(®Hg), placing the

I', level at 254 cm®. The assignment is confirmed by the

The study of th issi tra of TrpCi I . L
© Study ot the Smission specira o r‘é n severa observation of the 20-K emission bandH()I's—T,

elpasolite hosts, originating from five excited states and ter 3 : : 4
minating on3Hs, together with the assignment of hot bands * ?6("He).  [This feature was previously assigned to the
in the absorption spectra, enabled the first three excited statéVer energy (243 cm’) component of a3 vibronic origin,
to be assigned at 561, 101+4, and 14%1cm’ The but it was then much stronger than the upper component. In
present study has shown that the latter two energy levels afg€ neat CsNaL Cls elpasolites, the upper (259 crt) com-
derived from one parent electronic statd]s with energy  Ponent is always stronger. The additional intensity of the
124 cni'L. The values are in agreement with those from the243 cmm - component thus arises from the coincidence with
present study, in which the next highest lev@}, has been (*Hz)T's—TI',+ v5(®Hg).] TheT'; level is thus almost silent
assigned at 256 cit. The 3Hg energy-level fit is satisfac- in the vibronic spectraFinally, it is apparent from the opti-
tory when the revised energy-level scheme is empldfed. cal spectra that two coupledl's levels are observed for
We have reanalyzed the vibronic structure of the 20-KTmBr:~, with energies 74 and 108 cth Although the mag-
emission spectra of TmgT,%2 and observe that the transi- nitudes of the crystal-field parameters are smaller for the
tions Gy, °F3, 3Hy, 3F,—T,+1v;(°Hg), wherei=4, are  hexabromoanion, the vibrational force constants are smaller
obscured by other transitions in all cases. However, two veryoo, so that the electron-phonon coupling also occurs be-
weak bands which were previously given as tentative evitweenal's andI';+ vg.
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