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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 hexachloroelpasolites, Cs2NaLCl6 . 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 of Cs2NaYbCl6 but also in that of Cs2NaTmCl6, and the interaction
mechanism is discussed. The coupling element between the coupledaG5;G11n5 phonon-electron states of
3H6 in Cs2NaTmCl6 is estimated to be 20 cm21, and the corrected wave functions for these coupled states
enable a consistent reinterpretation to be made of the optical spectra of TmCl6

32 . Excited-state electronic
Raman scattering has been observed in the 120-K Raman spectrum of Cs2NaTmCl6. 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 system Cs2NaGd12xYbxCl6
exhibits unimodal behavior for then1 and n5 vibrations, and the more complex behavior of features in the
neighborhood ofn2 is described. The vibrational energies of the gerade internalLCl6

32 modes~determined
from Raman spectra! vary linearly with atomic number ofL, except where electron-phonon coupling effects
occur.@S0163-1829~97!00218-X#
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I. INTRODUCTION

Amberger and co-workers have studied the vibratio
and electronic Raman spectra of lanthanide ions,L31, in
crystalline elpasolite lattices,1,2 providing information useful
for studies of the vibrational force-field and the low-lyin
multiplet term crystal-field parameters. The lanthanide io
are situated at octahedral sites of symmetry in theLX6

32

anions, so that threefold vibrational and electronic degen
cies may be retained, thereby, in principle, providing re
tively simple vibrational and electronic spectra. The Ram
spectra thus exhibit only four bands, due tok50 vibrational
modes of the crystal, but at low temperatures some a
tional features may be resolved which correspond to e
tronic Raman bands.

The aim of the present work was to extend the previo
studies1,2 in a quantitative manner by investigating the agre
ment between theory and experiment for the intensities
electronic Raman bands. The Judd-Ofelt-Axe theory e
ployed is outlined in Sec. III, and some of the more detai
account3 of the theory of Raman spectroscopy is also quo
in Sec. IV H for discussion. The relative intensity—
excitation line dependence of the electronic Raman ba
of Cs2NaTmCl6 at 120 K has been investigated, includin
550163-1829/97/55~18!/12182~14!/$10.00
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the case when the excitation~476.5 nm! corresponded to
4 f n24 f n electron transition energies, so that the so-cal
resonant Raman scattering occurred. Moreover, a prel
nary study has been made of the coupling between electr
crystal-field states and phonon states in the electro
ground-state multiplets of two elpasolite systems. Fina
studies of the Raman spectra of mixed crystals are referre
in Sec. V.

Some key studies of electronic Raman and resonance
man spectroscopy have focused on the electron-phonon
pling in rare-earth vanadates4 and phosphates,5–7 on asym-
metry and absolute electronic Raman-scattering cr
sections for 4f n24 f n transitions,8,9 on resonance electroni
Raman scattering,10,11and on the Judd-Ofelt-Axe~JOA! clo-
sure approximation calculation.12 We briefly review some of
the results from these studies which are relevant to
present work.

The electronic Raman-scattering intensity ratios for tra
sitions from the ground state to the crystal-field levels of
4I 15/2multiplet of Er

31 in ErPO4 were calculated by Becker
based upon JOA theory.12 The predicted intensity was foun
to be in closer agreement with experiment when the ratio
the scattering parametersF1 /F2 @Sec. III, Eq.~4!# was ad-
justed to a rather lower value than estimated by theory.
12 182 © 1997 The American Physical Society
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55 12 183RAMAN AND ELECTRONIC RAMAN SPECTRA OF . . .
gether with electronic Raman data from TmPO4 and
HoPO4 the low ratio was interpreted as showing the involv
ment of 4f n215g1 electron configuration intermediate stat
in the electronic Raman spectra of these systems. Altho
the calculated electronic Raman-scattering intensity ra
for CePO4 were in reasonable agreement with experimen
was found that the application of standard JOA theory w
particularly inadequate for electronic Raman-scattering
TmPO4.

12 A subsequentdirect calculation of the electronic
Raman-scattering intensities in TmPO4 included the detailed
energy-level structure of the intermediate excited configu
tion, 4f 115d1 and gave improved results.8 However, signifi-
cant differences remained, notably the absence of two e
tronic lines near 250 cm21 in the spectrum. Xia5 interpreted
this discrepancy by a mechanism in which the excited st
undergo fast nonradiative decay into two optical phono
We also make similar interpretations in the present disc
sion.

An investigation of the electronic and vibrational Ram
spectra of YbPO4 revealed the occurrence of a temperatu
dependent electron-phonon coupling with a coupl
strength about an order of magnitude greater than previo
reported.6 The observations were interpreted under a mo
in which the off-diagonal electron-phonon interaction e
ment was related to the electronic ground-state popula
factor.6 It turns out that a similar phenomenom is observed
the present study of Cs2NaLCl6 not only forL5Yb but also
Tm. A preliminary account of the electron-phonon couplin
which is different from the mechanism in Ref. 6, is give
here and a more general discussion of this phenomenom
be presented elsewhere.

Williams et al. investigated the electronic Raman scatt
ing of Ce31 in LuPO4 and observed intensity enhanceme
of the order of 102 when the laser excitation was tuned clo
to the energy of the 5d1 configuration.11 The results were
generally in agreement with that expected for electronic
man scattering in which the states of the 5d1 configuration
act as the intermediate states. In addition, the enhancem
of the intensities of electronic Raman transitions were fou
to be of the order of 102 under resonant excitation to a
energy level within the configuration 4f 11 of Er31 in
ErPO4.

10 In the present study of resonance scattering
Cs2NaTmCl6, the excitation is also within the configuratio
4 f 12 but the enhancement mechanism must differ beca
there are no odd-parity static crystal-field components at
lanthanide ion site in the elpasolite lattice. We describe
unusual mechanism in Sec. IV H.

II. EXPERIMENT

Hexachloroelpasolite crystals were prepared in sea
quartz tubes from lanthanide oxides~99.9–99.999%, Strem
Chemicals! by passing the residue from Morss methodE13

through a Bridgmann furnace. Raman spectra were reco
at a resolution of 1–2 cm21 using a Spex 1403-DM spec
trometer equipped with a liquid-nitrogen cryostat and an O
ford Instruments closed-cycle cooler cryostat. Perpendic
faces were polished onto a crystal of Cs2NaYbCl6 and al-
though the 300-K polarized Raman spectrum permitted
identification of then1 totally symmetric mode, the exper
-
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ments demonstrated that samples were polycrys
line. ~The nontotally symmetric contributions3 to n1 scat-
tering were found to be negligible.! Electronic Raman-
scattering intensities were measured relative to a suita
well-resolved electronic Raman transition of appropriate
tensity by integration of the peak areas. The comparison w
the intensity of vibrational Raman scattering was also m
from the integration of then1 peak area. The main error i
peak area measurement was the choice of baseline, par
larly where overlap occurred, and an indication of precis
has been included in our experimental results~Table I!.

Several additional bands were observed in the 488-
excited 20 K Raman spectrum of Cs2NaYbCl6, compared
with other argon-ion excitation lines. This excitation ener
coincides with the cooperative absorption of two YbCl6

32

ions. However the concentration dependence of the ba
showed that they were not due to cooperative emission
rather to an unidentified impurity.

III. CALCULATION OF ELECTRONIC
RAMAN-SCATTERING INTENSITY RATIOS

Theoretically, when the polarizations of an incident ph
ton \v and a scattering photon\vs are s and r, respec-
tively, the electronic Raman-scattering amplitude from
bronic stateu i & to u f & ~where the phonon states inu i & and
u f & are the same, and both are usually zero-phonon sta!
can be written as^ f uarsu i &. The Cartesian electronic
Raman-scattering tensor is written as3A

ars52(
r

FDrur &^r uDs

\v r2\v
1
Dsur &^r uDr

\v r1\vs
G , ~1!

whereD is the electric dipole operator andur & is an interme-
diate vibronic state with electronic parity opposite to the o
of u i & and u f &. In the present case, whereu i & and u f & are
vibronic states of electronic configuration 4f n, ur & is taken to
be a vibronic state of the configuration such as 4f n215d1

and 4f n215g1. According to theory of electronic structure o
lanthanide ions the Cartesian tensorars is usually turned
into a linear combination of spherical tensorsaq

(t) :

ars5(
t,q

Crs
tq aq

~ t ! , ~2!

wheret50,1,2. The coefficientsCrs
tq can be calculated in the

usual way or taken from Ref. 3B, and determine the irred
ible spherical tensor composition of the polarization comp
nent ars of the Cartesian scattering matrix@ars#. The
spherical tensor

aq
~ t !'Uq

~ t !Ft , ~3!

in which Uq
(t) is a unit tensor acting on the electronic wa

functions^ f u and u i & within the configuration of 4f n. Ft is
the following scattering parameter independent of^ f u and
u i &, and is obtained from the Judd-Ofelt-Axe theory by i
voking the closure approximation:14



k.

12 184 55TANNER, SHANGDA, LIU YU-LONG, AND MA YI
TABLE I. Assignment and intensities of electronic Raman transitions of Cs2NaLCl6 . n.o.: not observed; w: weak; vw: very wea
Values in parentheses are taken from electronic spectra~Ref. 16!. The chosenF1 andF2 values are representative and not best fit.

Electronic Raman transition
Relative intensity

L Energy (cm21) Obs. Theor. Calc. Assignment

F150.00

F254.13

Ce 562,580 4.1860.45 0.2449uF2u210.2073uF1u2 4.18 (2F5/2)G7→G8(
2F5/2)

2161 0.1660.01 0.0078uF1u2 0.00 (2F5/2)G7→G7(
2F7/2)

2663 0.8660.07 0.0227uF2u210.0058uF1u2 0.39 (2F5/2)G7→G8(
2F7/2)

3050 1.00 0.0181uF2u2 0.31 (2F5/2)G7→G6(
2F7/2)

280 1.060.3 n1

F151.96

F256.26

Pr 234,250 1.2360.01 0.3217uF1u2 1.23 (3H4)G1→G4(
3H4)

416,428 0.1960.04 0.0647uF2u2 2.53 (3H4)G1→G3(
3H4)

704 1.00 0.0255uF2u2 1.00 (3H4)G1→G5(
3H4)

~2300! n.o. 0.0026uF1u2 0.01 (3H4)G1→aG4(
3H5)

2400 0.2460.08 0.0060uF2u2 0.24 (3H4)G1→G5(
3H5)

~2643! n.o. 0.0007uF2u2 0.03 (3H4)G1→G3(
3H5)

~4392! n.o. 0.0006uF2u2 0.02 (3H4)G1→G3(
3H6)

~4437! n.o. 0.0000uF2u2 0.00 (3H4)G1→aG5(
3H6)

~4878! n.o. 0.0044uF2u2 0.17 (3H4)G1→bG5(
3H6)

5205 vw 0.0315uF2u2 1.23 (3H4)G1→G3(
3F2)

~5294! n.o.a 0.0175uF2u2 0.69 (3H4)G1→G5(
3F2)

~6613! n.o. 0.0000uF1u2 0.00 (3H4)G1→G4(
3F3)

6622 w 0.0075uF2u2 0.29 (3H4)G1→G5(
3F3)

~6964! n.o. (3H4)G1→G3(
3G4)

280 1.560.4 n1

F150.99

F255.78

Eu 360 0.1460.04 0.1429uF1u2 0.14 (7F0)G1→G4(
7F1)

875 4.760.5 0.0571uF2u2 1.91 (7F0)G1→G3(
7F2)

1091 1.00 0.0857uF2u2 2.90 (7F0)G1→G5(
7F2)

290 2.560.3 n1

Er b 25 0.860.4 (4I 15/2)aG8→G7(
4I 15/2)

56 1.00 (4I 15/2)aG8→bG8(
4I 15/2)

~259! n.o. (4I 15/2)aG8→G6(
4I 15/2)

296 1461 n1

Tm at 120 K under 476.5 nm excitationc

56 n.o. 0.3477uF1u2 (3H6)G1→G4(
3H6)

68 461 0.0102uF2u210.5433uF1u2 (3H6)G4→aG5(
3H6)

200 1.00 0.1152uF2u2 (3H6)G4→G2(
3H6)

~314! n.o. 0.0711uF2u210.0786uF1u2 (3H6)G4→bG5(
3H6)

~338! n.o. 0.0012uF2u210.0498uF1u2 (3H6)G4→G3(
3H6)

294 1563 n1

Tm at 20 Kd

56 n.o. 0.3477uF1u2 (3H6)G1→G4(
3H6)

108e 1.00
2.2360.05J 0.0743uF2u2

(3H6)G1→aG5
c(3H6)

148e (3H6)G1→aG5
c8(3H6)

~370! n.o. 0.0140uF2u2 (3H6)G1→bG5(
3H6)
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TABLE I. ~Continued!.

Electronic Raman transition
Relative intensity

L Energy (cm21) Obs. Theor. Calc. Assignment

~394! n.o. 0.0051uF2u2 (3H6)G1→G3(
3H6)

297 0.7560.06 n1

F151.47
F251.82

Yb 203e 1.00 0.1701uF2u210.2041uF1u2 1.00 (2F7/2)G6→G8
d(2F7/2)

572 0.2860.04 0.0850uF2u2 0.28 (2F7/2)G6→G7(
2F7/2)

294 2.3260.03 n1

aFeature reported at 5297 cm21 in Ref. 1.
bCalculations were not performed. Resonance enhancement occurs when under 496.5 nm excitation.
cResonant enhancement occurs notably for transitions from (3H6)G4 . There is insufficient data to fitF1 andF2 .
dStrong electron-phonon coupling effects are observed so that the fits toF1 andF2 have not been made. The coupled modes are denote
~e!.
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Ft5~21! t(
n8 l 8

7~2l 811!S 30 1
0

l 8
0 D 2

3^4 f ur un8l 8&2~2t11!1/2H13 3
1

l 8
t JEN, ~4a!

where

EN5H 1

E~n8l 8!2\v
1

~21! t

E~n8l 8!1\vJ , ~4b!

where (n8l 8) represents the intermediate electronic config
ration 4f n21(n8l 8)1 having opposite parity to 4f n, and hav-
ing an average energyE(n8l 8) higher than that of the groun
state. Thus, besideŝ4 f ur u5d&, the parameterFt is deter-
mined by the energy structure of the intermediate configu
tions n8l 8, and from these configurations the 4f n215d is
lowest in energy and is the most important one in the su
mation ~4!. If Ft is entirely contributed by 5d1, the ratio

F1 /F251.3@\v/E~5d!#, ~5!

based on Eq.~4!.
Considering theOh molecular point-group site symmetr

of L31 in a microcrystal Cs2NaLCl6 the matrix@ars# can be
split into nine matrices belonging to four irrepsGa (a
51,3,4,5) of groupOh . Of these,G1 is constructed only by
a0
(0) representing Rayleigh scattering, andG4 only by aq

(1)

and is antisymmetric (Crs
1q52Csr

1q). Similarly, u i & and u f &
also form bases~G i andG f , respectively! of theOh molecu-
lar point group, and the selection rule for electronic Ram
scatteringi→ f takes the form:

G f ^ G i,Ga . ~6!

In the present study the samples used were polycrys
line, so for a\v→\vs scattering intensities contributed b
various polarization componentsars should be summed in
coherently, i.e.,(rsu^ f uarsu i &u2 was calculated. Sincears

has all of the terms on the right-hand side of Eq.~2!, the
squared elementsu^ f uarsu i &u2 contain coherent contribution
from different scattering spherical tensorsaq

(t) . However, we
-

-

-

n

l-

find that all of these coherent terms disappeared after
summation overr ands, which is expected since for a poly
crystalline sample only the incoherent terms remain. In
dition, usually the levelsEi andEf are degenerate~i.e., the
initial and final statesu i & and u f & are uG ig i& and uG fg f&,
respectively! so that the scattering intensities of all trans
tions from variousuG ig i& to variousuG fg f& for a \v→\vs
scattering~corresponding toG i→G f! need to be summed in
coherently, i.e.,(rsg ig f

u^G fg f uarsuG ig i&u2 is calculated. As
expected this always equalsmi(rsg f

u^G fg f uarsuG ig i&u2,
wheremi is the degree of degeneracy of the initial sta
uG ig i&.

IV. RESULTS AND DISCUSSION

A. Vibrational Raman scattering

A unit-cell-group analysis15 of the Cs2NaLCl6 elpasolite
system provides the following Raman-active modes of vib
tion:

G~vib.:Raman!,n1~a1g!;n2~eg!;n5~t2g!; l ~t2g!, ~7!

where the labels of theLCl6
32 moeity modes,n i , i51–5,

refer to irreducible representations of theOh point group,
and l is a caesium translatory lattice mode.

Figure 1~a! shows the energies of the internal vibration
modesn1 , n2 , and n5 in the 20-K Raman spectra of th
elpasolites Cs2NaLCl6. In each case, the energies show
overall increase with the number off electrons in theL31

cation. Figure 1~b! compares the integrated intensity ratios
the vibrational Raman bandsI (n2 /n1) and I (n5 /n1) for
Cs2NaLCl6 at low temperature. The ratios both show
overall decrease with increasing number off electrons in
L31. The intensity ratios exhibit a similar trend at roo
temperature but the values are larger, particularly
I (n5 /n1). Obviously, the larger intensity ratio arises fro
the increase with temperature of the factors (n̄211)/(n̄1
11) in I (n2 /n1), and (n̄511)/(n̄111) in I (n5 /n1), since
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the average occupation numbern̄n of phonons is proportional
to exp(2hn/kT) at temperatureT, and 120 cm21'hn5
,hn2,hn1'290 cm21.

B. Electronic Raman scattering

In some cases, the low-temperature Raman spectra
Cs2NaLCl6 exhibit additional features to the vibrational Ra

FIG. 1. Plots of the atomic number ofL as a function of~a! the
energies of then1 , n2 , and n5 internal modes~b! the integrated
intensity ratios ofn2 /n1 andn5 /n1 from the 20 K vibrational Ra-
man spectra of Cs2NaLCl6. Data points are mean values from thi
study and from Refs. 1 and 2. Error bars reflect the differenc
between values from this study and from Ref. 1, single points in
cating agreement; otherwise an error of62 cm21 has been taken
for energy measurements. The linear regression equations for~a!
are n15190.8911.55Z, (R50.962); n25132.7011.54Z, (R
50.937); n5531.8611.37Z, (R50.968).
of

man bands. These features sharpen on cooling, and the
gies are found to correspond to those of the crystal-field l
els of the respective multiplet terms, as identified fro
absorption, excitation, and luminescence spectroscopy.16 In
this section, the electronic Raman bands are discussed
each lanthanide ion in turn, and their relative intensities
compared with calculation. The lanthanide ionsL5Ce-Eu in
Cs2NaLCl6 undergo phase transitions between 90 and 18
to a tetragonal form.17 The splittings due to the removal o
vibrational degeneracies of thet2g and eg modes are not
resolved in the Raman spectra, but the site symmetry pe
bation results in splittings of up to 20 cm21 for electronic
crystal-field levels.16 The perturbation fromOh site symme-
try is neglected in the present study since the integrated
tensity ratios of the electronic Raman bands were found to
similar at temperatures above and below the phase tra
tions. The energies and wave functions of the electro
states of Cs2NaLCl6 relevant to the present study, as dete
mined from absorption, excitation, and emission spectra,
listed in Appendix A, and these have been utilized in t
electronic Raman intensity calculations. The electronic R
man transitions of Cs2NaLCl6 are assigned in Table I, an
the scattering intensity ratios are listed and compared w
the calculated values. For each compound the relative in
sity of the vibrationaln1 band is also included for reference
The ratioF1 /F2 is compared in Sec. VI for the differen
lanthanide ions doped into the elpasolite host lattice.

C. Electronic Raman scattering of Cs2NaCeCl6

Figure 2~a! shows the low-energy part of the Raman spe
trum of Cs2NaCeCl6 at 80 and 20 K. The electronic groun
state is (2F5/2)G7 , with the (

2F5/2)G8 level calculated
16 to be

at 570 cm21. The three crystal-field levels of the next high
est multiplet term,2F7/2, are calculated between 2160 an
3048 cm21. The electronic Raman transitions from th
ground state to all these excited states are allowed by se
tion rules.

The electronic Raman transition to theG8 level is ob-
served near 570 cm21 at 80 K, but split into two component
at 20 K @Fig. 2~a!#. Three higher energy bands are observ
which correspond to the (2F5/2)G7→G6 ,G8 ,G7(

2F7/2) tran-
sitions ~Table I!. These observations are in agreement w
those of Amberger, Rosenbauer, and Fischer.18 Comparing
the observed and theoretical relative intensities~Table I!, it is
apparent that the magnitude of the parameterF1 does not
play a significant role in accounting for the observed valu
When set to zero~Table I! the calculated relative intensitie
are not very different from the observed ones. Howev
when the ratioF1 /F2 is set to the theoretical value@0.68,
from Eq. ~4!, sinceE(5d) is measured from available ab
sorption spectral data19 for Cs2NaYCl6:Ce

31 to be
37 165 cm21#, the values ofF1 and F2 become 2.38 and
3.50. The agreement with the observed intensities, relativ
the bands near 570 cm21, is satisfactory for the
G7→G7(

2F7/2) transition, but the relative intensities of th
transitions to theG8 and G6(

2F7/2) crystal-field levels are
calculated to be smaller~0.31 and 0.22, respectively!.

s
i-
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FIG. 2. Raman spectra of Cs2NaLCl6: 514.5 nm excited spectrum of~a! Cs2NaCeCl6 at 80 K and 20 K;~b! Cs2NaPrCl6 at 20 K; spectra
of Cs2NaErCl6 at 20 K using~c! 496.5 nm,~d! 476.5 nm, and~e! 514.5 nm excitation.
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D. Electronic Raman scattering of Cs2NaPrCl6

Part of the 20-K spectrum of Cs2NaPrCl6 is shown in Fig.
2~b!. Transitions are observed not only from the (3H4)G1
ground state to the excited crystal-field levels of the grou
multiplet 3H4 , but also to several excited multiplets, in ord
of increasing energy:3H5 ,

3F2 , and
3F3 . The derived wave

numbers of the terminal states are in agreement with th
from infrared absorption and optical emissio
spectroscopy.16 The spectrum is interesting because t
strongest electronic Raman bands~near 234, 250 cm21! are
governed by the antisymmetric tensor~as are the unobserve
transitions at 2300 and 6613 cm21!. The electronic Raman
transitions to the (3H4)G3 levels near 420 cm21 are weak.
Under 514.5-nm excitation, the transitions to3H5 are super-
imposed upon absorption bands due to the3H4→1D2 tran-
sition, and only the electronic Raman transition to (3H5)G5
is located. Transitions to3H6 crystal-field levels are too
d

se

weak to be observed, whereas the single features obse
for transitions to the3F2 and

3F3 terms enable the identifi
cations of the representations of the terminal states to
made. We do not observe the bands reported by Amber
Rosenbauer, and Fischer1 at 4936, 5005, and 5297 cm21.
The first two energies of these bands cannot be rational
from the energy-level scheme of Pr31 in Cs2NaPrCl6.

16 The
feature reported at 5297 cm21 most likely corresponds to the
electronic Raman transition from the ground state
(3F2)G5 , this level being located from infrared spectra
5294 cm21. This band is obscured by noise in our spec
and is calculated to be about half as intense as the electr
Raman band at 5205 cm21 which we observe to be very
weak.

By settingF151.96 andF256.26, the calculated inten
sities are in reasonable agreement with experiment~espe-
cially when Amberger’s observation is considered! except
for the intensities at 416 and 428 cm21. This means that the
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JOA closure approximation works well here, and the la
value ~0.31! of F1 /F2 provides evidence that the 4f 15d1

configuration contributes almost to be the only intermedi
configuration, andE(5d)>80 000 cm21. The experimental
low intensities of the bands at 416 and 428 cm21 may be
rationalized by the small excited-state lifetimes due to
two (218 cm21) eg phonon decay of these states toG1 ,
and/or the two (96 cm21) t1u phonon decay toG4 .

E. Electronic Raman scattering of Cs2NaEuCl6

The electronic Raman spectrum of Cs2NaEuCl6 has been
previously reported.20 Electronic Raman bands overlap em
sion bands at 120 K, so that the choice of baseline is un
tain for intensity measurements. However, the relative int
sities of electronic Raman bands differ considerably, w
7F0→7F2 being much stronger than7F0→7F1 . Theoreti-
cally, they are determined by the parametersF2 andF1 re-
spectively, so this observation is readily understood~Table
I!. The relative intensities of the two7F0→7F2 transitions
differ considerably, however, for theory and experiment. T
theoretical intensities are proportional to the degeneracy
gree of the terminal crystal-field states. The experimen
ratios were measured for several different excitation lin
The discrepancy could arise from the use of the JOA mo
and/or from the tetragonal site symmetry perturbation. Alt
natively, the weak intensity of theG1→G5 transition may be
attributed to the decay of theG5 state by twot2g phonons to
populateG3 . Two

7F0→7F3 transitions reported by Am
berger, Rosenbauer, and Fischer1 are obscured by lumines
cence under the excitation used in the present study.

F. Electronic Raman scattering of Cs2NaErCl6

The ground-state term of Er31 is 4I 15/2 and the next high-
est term, 4I 13/2 is about 6000 cm21 to high energy. Elec-
tronic Raman transitions are expected from the (4I 15/2)G8
ground state to the other crystal-field levels of4I 15/2, Am-
berger, Rosenbauer, and Fischer1 reported one electronic Ra
man transition at 56 cm21.

Figures 2~c!–~e! show the 20 K spectra of Cs2NaErCl6
under different argon-ion excitation lines. The crystal
transparent to 476.5 nm@20 981 cm21, Fig. 2~d!# and 496.5
nm @20 135 cm21, Fig. 2~c!# radiation, and the vibrationa
Raman bands are accompanied by two bands near 25
56 cm21 in both cases, which correspond to th
(4I 15/2)aG8→G7(

4I 15/2) and bG8(
4I 15/2) electronic Raman

transitions, respectively. It is clear from Figs. 2~c! and 2~d!
that the intensity of the two electronic Raman bands
slightly greater, relative to then2 vibration, under 496.5 nm
excitation than under 476.5 nm excitation. We do not pres
quantitative data herein and will reinvestigate this pheno
enon using dye-laser excitation. This former excitation
ergy (20 135 cm21) lies nearer in energy to the spectr
bands in the vibrational sideband of the4I 15/2→4F7/2 transi-
tion of Cs2NaErCl6.

16 A small resonant enhancement of th
electronic Raman transition is therefore observed when
intermediate state is (4F7/2)1nodd, wherenodd refers to an
odd-parity internal vibration of Cs2NaErCl6, and the mecha-
nism is discussed in Sec. IV H.
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Excitation using the 514.5 nm argon-ion excitation lin
results in emission. This radiation is strongly absorbed by
vibronic sideband of the4I 15/2→2H11/2 transition and upcon-
version occurs to ultraviolet levels,21 from which emission
occurs. Figure 2~e! shows the spectrum under this excitatio
line, with the characteristic vibronicn3 ,n4 ,n6 sidebands of
ErCl6

32 ~see Ref. 21!. The ~unobserved! zero-phonon line in-
ferred to be at 19 414 cm21, so that this transition corre
sponds to (4G11/2)G8→G8 ,G7(

4I 13/2).
21

Williams et al.10 were able to probe the resonant Ram
scattering of ErPO4 under blue-green excitation without th
complications of emission. Indeed, it was carefully demo
strated that the spectral bands corresponded to scattering
not emission. The reason for the absence of emission is c
from the energy-level scheme of ErPO4, several resonan
ion-ion cross relaxations leading to depopulation of the lo
est 4F7/2 level, G6 , in this host. The different energy-leve
structure of the elpasolite Cs2NaErCl6 does not provide a
resonant transfer pathway and weak emission is obse
from 4F7/2 in the elpasolite lattice.

G. Electronic Raman scattering of Cs2NaTmCl6

The study of the electronic Raman spectrum
Cs2NaTmCl6 is of interest for several reasons. First, the c
culated crystal-field levels of the ground-state multiplet te
show poor agreement with the experimental values fr
emission spectroscopy.22 Second, this system provides th
opportunity to probe the change in relative intensities
electronic Raman transitions when the Raman excitatio
tuned through an intraconfigurational 4f n24 f n transition,
1G4←3H6 . The luminescence from the1G4 state is
quenched by a cross relaxation to the lower energy3H4 term
multiplet23 so that it does not obscure the Raman spectru
Lastly, the Raman spectrum exhibits a marked change w
temperature which is attributed to the effects of electro
phonon coupling.

H. Excited-state resonance electronic Raman scattering
of Cs2NaTmCl6

The electronic ground state of Tm31 is (3H6)G1 , with the
crystal-field components of3H6 extending up to 394 cm21.
Under argon-ion laser excitation, four vibrational Ram
bands are observed in the room-temperature Raman s
trum of Cs2NaTmCl6 @Fig. 3~b!#, corresponding ton l , n5 ,
n2 , and n1 in order of increasing energy. At 120 K som
additional features are apparent@Figs. 3~b! and 3~c!#. Two of
these bands, at 68 and 200 cm21, are assigned to hot elec
tronic Raman transitions from the first excited state~G4 at
56 cm21! to further excited electronic states which are d
duced to be at 124 cm21 (aG5) and 256 cm21 (G2). These
bands disappear at lower temperatures because the oc
tion of the initial state becomes negligible. Moreover, F
3~c! clearly shows that the hot electronic Raman transitio
appear strongest under 476.5-nm excitation. From the e
tronic absorption spectrum@Fig. 3~a!# which comprises the
vibronic sidebands of the1G4←(3H6)G1 transitions, it is
evident that 476.5-nm (20 981 cm21) excitation coincides
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FIG. 3. Electronic absorption and Raman spectra of Cs2NaTmCl6: ~a! 20 K electronic absorption spectrum recorded using single be
mode with Raman monochromators;~b! 514.5 nm excited Raman spectra at 300 and 120 K;~c! Raman spectra at 120 K using 457.9, 476
and 496.5 nm excitation; Raman spectra at 20 K using~d! 496.5 nm and~e! 476.5 nm excitation. Two additional weak, broadbands wh
are observed in~e! correspond to the strongest vibronic structure of the luminescence spectrum (@1G4#G5→@3H6#G11n6 ,
@3H6#G41n6!.
n
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with the tail of a vibronic origin, and 457.9-nm excitatio
lies at the edge of the absorption sideband. 496.5-
514.5-nm excitation both do not coincide with absorpti
bands. However, excitation by 20 981 cm21 from the first
excited crystal-field level of Cs2NaTmCl6 ~G4 at 56 cm21!
results in a stronger absorption hot band, (1G4)G5
1n3←(3H6)G4 , near 21 040 cm21. The enhanced intensit
of the electronic Raman transitions originating fro
(3H6)G4 under 476.5 nm excitation@Figs. 3~b!, 3~c!# can
therefore be attributed to the hot population of theG4 level,
and to the contribution from resonant electronic Raman s
tering, which has not been considered in the JOA calcula
intensities of transitions from the first excited sta
(3H6)G4 . We do not therefore provide values ofF1 and
F2 in this case~Table I: Tm at 120 K!. The transition from
d

t-
d

the electronic ground state, (3H6)G1 to the crystal-field level,
G4(

3H6) is too weak to be observed~Sec. IV I!.
Clark and Dines3 presented a simplified expression

^ f uarsu i & by summation of the termsA, B, C, andD in
formulas ~19!–~22! therein to describe resonance Ram
scattering. Starting from their formula~2! ~which corre-
sponds to Eq.~1! in this paper!, by introducing the following
adiabatic Born-Oppenheimer approximation of the vibro
states in the above scattering amplitude^ f uarsu i &:

u i &5ugm&>ug&umg&,

u f &5uan&>ua&una&, ~8!

ur &5uev&>ue&uve&,
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where ug&, ua&, and ue& are initial, final, and intermediate
~here, resonant! electronic states andumg&, una&, anduve& are
the corresponding harmonic vibrational states, respectiv
Including the electron-phonon coupling Hamiltonian:

H85(
k

U ]H

]Qk
U
Q
s850

Qk , ~9!

whereQk is the normal coordinate of thekth vibrational
mode of the system, we obtain the following corrected el
tronic states:

ue&⇒ue&1 ( 8
e8~Þe!,k

ue8&
he8e
k

\ve2\ve8
Qk , ~10!

where

he8e
k

5 K e8U ]H

]Qk
UeL U

Q
s850

. ~11!

Based on this and the resonance condition, Clark and D
derived formulas~19!–~22! in Ref. 3, among which formula
~19!, i.e., the followingA term ~with mg5na50! having no
contribution fromH8 and ~10!:

A5@mr#ae
0 @ms#eg

0 (
v

^nauve&^veumg&
@\vev2\v1 iGev#

, ~12!

where

@mr#ae
0 5^aumrue&, ~13!

andiGev is a damping factor~in cm
21! related to the lifetime

of the stateur &5uev&, was thought to be the dominant ter
of most resonance electronic Raman scatterings. It is re
the case that the resonance scattering observed
LuPO4:Ce

31 ~Ref. 11! corresponds toue&5u5d&, with large
@mr#ae

0 and @ms#eg
0 ; and the resonance observed in ErP4

~Ref. 10! corresponds to

ue&5u~4 f n!aGg&2(
b

u~4 f n215d!bGg&
^buH9ua&

\vb2\va
,

~14!

but both @mr#ae
0 and @ms#eg

0 are very small since they ar
based on the perturbation-corrected terms in Eq.~14!, which
come from the matrix element ^buH9ua&
5^(4 f n215d)bGguH9u(4 f n)aGg& of the static odd-parity
crystal-field energy operatorH9. However, the resonanc
scattering observed in the present study cannot be relate
the aboveA term in Eq.~12! since for theL31 ion in the
elpasolite lattice there is no static odd-parityH9 so that
@mr#ae

0 and @ms#eg
0 in Eq. ~12! are zero. Instead, the odd

parity terms contained in the electron-phonon couplingH8
cause the corrected terms ofue& in Eq. ~10!, which can give
nonzero @mr#ae9

0 and @ms#e8g
0 instead of @mr#ae

0 and
@ms#eg

0 . This result is equivalent to the so-calledD terms
@formula ~22! in Ref. 3#, with mg5na50:
y.

-

es

lly
in

to

D5@mr#ae9
0

@ms#e8g
0

he9e
k hee8

k8

~\ve92\ve!~\ve82\ve!

3(
v

^nauQkuve&^veuQk8umg&
~\vev2\v1 iGev!

. ~15!

The present report of the effects of this term in resona
electronic Raman scattering is therefore unusual.

I. Temperature-dependent electron-phonon coupling
in Cs2NaTmCl6

It is very noticeable that instead of thet2g phonon peak
near 132 cm21 at room temperature, a band is observed n
144 cm21 at 120 K, which becomes progressively strong
and changes to 148 cm21 at 20 K. Furthermore, then5 pho-
non band near 128 cm21 at 120 K, disappears at 20 K, an
another feature at 108 cm21 is observed@Figs. 3~c!–3~e!#.
This behavior is attributed to the interaction between
aG5 electronic level and theG11n5(t2g) vibronic level at
low temperatures. We have found that then5(t2g) energy
decreases for the other solid-state hexachloroelpasolite
4–5 cm21 on cooling from 300 to 20 K. The~unperturbed!
n5 energy in Cs2NaTmCl6 is thus calculated from linear re
gression of the 300 K lanthanide elpasolite series datase
be 126.7 cm21 at 20 K. On the other hand, the 4f 12 crystal-
field energy levels exhibit smaller temperature shifts, a
E(aG5)5124 cm21 ~deduced above from the hot electron
Raman transition!. On cooling, the vibronic levelG1
1n5(t2g) therefore comes into resonance with the electro
level, aG5 . It is evident that the spectrum of Amberge
Rosenbauer, and Fischer1 for Cs2NaTmCl6 at 29 K shows a
weak feature at 127 cm21, in addition to bands at 108 an
147 cm21. This band is observed by us at 128 cm21 at 120
K, but is not observed by us at the lower temperature of
K, and is assigned to the uncoupledt2g vibration ~i.e., ex-
cited in theG4 electronic state or some low-lying acousti
phonon state!. Note that at 120 K, features corresponding
the upper energy coupled state (144 cm21) and to the un-
coupled phonon (128 cm21) are observed, but the band du
to the lower-energy coupled state is not observed by us.
reason may be that the latter is mainly anelectronicstate so
that the temperature 120 K is still not low enough to obse
it resolved from the background@as in Fig. 3~d!#. As the
temperature decreases the~uncoupled! phonon energy de-
creases also, to a value nearer to the electronic energy,
with more ions in the ground state so that more ions co
into resonance.

The simplest model of the interaction between theaG5
andG11n5 states utilizes first-order perturbation theory in
232 representation in which the two basis functions are
first component of uaG5 ;0&5uaG51&u0& and uG1 ;n5&
5uG1g1&u1&, respectively:

UE~aG5!2E
W

W
E~G11n5!2EU50, ~16!

where, from the low-temperature spectra, the two soluti
of E—the coupled mode energies, areE15108 cm21

(aG5
c) andE25148 cm21 (aG5

c8). As mentioned above, the
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unperturbedn5 phonon energy has the value 126.7 cm21. If
the unperturbed energyE(aG5)5124 cm21 is taken@i.e, d
5E(G11n5)2E(aG5)52.7 cm21# then the matrix ele-
ment, W, of the electron-phonon coupling Hamiltonia
He2p>20 cm21. The intensity ratio of the 148 an
108 cm21 bands at 20 K, for several excitation lines,
2.2260.05:1, with the higher-energy band being stronge

We notice that both the electronic stateaG5 and then5
phonon state are degenerate and there is a possibilit
T23t2 type Jahn-Teller coupling. We hope to provide els
where a more accurate description of the interaction of
degeneratestates than that given by Eq.~16!. At any rate, the
interaction mechanism proposed herein differs from tha
Becker, in which the matrix elementW of the interaction
energyHe2p is proportional to the thermal population of th
electronic ground state.

The other electronic Raman transitions~at 370 cm21 and
394 cm21! are not observed in the low-temperature spectr
of Cs2NaTmCl6 and this is consistent with the results fro
the theoretical calculation~Table I! where the coefficients o
uF2u2 are smaller for these transitions than for the transit
to aG5 . A band is also not observed at 56 cm21 so that the
magnitude ofF1 appears to be much smaller than that
F2 . However we do not provide values of the scatteri
parameters for Cs2NaTmCl6 in Table I because the effects o
resonance scattering~120 K data! and electron-phonon cou
pling ~20-K data! are not included in our theoretical JO
treatment. The coefficients of the squares of the scatte
parameters in the table do however provide further evide
for the resonance enhancement of the transitions f
(3H6)G4 at 120 K. The inclusion of the 120 K Boltzman
factor for transitions from the initial level at 56 cm21 shows
that the intensities are calculated to be very weak under
conventional JOA theory.

J. Reassignment of the optical spectra of Cs2NaTmCl6

The above explanation for the striking changes obser
in the Raman spectrum of Cs2NaTmCl6 as the temperature i
decreased also serves to clarify the problems of assignm
in the optical spectra of this compound. Further confirmat
for the assignment of the two coupled electron-phonon st
is obtained from the reanalysis of the3H5→3H6 magnetic
dipole ~MD! emission transitions of TmCl6

32 ~Ref. 22! be-
cause the agreement with calculated MD intensity ratio
satisfactoryonly if the redistribution of intensity from one

aG5 state to two coupled states~aG5
c , aG5

c8 inferred to be at
104 and 147 cm21 respectively, from theoptical spectral
analysis of this transition! is taken into account. Further
more, the intensity ratio of vibronic origins for transition
from 1G4 ,

3F3 ,
3H4 ,

3F4 to (3H6)aG5
c compared with those

to (3H6)aG5
c8 is measured to be constant. Taking the me

intensity ratio 1:1.560.3 for vibronic and MD transitions

terminating uponaG5
c andaG5

c8 respectively,~and assuming
that the intensities for the corresponding transitions termin
ing on the phonon state (G11n5) are negligible!, the com-

position of the wave functionsaG5
c and aG5

c8 is deduced
from optical spectra to be
of
-
e

f

n

f
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e
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nt
n
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n

t-

aG5
c50.77aG520.63~G11n5!,

~17!

aG5
c850.63aG510.77~G11n5!.

This is in satisfactory agreement with the wave functio
deduced from the values ofW andd from the Raman data
The 3H6 energy-level fit is satisfactory when these revis
energy-level assignments are utilized,16 and some further re-
assignments in the electronic spectra of TmCl6

32 are dis-
cussed in Appendix B.

K. Electron-phonon coupled states of Cs2NaYbCl6

The Raman spectrum of Cs2NaYbCl6 is of interest be-
cause of the electron-phonon coupling between the po
tially Jahn-Teller active first excited state, (2F7/2)G8 , and the
state (2F7/2)G61n2(eg), where one quantum ofn2 is excited
in the ground state. At room temperature one broad, w
band is observed at 21161 cm21, which is 17 cm21 smaller
than the magnitude ofn25228 cm21 calculated from linear
regression of the plot of the energy of this mode at ro
temperature for Cs2NaLCl6 against atomic number. Am
berger and co-workers1,2,24 have described the behavior o
this band when the temperature is decreased. We also
that at 20 K only one band is observed in this region,
200 cm21 @Fig. 4~g!#. Note that the energy ofn2 would be
expected to increase by;10 cm21 ~i.e., n2'240 cm21!
from 300 to 20 K for Cs2NaYbCl6, according to the trend for
Cs2NaLCl6. Since the energyE(G8) of electronic stateG8
has not been determined exactly, the coupling elementW is
not estimated for this case.

It is noteworthy that only one lower energy (200 cm21)
band is observed, not two as in the case of the coup
modes in Cs2NaTmCl6. Xia

5 has explained the absence
features from the low-temperature Raman spectrum
TmPO4 as arising from radiationless decay of the electro
levels. For Cs2NaYbCl6, the upper coupled state ofG8
;(G61n2) couplingE2 is likely to be;250 cm21 ~by ex-
trapolation of Fig. 5, refer to next section!, so the state could
decay by emission of twot2g phonons.

The JOA theoretical intensities ofG6→G8 and G6→G7
~Table I! can be in agreement with experimental ones wh
F151.47 andF251.82 and the contribution of electron
phonon coupling is not included.

V. RAMAN SPECTRA OF MIXED CRYSTALS
OF Cs2NaGd12xYbxCl6

The changes in the Raman spectrum that may result f
doping a guest ion into a cubic lattice have been discusse
Manlief and Fan.25 First, thek50 wave-vector selection rule
is relaxed due to the loss of translational symmetry. Seco
the loss of inversion symmetry at theL31 site lowers the
selection rules fromOh to subgroupO. Third, the substitu-
tion of guest ions may produce local modes and additio
modes from defect pairs, triplets, etc.26 For cubic
~NH4!2TexSn12xCl6 a two-mode behavior has been observe
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FIG. 4. 20-K Raman spectra of Cs2NaGd12xYbxCl6 , x50 to 1. The background has been subtracted in~c! and ~g!. The feature near
570 cm21 in ~f!, ~g! is too weak to be observed in the spectra of the dilute crystals and corresponds to the (2F7/2)G6→G7(

2F7/2) transition
~Table I!.
te

et

0 K

ra-
attributed to clustering in the mixed crystals.27 Sliwczuk
et al.28 studied the Raman spectra of Cr31 doped at low con-
centrations into hexafluoroelpasolite lattices and attribu
many additional lines at low temperature to~i! the occur-
rence of phase transitions leading to reduction in symm
d

ry

and the change in soft-mode spectral activity;~ii ! the local
and resonanta1g modes associated with Cr31 sites.

In the present study the Raman spectra at 300 and 2
have been investigated for Cs2NaGd12xYbxCl6, and the low-
temperature results are shown in Fig. 4. At both tempe
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tures, the energies of then1 andn5 modes increase linearl
with parameterx. The intensity ration5 /n1 shows a smooth
decrease with increase inx, and the 300-K values are som
what greater than those at 20 K. The behavior with chang
concentration is unimodal and the energy shifts and rela
intensity changes are similar to those for Cs2NaLCl6 in Fig.
1, so that the change in the vibrational force field acting up
YbCl6

32, and the site-symmetry perturbation are both of m
nor importance. The nearest-neighbor distance from one
to another is 0.755 nm.29

The behavior of the features related ton2(eg) in the Ra-
man spectrum of Cs2NaGd12xYbxCl6 between 200 and
250 cm21 has been studied. Inneat Cs2NaGdCl6 the eg
mode is observed at 222 cm21 at 300 K. The energy of this
vibration is shifted 2 cm21 higher in Cs2NaGd0.9Yb0.1Cl6. In
the room-temperature spectrum of Cs2NaGd12xYbxCl6, x
50.5,0.7 both exhibit one broadband between 210
230 cm21, and the feature is still weak but more distinct
209 and 21262 cm21, for x50.9 and 1.0, respectively. Th
trend is clearer at 20 K~Figs. 4 and 5!, where only one
feature~232 or 200 cm21! is observed forx50 or 0.9 and
1.0, but two bands are apparent for intermediate values.
results indicate that the higher-energy peak (2
–244 cm21) is predominantly of Cs2NaGdCl6 character,
whereas the lower energy peak (200–212 cm21) is pre-
dominantly of the lower-energy state resulting from theG8
;G61n2 coupling of Cs2NaYbCl6 discussed above. Th
relative intensities of these features are very sensitive to t
energies, as shown in Figs. 4~b! and 4~c!.

VI. CONCLUSIONS

The Raman spectra of Cs2NaLCl6 provide useful informa-
tion concerning phonon levels and the location of the low

FIG. 5. Plot of the energies of then1 , nc , nc8 andn5 modes at
20 K against the value ofx in Cs2NaGd12xYbxCl6 . nc and nc8
refer to coupled electron-phonon modes, see text.
in
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electronic multiplet crystal-field levels, which complemen
that available from optical spectroscopy. In the present st
the relative intensities of the electronic Raman transitio
have been calculated based on JOA theory, and the re
are in reasonable agreement with experiment. The except
can be attributed to some cases in which the electron-pho
coupling has serious consequences, or resonance elect
Raman scattering occurs, or to cases where the terminal l
undergoes fast nonradiative decay. In view of the limit
experimental data, we have not provided best-fit calcula
scattering intensity ratios but have provided representa
values based on theory. As stated above, the JOA calcula
does not give very good results for Ce31 in Cs2NaCeCl6. In
addition, if only the 4f n215d1 configuration contributes, the
ratio F1 /F2 can be estimated to be 0.68. This ratio wou
provide a slightly worse fit to the Raman scattering than t
given in Table I. In view of the relatively few crystal-field
levels of the 4f 05d1 configuration, the JOA closure approx
mation by putting every intermediate configuration as deg
erate, is likely to be most valid in this case. From the fitti
values of the parameters for the lanthanide ionsL5Pr,Eu in
Cs2NaLCl6 ~Table I! the mean ratio ofF1 /F2 is 0.22, close
to the theoretical value of 0.25 quoted by Becker,12 by as-
suming that the 4f n215d1 configuration is the only interme
diate configuration andE(5d)5105 cm21.

Excited-state electronic Raman transitions, initiating fro
the first excited level of (3H6)G4 ~at 56 cm21! in
Cs2NaTmCl6, have been observed at 120 K. Under 476.5-
resonant excitation into the 4f n24 f n vibronic structure of
the 1G4 multiplet the relative intensities of these transitio
appear to increase slightly, compared with other excitat
lines. A slight intensity enhancement of the electronic R
man bands was also observed in Cs2NaErCl6 under 496.5-nm
excitation. The enhancement mechanism involves the mix
of opposite parity wave functions into the 4f n electronic
states by the vibronic operator, and not by the crystal field
in the lanthanide phosphates. The enhancement is not
pected to be great because the oscillator strengths of i
vidual vibronic transitions to the intermediate states are
most 1027. A more thorough study of the magnitude of th
electronic Raman resonance enhancement is planned b
ing tunable dye-laser excitation.

Strong phonon-electron coupling is not unique to the s
tem YbPO4,

6 and it plays an important role in the Rama
scattering of Cs2NaTmCl6 and Cs2NaYbCl6. A preliminary
discussion has been given of the mechanism of this proc
The present study has resolved the controversy concer
the assignment of the3H6 crystal-field levels of TmCl6

32.22

The Raman energies of then1 and n5 moeity modes in
Cs2NaGd12xYbxCl6 show a linear dependence upon conce
tration x, similar to the behavior in some other cubic mixe
crystals.30–32
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APPENDIX A
Wave functions and energies of electronic states ofL31 in Cs2NaLCl6 from electronic absorption, emis-

sion, and excitation spectroscopy. The wave functions for (2F5/2,
2F7/2)Ce

31, (7F0,1,2)Eu
31, and

(2F7/2,
2F5/2)Yb

31 were assumed to be pure.

L31 2S11LJ G Energy (cm21) Dominant terms in composition of wave function

Pr 3H4 G1 0 0.986(3H4)20.163(1G4)10.027(3F4)
G4 235,249 20.977(3H4)10.169(1G4)20.098(a3H5)
G3 417,428 20.977(3H4)10.175(1G4)10.076(3H5)
G5 705 0.983(3H4)20.157(1G4)10.066(3F3)
aG4 2300 0.926(a3H5)10.358(b3H5)10.113(3H4)
G5 2400 20.989(3H5)10.118(a3H6)20.069(3F2)
G3 2643 20.977(3H5)20.158(3F2)10.096(3H6)
G3 4392 0.990(3H6)10.084(3F2)10.083(3H5)
aG5 4437 0.826(a3H6)10.538(b3H6)10.117(3F2)
bG5 4878 0.793(b3H6)10.461(a3H6)20.345(3F2)
G3 5203 0.970(3F2)20.162(3H5)10.143(1D2)
G5 5294 0.910(3F2)20.279(a3H6)10.243(b3H6)
G4 6613 20.976(3F3)20.183(3H6)10.068(b3H5)
G5 6618 20.971(3F3)20.133(b3H6)10.113(3F4)

Tm 3H6 G1 0 0.994(3H6)10.093(1I 6)10.054(3F4)
G4 56 20.995(3H6)20.093(1I 6)10.037(3F4)
aG5 123 0.797(a3H6)20.597(b3H6)10.075(b1I 6)
G2 256 0.995(3H6)10.095(1I 6)10.007(3F3)
bG5 370 0.796(b3H6)10.597(a3H6)10.076(a1I 6)
G3 394 0.995(3H6)10.096(1I 6)20.014(3F4)
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APPENDIX B: ELECTRONIC ENERGY LEVELS
OF TmCl6

32

The study of the emission spectra of TmCl6
32 in several

elpasolite hosts, originating from five excited states and
minating on3H6 , together with the assignment of hot ban
in the absorption spectra, enabled the first three excited s
to be assigned at 5661, 10164, and 14561 cm21. The
present study has shown that the latter two energy levels
derived from one parent electronic state,aG5 with energy
124 cm21. The values are in agreement with those from
present study, in which the next highest level,G2 , has been
assigned at 256 cm21. The 3H6 energy-level fit is satisfac
tory when the revised energy-level scheme is employed.16

We have reanalyzed the vibronic structure of the 20
emission spectra of TmCl6

32 ,22 and observe that the trans
tions 1G4 ,

3F3 ,
3H4 ,

3F4→G21n i(
3H6), wherei54, are

obscured by other transitions in all cases. However, two v
weak bands which were previously given as tentative e
hy

s

d

r-

tes

re

e

ry
i-

dence for the observation of two-phonon modes are n
seen to correspond to3H4 ,

3F3→G21n3(
3H6), placing the

G2 level at 254 cm
21. The assignment is confirmed by th

observation of the 20-K emission band (3H4)G5→G2

1n6(
3H6). @This feature was previously assigned to t

lower energy (243 cm21) component of an3 vibronic origin,
but it was then much stronger than the upper componen
the neat Cs2NaLCl6 elpasolites, the upper (259 cm21) com-
ponent is always stronger. The additional intensity of t
243 cm21 component thus arises from the coincidence w
(3H4)G5→G21n6(

3H6).# TheG2 level is thus almost silen
in the vibronic spectra.Finally, it is apparent from the opti-
cal spectra that two coupledaG5 levels are observed fo
TmBr6

32, with energies 74 and 108 cm21. Although the mag-
nitudes of the crystal-field parameters are smaller for
hexabromoanion, the vibrational force constants are sma
too, so that the electron-phonon coupling also occurs
tweenaG5 andG11n5 .
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