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INTRODUCTION 

In this study we present experimental results from 
absorption, excitation, and luminescence spectroscopy 
which enable us to account for the concentration quench- 
ing of near-ultraviolet emission in Cs2NaTmC16. The thu- 
lium ions are situated at sites of octahedral symmetry 1 
in this compound, forming a model system for the in- 
vestigation of energy transfer phenomena. 2 

EXPERIMENTAL 

Neat Cs2NaTmC16 and TmCI~-, doped (0.01-10 tool 
%) into the colorless, cubic-host Cs2NaGdC16, were pre- 
pared as single crystals by the Morss method. 3 Absorp- 
tion spectra of polished single crystals were recorded 
between 300 and 10 K with the use of a Bio-Rad FTS- 
60A wide-range spectrometer equipped with DTGS, InSb, 
PbSe, Si, blue and solar-blind photomultiplier detectors. 
Spectral calibrations with neon, cadmium, and mercury 
lamps indicate that  the wavenumber error in the assign- 
ment of the energy levels is similar to the resolution 
employed (1-2 cm-1). The sample was held in an Oxford 
Ins t ruments  closed-cycle-cooler cryostat.  Excitat ion 
spectra were recorded at 300-85 K with an SLM 4800C 
spectrofluorometer. Selective excitation was provided by 
a xenon lamp. The luminescence and emission decay 
measurements (between 300 and 2 K) utilized the 476.5- 
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nm excitation (into the vibronic sideband of the 1G 4 level 
of Tm 3+ ) from an argon-ion laser, the emission being 
dispersed by a 0.25-m Jobin-Yvon monochromator and 
detected by a photomultiplier. Decay measurements were 
made by chopping the beam and also involved the use 
of a waveform digitizer, a Digital Pro 300 computer, and 
an X-Y plotter. 

RESULTS AND DISCUSSION 

Excitation Spectra. With the use of selective excitation 
into the tG4 vibronic sideband, for di lu te  Cs2NaGdC16: 
TmCI~-, emission is observed from the 1G 4 level (near 
20,850 cm -1) to the ground-state term (3H 6) and the first 
excited terms (3F 4 and 3H5), within the spectral region of 
our detectors. However, for neat  Cs2NaTmC16, no emis- 
sion is observed from the 1G 4 level, but instead, emission 
is observed from the 3H 4 level, situated near 12,500 cm -1. 
The excitation spectrum of the 3H 4 emission in the neat 
compound shows that  this level is populated directly 
from 1G4, and that  the intermediate levels 3F 2 and 3F 3 
are bypassed. The concentration quenching of the ~G4 
emission is therefore due to an ion-ion cross-relaxation 
between Tm 3+ neighbors at sites A and B, of the form: 

1G 4 (site A/B) + 3H  6 (site B/A) -~ 3H 4 (site A/B) 
+ X(site B/A). 

Absorption Spectra. The energy levels of Tm 3+ in 
TmCI~- are labeled according to representations of oc- 
tahedral point group symmetry. From previous studies, 4 
the locations of the crystal field components of the 1G4, 
3H4, and 3H~ levels have been determined, and the rele- 
vant energy levels are shown in Fig. 1. The term multiplet 
X is therefore situated near 8000 cm -~ and thus corre- 
sponds to 3H5. We have investigated the crystal field 
energy levels of this term by absorption spectroscopy 
(Fig. 2). Most of the intensity of the 3H 5 ~- 3H 6 transition 
arises from the magnetic dipole (MD) mechanism. The 
oscillator strengths, P(calc), of the individual transitions 
j ~- i between crystal field components were calculated 
with the use of the eigenvectors 4 from a six-parameter 
crystal field model: 5 

87r2mc 
P(calc) = 3he2g------- ~ PijniySij 

where gi is the degeneracy of level i; Pii and n~j are the 
transition wavenumber and the refractive index, respec- 
tively; and S~j is the transition line strength. The cal- 
cu la ted  oscillator strengths are in good agreement with 
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FIG. 1. Possible cross-relaxation processes responsible for quenching 
the ~G, emission in Cs2NaTmC16. (Note: The processes A-F may ac- 
count for the quenching of the blue emission in Cs2NaTmCle. v denotes 
a transition involving phonon emission. The site 2 transitions A and 
E, terminate at the (SH4)Eg and (SH4)T ~ levels, respectively, with aee 
phonon being emitted in process E. The locations of the ~F2, 3F3, and 
3F~ levels (between 15,133 and 14,959, 14,457 and 14,381, and 5938 and 
5547 cm -~, respectively 4) and the other 3H 6 levels are not shown in the 
diagram (which is not to scale) for the sake of clarity. 

the experimentally measured oscillator strengths deter- 
mined by software integrations of the single crystal ab- 
sorption spectra: s 

P(expt) = 4mc~.___~Le 2 In 10 J -  e(~) dv 

where e(v) is the molar absorptivity, and the integration 
is over frequency/Hz. For the room-temperature spec- 
trum, the bands were deconvoluted, and the locations of 
the resultant features were checked from the derivative 
spectra. All the observed spectral features, at the differ- 
ent temperatures of measurement, have been assigned 
either to magnetic-dipole-allowed origins or to vibronic 
structure based upon these origins. The detailed assign- 
ments are not included here, and the vibronic sideband 
structure of the TmCI~- moiety has been discussed pre- 
viously. 7 The derived energy levels of the aHs crystal field 
components are shown in Fig. 1. 

Luminescence Decay Measurements. The emission 
lifetimes of elpasolites are sensitive to the moisture con- 
tent  of the crystals, the presence of trace amounts of 
other lanthanide ion impurities, and the quality of the 
crystals. Due to these factors, the emission parameters 
varied somewhat from one batch of crystals to another, 
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Fro. 2. 3H~ ~ 3H 6 absorption spectrum of Cs2NaTmCl6 between 300 
and 20 K. 

but the same conclusions were formulated from the re- 
sults from different batches. From the integration of the 
emission spectra, and the calculated MD line strengths, 
the radiative lifetime of 1Gt is calculated to be < 11 ms, 
since the vibronic structure of the 1G 4 -~ ~F2, 3F3 tran- 
sitions has not been observed and is not included in the 
calculations. The lowest 1G t level is situated at 19 quanta 
of the highest energy mode of vibration of TmCl~- above 
the next lowest level, 3F~, so that  multiphonon relaxation 
from 1G 4 is expected to be slow. Consistent with this, the 
measured lifetime in dilute Cs2NaGdCls:TmCl~- is up to 
6 ms. In our preliminary emission decay study, we have 
monitored the nonexponential decay of 1G4 in 1.3 and 
9.8 mol % Tm-doped samples of Cs:NaGdCls at 2 K and 
10 K, by observing the 1G 4 -~ 3F t emission between 14,900 
and 15,300 cm -1. The luminescence intensity as a func- 
tion of time, I(t), was analyzed in terms of the multipole 
interaction between Tm 3+ ions, according to the model 
of Inokuti and Hirayama s (I&H): 

[I(t)/I(O)] = exp[ - t / to  - F(1 - 3Is) (C/Co)(t/to) 3/s] 
where to is the lifetime in the absence of quenching (taken 
from measurements on 0.08 mol % Cs2NaGdC16: 
TmCl~- as 4.53 ms; Co is the critical concentration, cal- 
culated as 3.3 mol %; and s is a parameter which de- 
scribes the type of multipole interaction. The results 
indicate that  s = 6, which corresponds to energy transfer 
between Tm 3+ ions by a dipole transition occurring at 
each ion. The efficiency of energy transfer s from 1G 4 is 
~40% in the 1.3 tool %-doped sample, and greater than 
90% in the 9.8 mol % sample. 

CONCLUSIONS 

The excitation spectra of Cs2NaTmC16 indicate that  
the quenching of near-ultraviolet luminescence is due to 
an ion-ion cross-relaxation between an excited ion and 
its ground-state neighbor, in which one Tm 3+ ion trans- 
fers to the SH4 term multiplet. The assignments of rep- 
resentations to the energy levels from the absorption 
spectra, and the understanding of the vibrational be- 
havior of the crystal, enable certain conclusions to be 
drawn, concerning the energy transfer process(es) in 
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Cs2NaTmC16. For Tm 3+ at an octahedral site at 2-10 K, 
there are only two resonant transfer processes possible 
(A and B, Fig. 1). The mechanisms of these processes 
are electric quadrupole (EQ) and/or magnetic dipole 
(MD)-EQ transfer (process A); and EQ and/or MD-MD 
transfer (process B). First-order selection rules exclude 
nonresonant mechanisms involving even parity vibra- 
tional modes. Furthermore, the intensity of lattice modes 
in the optical spectra is relatively small. 7 Thus mecha- 
nisms C and D, with ED-ED phonon-assisted transfer, 
involve sparsely populated regions of the phonon density 
of states spectrum. (The representation of these pro- 
cesses in Fig. 1 differs from that  given elsewhere2) Pro- 
cess C, for example could involve the emission of a pho- 
non at site 1 with simultaneous (virtual) photon emission, 
leaving site 1 in the aTlg(3HL) state, and then (virtual) 
photon absorption and phonon emission at site 2, chang- 
ing it to (3H4)T~. Other mechanisms, involving the emis- 
sion of only one phonon are possible (E and F), the 
phonon energy corresponding to the ~s t2, internal mode. 
The resonant process B and the nonresonant processes 
C and D therefore correspond to the mechanism pre- 
dicted by the I&H model. 

One further mechanism which we have discounted, due 
to the low intensity of extrinsic emission from Tm 3+ at 
noncentrosymmetric defect sites, 7 is transfer involving 
trap sites. We are, however, cautious in accepting the 
validity of the I&H model for the system studied. First, 
the model assumes that  the donor-donor transfer rate is 
negligible. Second, the model neglects the angular de- 
pendence of the transfer. Third, the fit of the data is 
rather insensitive to the parameter s. The fits to the 
experimental data are not as good if the I&H exchange 
interaction model is parametrized. We are carrying out 
a theoretical analysis of the energy transfer rates by the 
processes A-F and other mechanisms, and a more de- 
tailed experimental investigation of the temperature de- 
pendence of the quenching in order to understand the 
energy transfer mechanism in more detail. 

It is interesting to compare the two-ion process studied 
here with the proposed population mechanism of the 
Eu 3+ 5D o level in EuClff  ° The thermal equilibrium be- 
tween 5D o and 5D1 (at ~1760 cm -1 to higher energy) 
would seem to be a more reasonable explanation of the 
temperature dependence of the 5D o lifetime than the pos- 
tulation of a virtual level. We note that  the data 1° may 
be satisfactorily parametrized with this model and a fast 
5n  I lifetime (near 0.04 #s) is calculated, which would 
explain the failure to distinguish a risetime for the 5D o 
emission. The transfer from 5D o to a Eu 3+ ion at a defect 
site (with a water molecule neighbor), and nonradiative 
relaxation through the excitation of four quanta of the 
O-H stretching vibration, may be a competing nonra- 
diative process in the relaxation from 5D o in hygroscopic 
EuC13. 
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