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In this work we report both experimental and theoretical studies re-
garding the Cs;NaTmClg elpasolite-type system, for which we have an up-
dated database from linear and nonlinear optics. Both the absorption and
the emission spectra for this system are rather complicated and a generalized
vibronic crystal field-closure-ligand polarization calculation model has been
employed to rationalize the observed spectral intensities. The calculation has
been carried out by neglecting the interaction among the internal and the
external vibrations and theoretical calculations have been performed with
reference to both the emissions 3H4(Fi) — 3F4(F]) and the absorptions
3H6(A1) — 3F4(Fi), 1G4(Fi), 3H5(Fl) Wlth Fk (k = Z,]) = A1,E,T1,T2
and I = F, “Ty, le,TQ. The advantages and disadvantages of our model
calculation are discussed in the text, and despite the simplicity of the model
it is shown that it has got some utility and flexibility to gain understanding
in these complex phenomena.

PACS numbers: 32.70.Fw

1. Introduction

The main goal of the current research work is to report both experimen-
tal and theoretical studies, regarding luminescence materials of the elpasolite-type
system, such as CsyNaLnClg, for which an updated database has become available
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from linear and non-linear optics. These systems show very complex absorption
and emission spectra and the need for developing new theoretical models is a pri-
ority so as to advance the state of the art in this area of the solid state physics.
The paper has been divided into two sections; one of them devoted to some ex-
perimental aspects of both the synthesis and the structural characterization of the
CsyNaTmClg crystal, and the other related to the rationalization of the observed
experimental data associated with both the absorptions and the emissions spectra
for this system. Thus, we report the synthesis and structural characterization for
this elpasolite and its crystallographic parameters, which have been refined using
the Rietveld method. This new experimental data may be utilized to gain under-
standing of the mechanistic factors (electronic and vibrational), upon which the
spectral intensities and the main spectral features depend on. Due to the complex-
ity of both the absorptions and the emissions spectra, we have carried out theo-
retical calculations of the radiative processes associated with both the emissions
3H4(I3) — 3F4(Iy) and the absorptions 3He(A1) — 2Fu(l}), 'Ga(I3), *Hs(I7)
with Ip(k = i,j) = Ay, B, T1,T> and I} = E, “Iy, "}, T». Furthermore, all other
effects, such as dispersion (essentially electrostatic in character), details of the
short range interacting vibrational force field and Jahn—Teller distortions are dis-
cussed in the text. It is shown that the overall agreement between our theoretical
predictions and experiment is satisfactory for both the relative vibronic intensities
and the total oscillator strengths for a set of selected transitions. We also discuss
the most likely sources for improvement.

2. Experimental section

2.1. Preliminary remarks

There is a vast amount of experimental data for both pure and doped stoi-
chiometric elpasolite systems [1-3]. The experimental data available is, in general,
of good quality and fairly accurate and has been obtained from linear and non-
linear optic techniques. In this work, we aim to further test the applicability and
flexibility of our current model calculations: vibronic crystal field-closure-ligand
polarization (VCF-closure-LP) model. We also have proceeded to examine the
controlled synthesis and to study both the structural and spectroscopic character-
izations of the neat elpasolite CsoNaTmClg. We report, therefore, new and updated
data which will be employed to undertake studies on both the electronic and the vi-
brational factors, upon which the spectral intensities observed in the luminescence
spectra depend upon [4-9]. The mechanistic aspects related to the rates of decay
for radiative transitions in systems such as CssNaLinZg, where (Z= = F~,C17) are
of our interest and explicit calculations involving these highly relativistic heavy
ions have already been performed [1, 10-12] and some further work, taking a
broader view, is needed in order to include both the short and the long range
interaction terms and in the dynamic matrix [12-20]. In this paper, and for this
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system, we have generalized our previous calculations [12-14] and have also in-
cluded explicit calculations for both absorptions and emissions, for which there is
a wealth of well-resolved experimental data. It is essential in any physical model
and calculation method to have a database of a high quality and accuracy and
we therefore decided to update our structural data and spectroscopic information
(mainly from Raman spectroscopy) in order to test the validity and flexibility
of our model calculations. In this article, the calculation will be based upon the
assumption that the coupling among the internal and the external vibrations is
negligible [4-6]. Applications of our formalisms to neat lattices are being performed
in our laboratories with reference to the stoichiometric elpasolite-type systems.

2.2. Synthesis and structural characterization

The neat CssNaTmClg elpasolite has been synthesized and characterized by
means of X-ray powder diffraction and spectroscopic studies. The synthesis took
place using a solid state reaction at 802.9°C for a period of two hours with the tem-
perature gradient of 4°C/min and 2°C/min, at the beginning and at the end of the
chemical reaction, respectively. Also thermal studies (DTA/TG) were performed
to establish the optimum crystallization temperature, and it was found that this
occurs from 764.5°C to 838.5°C. The profile refinement computing programs, ac-
cording to the Rietveld method, allowed us to determine a set of crystallographic
parameters to be as: ag = 10.6866 A, V = 1220.45 A3, Z = 4, M = 802.90,
Dx = 3.65 and Dexp = 3.67. Thirty two experimental lines were analyzed and
turn out to be very accurate (Rexp < Rwp). For the structure of this elpasolite,
cubic closed packed of the form Cst + 3Cl™ are observed and six Cl~ anions
are octahedrally bonded to both Tm?®t and Na3* ions, while the remaining Cs™
ions have a coordination number of 12 with respect to the Cl™ ions and lie in
the tetrahedral holes of this lattice. Also Raman spectra were taken for this crys-
tal and the odd parity vibrational modes; vi(aig, S1) = 228, vo(eg, S2) = 225,
and 1/5(7’2g,54) = 130.5 were assigned and identified. Throughout the synthesis
procedure, stoichiometric quantities of CsCl, NaCl, and TmCls were dissolved in
diluted HCI acid. The obtained product was dried out in a vacuum stove and in
a dried Ns-atmosphere in order to perform (DTA/TG) studies so as to obtain
the optimum temperature for the thermal analysis, the phase changes and the
temperature crystallization range. Figure 1 shows the DTA /TG and it is observed
that the range for the crystallization temperatures occurs between 764.5°C and
838.5°C and the maximum of 802.9°C corresponds to the temperature used to
carry out the thermal analysis in order to achieve the best possible crystallization.
(A mass loss of about 25% may be due to the hydration water currently observed
in these highly hygroscopic materials.)

The stoichiometric composition as well as the impurities presence were esta-
blished by means of X-ray fluorescence and the results obtained are as follows:

Tm(25.2%), Cs(39.65%), Na(3.43%), and C1(31.72%).
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Fig. 1. DTA/TG curves for the elpasolite Cs;NaTmCls.

A picnometer LANGER-450, under vacuum, was used to measure the density
and we obtained the value of 3.67 g/cm3.

2.8. Structural and spectroscopic characterization

As we mentioned, in the above section, X-ray powder diffraction studies
were carried out and a set of profile refinement computing programs following
the Rietveld method was employed. The experimental conditions for the measured
system were from 20 mA and 40 kV with a Copper anode and a Ni-filter for a wave
length of the incident X-ray of 1.5444 A. A total of 3149 lines in 0.02°(26) steps,
at room temperature in the range from 12°(26) to 74.98°(26), were analyzed. The
input data for the profiles refinements are displayed in Table I. We also include the
most relevant data from powder diffraction, corresponding to the most relevant
lines for this elpasolite (the reader is referred to Table IT). Also Fig. 2 displays
(at room temperature) the XRD-powder peaks for this neat elpasolite. Besides,
and for the sake of completeness, the Raman spectrum of this elpasolite is given
in Fig. 3, and the observed even parity Raman active vibrations for the moiety
modes of the clusters TmCI2™ are given in Table III.

TABLE 1

Input data and profile refinements.

Factor Value Atomic position
R, 8.48 Cs (+,4,1)
Rup 11.16 Na (1,1,1)

Rexp 5.66 cl (
Ryp/Rexp | 1.97 Tm
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TABLE 11
XRD-powder data.

(h, K, 1) % (Rietveld) | d(A) Rietveld | 26 (Rietveld) % (Observed)
1,1,1 23 6.16937 14.38077 18
2,0,0 <1 5.34330 16.61867 <1
2,2,0 100 3.77878 23.58310 100
3,1,1 19 3.22201 27.73343 20
2,2,2 34 3.08415 28.99964 38
4,0,0 90 2.67165 33.60037 90
3,3,1 10 2.45151 36.72036 11
4,2,0 <1 2.38952 37.70841 <1
4,2,2 67 2.18114 41.46863 70

51,1:3,3,3 9 2.05717 44.09437 12
4,4,0 67 1.83596 49.74462 72
5,3,1 12 1.80604 50.62629 15

44,2 :6,0,0 <1 1.78146 51.37528 <1
6,2,0 45 1.68955 54.39315 50
5,3,3 5 1.62971 56.56596 6
6,2,2 18 1.61154 57.26228 20
4,4,4 30 1.54208 60.09956 34

71,1:5,5,1 5 1.49612 62.14671 6
6,4,0 <1 1.48223 62.79492 <1
6,4,2 61 1.42773 65.48421 61

73,1:5,5,3 9 1.30140 67.41876 8

TABLE III
Observed Raman vibrational frequencies.
Symmetry species Assignment Active | v (ecm™!) | Intensity
a1g(r1) v (Tm-Cl) Raman 288 S
eg(v2) v (Tm-Cl) Raman 225 w
T2g(Vs5) 8 (CI-Tm—Cl) | Raman 130.5 S

Finally, it is shown that the average atomic positions for the nuclei ions

are: Tm(0,0,0), 4Na™(
parameter was found to be ag = 10.6866 A.

11
2272

1), 8Cst(4, 4

L) and 24C17(%,0,0) and the lattice

431
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Fig. 2. XRD-powder. Rietveld refinement.
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Fig. 3. Raman spectrum for the elpasolite CsoNaTmClg.

3. Theoretical section

3.1. Introduction

The energy levels for the TmCl‘;’_ ions in CssNaTmClg have been the subject
of many discussions in the literature [21], mainly due to calculated values for o
(between the observed and calculated energies) using different model Hamiltoni-
ans [22, 23]. A vast amount of experimental data for systems such as CssNaTmZg
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with Z= = Br~ and Cl~ are available in the literature [1, 11, 24]. A thorough ex-
perimental study was performed by Tanner et al. [25] for this system and the energy
levels corresponding to the 3Hj5 multiplets were reassigned by utilizing updated
experimental data from infrared absorption experiments. Similarly, the electronic
Raman spectrum is supplied with new information that helps to resolve the dis-
crepancies concerning the state |(3Hg)I2). Also the coupling between the energy
levels |(®Hg)als) and |(3He)I') +vs(I%) give rises to two energy levels, and one of
them was previously assigned to the I's-symmetry. A tentative new assignment has
been proposed in Ref. [25]. It was also possible to locate, from the absorption spec-
tra, the energy levels of I'4-symmetry, which may be found at higher energies. In
spite of all the refinements reported by these authors, the value for the root mean
square deviation remains: orms = 32.50 cm™!. For the elpasolite-type systems,
there are several classic papers in the literature [26 and references therein], where
these authors using data from absorption worked out an energy levels ordering.
Also some intensity calculation were performed for f — f transitions, involving
the terminal states |(3Hs)I") — [(*Ha) "), |(PF3)I" ), |(3F2) "), |('G4)I), and
(D)"Y, I = Iy, I, I, Ty, °Ts, sy I = Iy, I's, Ia, I's; I = I'y, I'y, I's, and
= I3, I'5. In spite of all these efforts, the quality and insight of these results,
obtained by Richardson et al. [22, 23, 26], are modest and new and updated in-
tensity models are required.

For the stoichiometric elpasolites, it does seem that Tanner et al. [27, 28]
has managed to collect the more complete and comprehensive database. The ab-
sorption spectra for CsyNaTmClg has been measured and recorded at 20 K and
85 K. Similarly, the spectra for the elpasolites of Gd [28] and Ho [27] doped with
TmCI2™ (~ 1 mol% of Tm3t), have also been measured at the temperatures of
20 K and 300 K. The analysis of the spectrum associated with CszNaGdCl6:TmCl‘Z’f
allowed these authors to detect emission from the |(G4)I"”) and to identify and
assign the various emissions: 'G4I" — 3HeI', 3FyI", s with I = I's, °I1,
'y, I's. In Ref. [27] the reminiscence spectra corresponding to the emissions
SH4I" — 3HeI at 20 K is reported in the energy region from the 12,600 to
11,800 cm~!, using an Ar laser (474 nm line). At 20 K the luminescence detected
was rather weak to be used for a thorough analysis of these emissions. A subsequent
work of Tanner [24] informed the infrared luminescence spectrum at liquid N» at

! using an Ar laser

1

the temperature of 85 K with a resolution of about 5 to 10 ecm™
(476 nm line). Several emissions were analyzed such as 3H4I" — 3FyI", 3HsI
and 3T’ — SHgI.

Further studies [1, 29] have been carried out to fit the energy level param-
eters to the experimental data, based upon this more complete and comprehen-
sive database, which was performed for the series of the lanthanide in stoichio-
metric elpasolites. Due to the observed wealth of the vibronic structure for the
Tm(TIT) hexachloride-elpasolite, we have decided to investigate both the emissions
SH4(I3) — 3F4(Iy) and the absorptions 2He(A1) — 3Fu(I%), 'Ga(I3), 3Hs(I7),
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with I, (k =4,j) = A1, E,T1, Ty and I} = E, I, T}, T5. We will show that the
overall agreement between our theoretical predictions and the experiment is satis-
factory and the most likely sources for improvement will be also discussed in the
coming sections. The unit cell for these elpasolite is given in Fig. 4. It is seen from

Fig. 4. Unit cell.

this structure that the site symmetries for Nat, CsT, and TmCl‘Z’_ are Oy, Ty,
and Oy, respectively. The complexity of the experimental information provided
by the absorptions and the emissions is such that the actual evaluation of spectral
intensities is a truly formidable task to achieve. Several elements should be taken
into account if one wishes to gain understanding in these complex radiate pro-
cesses: (a) Most likely mechanisms to account for the observed intensities in both
absorptions and emissions. The role played by the intermediate electronic states.
(b) A sensible description of the electronic states for which a full configuration
interaction method is introduced. (¢) A more accurate and sound description for
the normal modes of vibrations of the systems is required. Inclusion of both short
and long range interaction terms is required and (d) an analytical study of the
vibronic line shapes and potential energy surfaces must be considered.

3.2. Energy levels for TmClg_ complezx ton in CsaNaTmCls

The Tm(II1) ion corresponds to a 4f12 free ion electronic configuration, and
therefore a total of 91 microstates, compatible with the Pauli Principle, may be
written. These zero-order free ion wave functions are eigenfunctions of the mono-

. . . . s 2 2
electronic effective Hamiltonian H° = Zi:l—lZ {—g—mvg — Zr’—e} For a system

such as TmCl‘Z’_, the simplest model Hamiltonian to introduce is the following;:

S5 + V(O m
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and for f-electrons, the effective crystal field potential may be written as given
below:

V(Op) = {;cg4> ﬁ_(c“) + c<4>)}

3v'14
{ o8 - é_(cfhcﬁ)}. (2)

Here B = e*(r*)/RETY Ry is identified with the Ln-Cl bond distance, (rF);
k = 4,6 is the expectation value of rF, when evaluated within the manifold of
4f-SCF-radial states and C’gk) = /47 /(2k + 1)Y} 4(6, ¢) are the standard tensor
operator of rank k. For the radial expectation values reported by Judd' [30] and
also for Ry = 2.69 x 107 cm we obtain (Ba/Bs) ~ 5.56.

Having reached this point in the discussion, let us underline that our strat-
egy will be to avoid an excessive parameterization in the energy level calculation,
simple because our database is not large enough to accommodate such a lot of
both relativistic and nonrelativistic parameters in the model Hamiltonian for the
system [1, 5, 6, 14, 22, 23, 26]. We believe that these full parameterization proce-
dures obscure both the physics and the chemistry of the problem we aim to solve,
therefore we will work on a model based upon a minimum set of parameters to
be fitted from experiment. Thus, in this model we will employ a model Hamilto-
nian as given above in Eq. (1). This implies that in our model Hamiltonian terms

such as orbit—orbit and orbit—other orbit, etc.,..., will be excluded as well as ef-

fects such as electron transfer and other ones related to it. The calculation will
be carried out on the basis of a seven-atom system approximation and within the
independent system model (ISM). When these approximations are adopted, we

assume that the coupling among the internal TmCI3~

and the lattice vibrations is
small and/or negligible. We also assume that the total transition dipole moment
may be partitioned into two contributions, one of them derived from the vibronic
crystal field (CF) and the other one from the vibronic ligand polarization (LP)
models. Tt is obvious that when the ISM is used, then we assume that there is
no overlap between the central ion and the ligand sub-systems charge densities.

Thus, we write the identify

Hi2= N1—>2 + N1—»2 (3)
and therefore, the total dipole strength associated with the |1) — |2) excitation
becomes

Di—s = DSE, + DI, + DI (4)
where the interference term is defined as follows:

CF,LP
Dg_a ) = <0|N1—»2N1—>2 + N1—>2N1—»2|1> (5)

T(r2) = 0.761a2, (r*) = 1.570a}, (r®) = 7.310a$ with ap = 0.529 A.
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It is interesting to observe that the above identity has been written under
the basic assumption that the potential energy surfaces of the two terminal elec-
tronic states have roughly the same shape and are only vertically displaced to
one another, along the totally symmetric normal modes of vibration (breathing
mode of ajg-symmetry). A careful look at the model Hamiltonian and the ef-
fective crystal field potential leads us to the conclusion that for the energy level
calculation the parameters Iy, Fy, Fy, &o, B4, and Bg are required to be fitted
from the experimental data (the Fp-parameter has been excluded since the exper-
imental data is refereed to energy differences AFE, and therefore in all our energy
matrices may be cancelled out). It is customary, in the literature [31], to use the
parameters introduced by Racah E*; k = 0,1,2,3, which are expressed as linear
combinations of the electron—electron repulsion parameters Fj; k = 0,2,4,6. We
use the transformations: F° = Fy —10F? — 35F, — 286Fg, Bl = %(70F2 +231F4+
2002Fs), E? = %(Fz — 3Py + TFy), E? = %(5Fz + 6Fy — 91F5). In our current
six-parameter model, a set of representative values (not the best fit) is as follows:
EY = —8,783, E' = 46,831, E? = 434, E3 = 4683, &0 = 42,624, By = +385,
and Bs = +69. All these values are given in ecm™'. In a previous and preliminary
research work [14], we published three different sets of wave functions using vari-
ous levels of approximation and models of six and ten parameters. The details of
these calculations may be obtained upon request from R.A.

3.8. Theoretical model. Spectral intensities in absorptions and emissions

The vibronic intensity calculations were carried out, using a generalization
of the vibronic crystal field-closure-ligand polarization model (VCF-closure-LP).
Here, we will give a brief summary of the relevant identities involved in the cal-
culation. Extensive tabulations required to undertake this calculations will not be
included, though they are available upon request from R.A.

3.8.1. Vibronic crystal field contribution to the total transition dipole moment

The crystal field contribution to the overall transition dipole moment asso-
ciated with the excitation |1) — |2} is as given below:

P () = > (U 12) Lna (01Qu, 1), (6.1)
where
CF,a |9\ _ CF I+ I Iy r
(UgFej2) = 33 eer (-t v( !
r & YooYz Y
x((LSI)IV|OF (k, D)|(L'ST ) L) ALY (k — 1, 7) (6.2)
and also

CF,L/.
AF’Y . _ 6Gf'y (Z’T) d CCF — 2_6 6.3
Vi (Z’T)_Z (SS an k - AE<Pyk>’ ( . )
L vt 0
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where (71) = e2(r¥)/RE*1. The notation employed in Egs. (6.1—6.3) has been given
in several references [5, 6, 12, 13— 15, 18-20, 32—-36 and references therein]. For the
sake of completeness, we observe that the transition dipole moment corresponds
to the expectation value of the product between an electronic factor U and a
vibrational factor ). In the current notation @ stands for the matrix of the normal
coordinates of the system. Furthermore, the elements of the L-matrix relate the
symmetry coordinates to the normal coordinates by means of the relationship:
S = L@. Also, the crystal field vibronic coupling constants are labelled as A,
see Eq. (6.3). The reader is referred, in particular to Ref. [33] for further details.
Full tabulation of the above quantities (6.1-6.3) may be obtained upon request
from R.A.

3.8.2. Vibronic ligand polarization contributions to the total transition dipole mo-
ments

The a-th component of the ligand polarization electric dipole moment asso-
ciated with the |1) — |2), electronic transition is written as given by Eq. (6.1),
where CF must be replaced by LP for the sake of completeness. Do observe that
the transition dipole moment is referred to the excitation I'y — I's + ;. Next,
we define the ligand polarization vibronic coupling constants as follows:

LP,L

BEY® (k1) = Z{wff—(“} 1)
L oSE(t) J,

and 1t is straightforward to show that the ligand polarization electronic factors,

associated with the Iy — I'> 4+ v; transition may be written as follows:

LP o _ LP/_ \Ii4ni Iy Iy I
e =SSty ()
L & Yoo Y

X (LS ME (LS ) T B (k. ), (7.2
where CEP = (ap (r*)/RET?) e. Tt is seen that Eq. (7.1) is employed to introduce
the vibronic ligand polarization, vibronic coupling constants, and the electronic
factor, within the framework of the vibronic ligand polarization model, is given
in full in Eq. (7.2). Full tabulations of the above quantities (7.1), (7.2) may be
obtained upon request from R.A.

3.4. Results

As it was pointed out earlier in the text, the intensity calculation were carried
out within the framework of the independent system model and the seven-atom
system approximation (the long range interactions due to Coulombic terms have
been excluded, and therefore the coupling among the internal and the external
lattice vibrations has been assumed either too small or negligible). A view of the
details and approximations involved in these calculations may be found in several
references [5, 6, 9, 12-14, 19, 20, 32-35] and we will not repeat them here. Next,
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in Table TV, we report the observed and the calculated energy levels (six-energy
parameter model) and to a maximum extent we have avoided the over parame-
terization of the model Hamiltonian. We must bear in mind that only very rarely
a fairly complete set of data is available for these types of systems [5, 13—15], and
therefore it seems appropriate to test our models and their predictions against the
experimental data. This system is in a way rather unique since we have done full
length calculations for both absorptions and emissions to get more physical insight.
For the sake of simplicity, we list only a representative set of wave functions. The
actual composition of them is available upon request from R.A.

TABLE IV

Wave functions, observed and calcu-
lated energies (cm™1).

States | Energy (obs.) | Energy (cal.)
*Helh 0 0
*Puls 5.547 5.553
Pyl 5.814 5.791
*FyTy 5.866 5.858
I 5.938 5.952
*Hy T 8.241 8.251
*Hs I 8.270 8.284
*HsI's 8.436 8.462
°Hs oIy 8.532 8.544
*HyTs 12.538 12.530
*Hy I 12.607 12.691
*H, T, 12.840 12.736
*HyIh 12.882 12.844
Gy T 20.851 20.888
Gy T 21.256 21.230
G, Ty 21.424 21.320
G, I 21.508 21.238

Next, in Tables V and VI, we report the calculated values for the relative
vibronic intensity distributions associated with our set of wave functions derived
from the six parameters listed above in the text. For all the calculations, we have
modelled the normal coordinates of the system, using a general valence type force
field [13]. The transformation matrix relating the symmetry coordinates to the
normal coordinates, by means of the identity: S = L@, has been worked out
and for the odd parity blocks, we obtain: Lgs = 40.199761, L34 = +0.0118683,
Lis = —0.135884, L4a = 4+0.292071, and Les = +0.237514. Experimental data
of good quality may be found in Ref. [14] with reference only to the absorption
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TABLE V

Fmissions |(3H4)F1>—>|(3F4)F>;F:F1,F3,F4,F5.

vt I | I | I | I
(CH) 1) = |CF)T)

vy | 1.06 x 10711 | 420 x 1078 | 3.06 x 10712 | 5.22 x 107°

vy | 339 x 10710 | 3.27 x 10710 | 2,92 x 1071 | 5.42 x 10710

ve 0 5.46 x 107° | 1.35 x 107 | 1.00 x 107°
|(*Ha) I3) — |(CF) )

vy | 3.86x107% | 597 x107° | 1.12x 107° | 3.49 x 107°

vy | 3.00 x 10710 | 5.35 x 1071 | 6.92 x 10710 | 3.80 x 10710

ve | 5.03x 1072 | 1.63x107° | 7.69 x 1071% | 1.39 x 107°
|CH)Ty) = |CF)T)

vy | 291 x10712 | 1.18 x107° | 7.86 x 1072 | 6.66 x 10710

vy | 277 x 1071 | 7.31 x 10710 | 6.82 x 107 | 1.91 x 107°

ve | 1.28 x 1071 | 8.11 x 10710 | 9.57 x 1072 | 2.36 x 107°
|(CHa) Is) — |(CF)T)

vy | 426 x 1072 | 3.14 x107° | 5.55 x 10710 | 3.20 x 10710

vy | 467 x 10710 | 353 x 10710 | 1.61 x 1072 | 2.12x 107°

ve | 850 x 10710 | 1.25 x107° | 1.99 x 1072 | 2.87 x 107°

TABLE VI

The absorptions( 3H6)F1> — |(3F4)Fi>, |(1G4)Fi>, |(3H5)Fl>

with Iy =1, I, Iy, Iy and Iy = I, 4y, Ty, Is.

vt I ‘ I ‘ I ‘ I
|(*He) ') — |(PF) )

vy | 643 x 1071 | 239 x 1078 | 5.96 x 1071* | 2.39 x 1078

vy | 196 x 1072 | 3.56 x 10710 | 1.63 x 107 | 5.89 x 107°

vy 0 1.01 x 1072 | 9.04 x 1071 | 9.79 x 107°
|(*He) ') — |('G)I)

vy | 230 x 1071 | 722 x107° | 5.51 x 1071 | 8.47 x 107°

vy | 711 x 10710 | 1,18 x 10710 | 1.53 x 107 | 2,10 x 107°

vy 0 257 x 10719 | 8.53 x 1071 | 3.73x107°
|(CHo)Ih) — |(*Hs)I')

vy | 274 x 1078 | 1.00 x 10711 | 4.14 x 10712 | 3.60 x 107°

vy | 166 x 10710 | 2,75 x 10710 | 1.14 x 10710 | 5.39 x 10710

vy | 410 x 1072 | 1.53 x 1071 | 6.33 x 10712 | 8.57 x 10710

spectrum for this system. It is indeed very challenging to test the validity of our
calculated spectral intensities against the experimental data, bearing in mind the
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approximations involved in our model calculation. In spite of these limitations, we
have to conclude that the calculated values for the overall oscillator strengths in
both absorption and emission are in remarkable agreement with experiment.

Deviation from the experimental data may be observed in the absorption
spectrum for this elpasolite, regarding the relative vibronic intensity distributions
for various electronic transitions. Several reasons have been given to account for
these deviations, however we have solid evidence that the role played by the normal
modes, including the coupling among the internal and the external vibrations is
a major cause of these deviations. It is therefore advisable to consider full lattice
dynamic calculations, including both the short and the long range interactions in
the crystal. The work in this direction is in progress in our laboratory.

4. Discussion

When these results are tested against the experimental data (when avail-
able), see Refs. [1, 13, 14, 19-22, 24, 25, 27, 28, 36] it is generally found that the
calculated overall oscillator strengths agree fairly well with those reported in the
literature. It is also observed that there is a particular distribution of the intensi-
ties due to the three false origins, from transition to transition, and there are cases
where this simple model calculation cannot reproduce satisfactorily the observed
vibronic intensity distribution f(v3) : f(v4) : f(ve). There are though some mecha-
nistic aspects which require more work. We may also anticipate several sources for
improvements of our intensity model. (a) The actual coupling among the internal
and the external modes must be taken into account. Also, the long range inter-
action terms, mainly Coulombic in character, should be included. (b) The quality
of the wave functions used in the calculation must be reviewed and there is an
urgent need to incorporate excited states of the lanthanide ions. (c¢) The closure
approximation needs to be relaxed and explicit inclusion of intermediate states is
needed and (d) we need to consider the mixing of vibronic states belonging to the
same irreducible representation with energy very closed to each other and that in
principle may involve the same vibronic origins. In spite of the above limitations,
which should be lifted it is seen that our model calculation is both useful and flex-
ible and can be applied to these complex radiative processes with a fair degree of
success. Calculations in similar systems are also in due course in our laboratories.
A close look at Ref. [14] indicates that for the absorptions, the overall oscillator
strengths for the various excitations considered in this work, agree remarkably well
with experiment and only for some individual vibronic origins (when considered
individually) deviations from experiment become important. This is not a reason
for concern, since it must be said that the model calculation used in the present
research work 1s suitable to accommodate vibronic intensities due to each and all
of the vibronic origins, so as to provide each vibronic transition an estimation of
the intensity ratios f(vs) : f(va) : f(vs).
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