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bstract

The main goal of this research work is to rationalize the rich vibronic structure of lanthanide type crystals, such as Cs2NaDyCl6 and Cs2NaHoCl6,
n the space group Fm3m(O5

h). These systems are known to be highly relativistic and as a consequence, major corrections to previous model
alculations should be taken into account so as to explain from a semi-quantitative viewpoint, the observed spectral intensities. We have decided to
ackle this study taking special care, of both the physics and the chemistry involved with special emphasis on the theoretical model to be employed
s well as, in the strategy to be followed to rationalize the available experimental data. This paper aims to advance our understanding of the intensity

echanisms, associated with observed radiative transitions, say for complex highly relativistic systems, in the solid state physics. The spectral

ntensities associated with superpositions (juxtapositions) of peaks and/or bands in the absortion and emission spectra are considered in detail and
preliminary working methodology is put forward with reference to the Cs2NaDyCl6 and Cs2NaHoCl6 crystals.
2008 Elsevier B.V. All rights reserved.
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. Introduction

It is well recognized that the elpasolite type crystals are rele-
ant for a series of studies in broad areas of linear and non-linear
ptics. The efforts of many research works have been focused
ith both the identification and assignments of new electronic

ransitions, in both absorption and emission at low temperature.
his is to avoid to the maximum extend phase transitions, the
resence of some unwanted impurities and to enhance some
ptical properties and their associated resolution. In this broad
rea of research, much attention has been placed upon energy
ransfer phenomena such as resonant energy transfer, diagonal
nd non-diagonal processes assisted by phonons, experimental

tudies, concentration quenching in stoichiometric crystals,
ross-relaxation involving different donor and acceptor species,
nergy transfer in transition metal–lanthanide systems and the

� This paper was mistakenly omitted from the Journal of Alloys and Com-
ounds special issue, The 6th International Conference on f-Elements (ICFE-6)
hich was published in Volume 451, Issues 1–2 of the journal.
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E-mail address: roberto.acevedo@umayor.cl (R. Acevedo).

r
o
t
d
T
i
h
s
s

925-8388/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2008.01.129
hoton avalanche. All of these areas have been the target of the
esearch efforts of many groups and several physical models
nd calculation methods have been described in the literatures
1–4]. We do realize that in spite of all of these attempts,
here is a need for more comprehensive and detailed studies of
he fundamental principles governing these processes. Along
hese lines, we have carried out a detailed literature search and
ave decided to advance our understanding of both new and
eneralized theoretical models, which results should indeed be
ested against the experimental data available. The theoretical

odels to be employed should, then include, a minimum
et of parameters to be fitted from experimental data (since
his data is either scarce or incomplete for the many systems
eported). Our understanding is that a supra parameterization
f the calculation model may obscure both the physics and
he chemistry of the problem we want to study and therefore
ecided to keep our model as simple and flexible as possible.
he results of the experimental data indicate that there is an
nherent complexity with reference to these systems so we
ave arrived to the conclusion that a more aggressive strategy
hould be considered so as to explain the observed rich vibronic
tructures associated with the spectra for these crystals.

mailto:roberto.acevedo@umayor.cl
dx.doi.org/10.1016/j.jallcom.2008.01.129
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Fig. 1. Ten atoms system model. Red: lanthanide (+3), green: chloride (−1),
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In this work, we deal with some complicated excitations
or the Cs2NaDyCl6 and Cs2NaHoCl6 systems, knowing that
lmost none of these excitations are expected to be pure and in
ost cases these are more likely to be explained as the result of

he superposition of several transitions which occur roughly at
he same energy.

In the current research work [1,2], we have chosen crys-
als of the lanthanide type for several reasons: (a) single site
ymmetry for the lanthanide ions, (b) pure octahedral coordi-
ation at room temperature, (c) isostructural for all lanthanide
nd halide combinations (F, Cl, Br) at room temperature, (d)
nly a very small perturbation from octahedral site symmetry
n the event of a phase transition, (e) pure electronic two-
hoton transitions are potentially electric dipole allowed and
f) large lanthanide–lanthanide separation in the crystal, equal
o a/

√
2, through space (or a through bonds) which reduces

anthanide–lanthanide interactions relative to simpler systems,
.g. LaBr3. Low temperature phase transitions from cubic to
etragonal symmetries have been observed in the Cs2NaLnX6
rystals and this symmetry descent has been studied carefully in
oth the chloride and bromide systems. A practical and useful
xperimental data indicates that for these A2BLnX6 systems,
hase transitions may be avoided by maximizing the size of the
+ and minimizing the size for B+, Ln3+ and X− ions.

. Vibronic model, discussion and results

The Cs2NaDyCl6 and Cs2NaHoCl6 systems: Our strategy
nd model calculation to be employed in the current work is
s follows [2,3]: (a) a 10-atom system model is considered
s representative of a sub-cell for the crystal, (b) as a result;
4 vibrational degrees of freedom should be included as well
s a one t1g-rotatory mode (inactive both in Raman and in
R). Thus, the vibrational representation of the normal modes
or the crystal may be partitioned as follows: �vib = �1g(S1) +
g(S2) + t1g(S3) + 2t2g(S4,S5) + 4t1u(S6,S7,S8,S9) + t2u(S10).

It is well recognized, that in order to make some progress
n the understanding of the electronic spectra for this type of
ystems, it is crucial to model a sensible and reasonable vibra-
ional interacting force field. It is then a challenge to work out a
roper description for the normal modes of vibrations, in order
o produce a sensible set of amplitudes of vibrations (i.e., the
-matrix, relating both the symmetry to the normal coordinates

or the crystal). We have undertaken, this study with reference
o the family of the stoichiometric lanthanide type crystals. This
as been done using a total of 72 internal coordinates and 98
nternal Hooke-type force constants [3].

In passing, let us emphasize that for these crystals, the exper-
mental data available is both scarce and limited; and this is
ndeed an awkward point to deal with and as a consequence
ome criteria should be introduce so as to choose a sensible
et of approximations, when dealing with spectral intensity cal-
ulations. Also, when this view is adopted, the results will be

pproximate and should, therefore be regarded as good as could
e expected from simple model calculations. At this point, it is
ppropriate to argue that our strategy is mainly focused to put
orward both simple and flexible models, which may prove to

a

t
s

lue: sodium (+1) and brown: cesium (+1). (For interpretation of the references
o colour in this figure legend, the reader is referred to the web version of the
rticle.)

e appropriate and useful to accommodate a number of terms in
he Hamiltonian for the system. When these simple ideas are put
nto practice, then an obvious starting point may be formulated
nd this suggests as a starting point the neglect of the coupling
etween the internal and the external vibrations for the whole
rystal (Fig. 1). We observe from this figure, that in this approx-
mate model (7-atoms system model) the coupling between the
nternal vibrations of the [LnCl63−] cluster, to the vibrations
ssociated with the Cs+ and the Na+ counter ions is considered
o be either too small or negligible. This approximation is hardly
pplicable to systems such as A2BLnF6, due to the significant
ispersion between the LO–TO, �1u-symmetry modes. In spite
f this fact, we may also add that for the Chloride elpasolite-type
rystals, this assumption is not too unrealistic and it is seen from
oth the emission and the absorption spectra that the most promi-
ent spectral features are associated with the odd parity normal
odes of the cluster. When this physical model is adopted to

escribe the most intense features in the spectra of these crystals,
e should bear in mind that the observed vibrational frequencies

re both temperature- and host-dependent.
It is customary, in the literatures [2–4], to employ the

ollowing convention for the odd parity frequencies, relating
he 10 to the 7-atom systems: ν6(10) ⇔ ν3(7,stretching–t1u),
7(10) ⇔ ν4(7,bending) and also: ν10(10) ⇔ ν6(7,bending–t2u).
urthermore, for the Cs2NaLnCl6 crystals; Ln = Pr, Eu, Tb, Dy,
o, Er, Tm, in several cases, the 10 fundamental vibrational

requencies νi(i = 1–10), corresponding the 10-atoms system
odel, have been collected and reported by Tanner [2] For illus-

rative purposes and simplicity of the vibronic model, we will
ssume that the hyper-surfaces corresponding to the terminal
tates of the excitation have roughly the same shape and are
nly vertically displaced to one another (along the totally sym-
etry normal modes of vibration; i.e. the breathing mode). Also

hat the energy gap between these states is large enough so as to

llow the use of the crude Born–Oppenheimer approximation.

Next and within the independent system model (ISM) [4],
he total transition dipole moment may be partitioned into a
um of two contributions, from both the crystal field and the
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Table 1
The Cs2NaDyCl6 crystal

Excitation f(ν3):f(ν4):f(ν6)

(1) �6 → �6 1.00:21.00:2.40 (n.o)
(2) �6 → �7 1.00:1.13:0.60 [1.00:–:0.20]
(3) �6 → a�8 1.00:0.00:0.08a
(4) �6 → b�8 1.00:0.20:0.80 [1.00:0.50:20.00]
(5) �6 → c�8 1.00:2.20:1.20b
(6) a�8 → �6 1.00:0.60:1.30 [1.00:1.00:0.20]
(7) a�8 → �7 1.00:2.80:1.70c
(8) a�8 → �8 1.00:74.00:0.50 [1.00:0.50:–]
(9) a�8 → b�8 1.00:0.50:0.40 [1.00:0.70:0.30]
(10) a�8 → c�8 1.00:2.20:1.80 [1.00:1.20:1.20]

Spectral intensities (estimated values; a: only the �6 → a�8 + ν3 transition is
observed; b: only the �6 → c�8 + ν3 excitation shows a medium intensity, c;
no experimental data available, (n.o): not observed. The overall values for the
o
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igand polarization models. It is therefore straightforward to
how that the dipole strength should be written as D1→2 =

CF
1→2 + DLP

1→2 + D
(Cf.LP)
1→2 .

Furthermore, it is well known, that the interference terms
(CF,LP)
1→2 is a signed quantity, though special care should be

laced upon the choice of the phases for both eigenfunctions
nd operators [3,4].

.1. Vibronic intensities for the Cs2NaDyCl6 system

A vast amount of spectroscopic experimental data is avail-
ble from Tanner et al. [5,6], and references there in, from
mission and absorption, for systems such as: (a) dilute
nd doped Cs2NaGdCl6:DyCl63− and (b) pure stoichiometric
s2NaDyCl6, in the temperature range: 5–300 K. With reference

o the emissions, the following excitations have been consid-
red: 4F9/2 → 6HJ(J = 15/2,13/2,11/2,9/2). Do observe that for
he sake of simplicity, we have chosen to use the notation for the
ree ionı̌ spectroscopic terms (2S+1LJ). We have diagonalized
he energy matrix and obtained a set of representative sym-

etry adapted wave functions in the group–subgroup chain:
O3 ⊃ Oh, so as to estimate both the total and the relative
ibronic intensity distributions for the excitations quoted above.
he details of the calculations are not given here, for the sake
f brevity, though could be obtained upon request from RA. A
ine emission spectrum at 20 K has been reported for the doped
s2NaGdCl6:DyCl63− system, where the assignments are given
nd the various peaks labelled from 1–41 [6].

Also the vibronic origins for the �6 → a�7,b�7,�6 exci-
ations were located at 17,376, 17,295 and 17,213 (in wave
umbers). Our model is based upon a hamiltonian which
ncludes terms such as: monoelectronic effective, bi-electronic
electron–electron repulsion terms), the spin–orbit (this is by far
he most important relativistic term in the Hamiltonian) and the
on-relativistic crystal field operators.

Next, and after some extensive and hard algebra, we proceed
o list the estimated values for the oscillator strengths and relative
ibronic intensities for a number of vibronic transitions, (7-
toms model and a truncated expansion for the Hamiltonian), see
able 1. The excitations are labelled for the sake of brevity as fol-

ows: (1) �6 → �6, (2) �6 → �7, (3) �6 → a�8, (4) �6 → b�8,
5) �6 → c�8, (6) a�8 → �6, (7) a�8 → �7, (8) a�8 → a�8, (9)
�8 → b�8 and (10) a�8 → c�8. The values for the oscillator
trengths for each false origin in a given transition is labelled as
*(νk), and are given in units of 2(C4/e)2 = 4.832 × 10−3, where
k = 2e2

〈
rk

〉
ff

/(�E)Rk+1
0 . In this notation, “e” is the elec-

ron charge, 〈rk〉ff corresponds to the expectation value of rk

etween two 4f radial functions, �E is some kind of average
nergy involving the associated values for the terminal and the
ntermediate electronic states.

Some remarks from the results quoted in Table 1 are as fol-
ows: Transitions: (1) the estimated intensities are too small and

o experimental data is available, (2) this excitation is most
ikely to be no pure and therefore it could be obscure by a mag-
etic dipole excitation corresponding to a�8 → b�8, (3) from
xperiment, only the �6 → a�8 + ν3 excitation is reported, (4)

m
t
m
i

scillator strengths associated with the above ten electronic transitions range
rom 15 × 10−9 to 9.47 × 10−7) for the |(4F9/2)��k〉 → |(6H15/2)��l〉 + νm tran-
itions.

he vibronic transition �6 → a�8 + ν6 shows a similar intensity
ith respect to the a�8 → c�8 magnetic dipole transition and

t is rather intense, therefore the �6 → a�8 + ν6 excitation is
ikely to be obscured in that energy region, (5) this corresponds
o a situation in which only the �6 → a�8 + ν3 can be observed,
6) here, the transition a�8 → �6 + ν3 appears as a shoulder,
mbedded in a very intense transition, (7) there is no experi-

ental evidence, (8) in this case, the intensities associated with
he a�8 → a�8 + νk for k = 4, 6 are, rather overestimated by this

odel, (9) this is a magnificent example, where the estimated
ntensities agree fairly well with experiment and (10) this is also
good test for the model.

It is observed that the overall agreement between the esti-
ated and the observed spectral intensities is fair, though the

ntrinsic limitations of this simple model calculation. Further
efinements, should be introduced and a generalized vibronic
odel using the 10-atoms system model employed. Our belief

s that the L–matrix relating the sets of symmetry to the nor-
al coordinates for the crystal plays a major role so it is crucial

o reformulate the whole model and to work out some kind of
ibronic lattice dynamic approach. A substantial amount of work
long these lines is in progress in our laboratory and we have
anaged to work out a sensible description for the dynamic
atrix, by including the short, the medium and the long-range

nteractions for the elpasolite type crystals.

.2. Vibronic intensities for the Cs2NaHoCl6 system

For this system, there is a number of experimental studies
7–12] and a set of interesting vibronic transitions which deserve
o be studied, nevertheless based upon our previous experience,
e have chosen the excitation at about 488 nm corresponding

o the 5F5 → 5I7 emission. This is due to the fact that the ter-
inal electronic states have the same spin multiplicity and one

ight reasonably expect a rather clean and well-resolved spec-

rum. We have found that the corresponding vibronic transitions
ay be, to a good degree of approximation be located as given

n Table 2. We have therefore decided to study and to eventu-
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Table 2
The Cs2NaDyCl6 crystal

Excitation false origins ν3 ν4 ν6

(1) a�4 → �2 9890(18) 10,036(11) 10,059(9)
(2) a�4 → �3 9857(20) 10,003(13)1 10,026(12)2

(3) a�4 → a�4 9981(14)3 10,127(5) 10,150(4)4

(4) a�4 → a�5 9981(14)3 10,127(5) 10,150(4)4

(5) a�4 → b�4 9829(21) 9,975(14)3 9,981(13)1

(6) a�4 → b�2 9877(19) 10.023(2)2 10,046(10)

The |(5F5)��k〉 → |(5I7)��l〉 + νm transitions energy levels and assignments
(lines labelled as 12, 13 and 14 do match with vibronic transitions of the
�
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k → �l + νm, and this point should not be overlooked when dealing with the
ibronic intensity distributions and overall oscillator strengths. The energy val-
es are given in cm−1).

lly put forward a strategy to deal with the overall intensities of
xcitations due to the superposition of additional feature in the
pectra. As it is seen, the lines labelled as 12, 13 and 14 match
erfectly well with excitations of �1 → �2 + ν3 and this should
e taken into account when the theoretical predictions are dis-
ussed. We may argue that the observed total oscillator strengths
re, indeed a measure of the surface under each curve associated
ith a peak of the transition in study and therefore, a kind of

ummation of these surfaces should be carried out, when deal-
ng with theoretical and experimental studies (non-pure vibronic
ransitions). For the sake of completeness and brevity, we list an
stimate of the vibronic intensity distributions; associated with
hese excitations, see Table 3. The notations is as follows: (1)
�4 → �2, (2) a�4 → �3, (3) a�4 → a�4,a�2, (4) a�4 → b�4
nd (5) a�4 → b�5.

The experimental values are shown in square brackets and
he summation corresponding to each of the vibronic transitions
hould be handled with most care.

This procedure must be carried out considering at the very
east the orbital degeneracy for the electronic states involved in
he overall transition. A complete review for this system will
e discussed somewhere else, with reference to similar sys-
ems. The lack of space precludes us of considering in detail
he methodology employed, however we have pointed out the
eed for considering in an explicit way the superposition of
eaks in a given spectrum for this kind of complex stoichiometric
anthanide systems.
In this short paper, we aim to suggest a possible way to
eal the superposition of vibronic transitions. We could improve
his calculation by taking into account a more expanded basis
et and some other small refinements in the model. Although

able 3
he Cs2NaHoCl6 crystal

xcitation f(ν3):f(ν4):f(ν6)

1) a�4 → �2 1.00:10.00:23.00 [1.00:5.00:6.00]
2) a�4 → �3 1.00:1.00:0.80 [1.00:4.00:4.00]
3) a�4 → a�4,a�5 1.00:1.80:1.50 [1.00:0.60:1.50]
4) a�4 → b�4 1.00:63.00:150.00 [1.00:7.00:3.50]
5) a�4 → b�5 1.00:1.70:0.60 [1.00:2.50:4.00]

he |(5F5)��k〉 → |(5I7)��l〉 + νm transitions vibronic intensity distributions
superposition effects included).
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he intrinsic limitations of our current approach, we may argue
hat, the scheme is plausible and may be employed to deal with
hese complex excitations from a theoretical viewpoint. Further
mprovements are indeed also needed and work in this direction
s in progress in our research group. It must be emphasized that
ur model is based upon a minimum set of adjustable parame-
ers so as to keep both the physics and the chemistry as clean as
ossible, using simple ideas and a scarce and most of the times
ncomplete set of experimental data. The overall total oscillator
trengths are within the order of magnitude as expected so we
ave focused our attention upon the observed relative vibronic
ntensity distributions for some selected non-pure vibronic exci-
ations, (where a superposition of excitations is most likely
o occur and therefore to influence the observed intensi-
ies). Some additional details may be obtained upon request
rom RA.

. Conclusions

The calculations carried out in this research work show that
or some lanthanide type crystals, the 7 atoms approximation
ay be employed with a fair degree of success. In all of these

ituations, we have assumed that the coupling between the inter-
al and the external vibrations is either small or negligible.
hough, we recognize that this is not true for systems such as:
2BLnF6 crystals in the Fm3m space group, since the observed
ispersion between the LO–TO modes is large enough to make
his model unrealistic. For these latter systems, the calculation

odel must be generalized to include all contributions (short up
o long-range) interaction terms in the dynamic matrix. This
s a magnificent piece of work, currently in progress in our
aboratory.

Our experience indicates that it is necessary to improve our
nowledge about the description of the normal modes of vibra-
ions so as to have a better description of the vibrational factors
hich play an important role as far as the vibronic intensities

re concerned. Finally but not at last, the two Cs2NaDyCl6 and
s2NaHoCl6 lanthanide type systems studied in this work, have
een reasonable modeled and the estimated relative vibronic
ntensity distributions reproduced with a fair degree of suc-
ess. A step in this direction has been achieved and we have
anaged to work out a strategy and model to deal with the

ibrations of the 10-atom model as described somewhere else
3].

Deviation from experimental data may always be explained
ased on an incomplete set of experimental data and the simplic-
ty of the model. Any supra parameterization scheme has been
voided throughout the course of the current work.
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