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W e repor t exp lici t vi bro nic inten sit y calculatio ns for t he
Ù
Ù

˜

Ù
Ù

˜
excitation s in the C s N aErC l elpasoli te-typ e systems , based upon

new and updated experimental data, obtained from optical absorption mea-

surements made at 10 K , in the energy range from 6,000 up to 26,000 cm .
Our calculati on model is a generali zatio n of the vibronic crystal Ùeld- li gand
p olarizati on metho d and the calculati on is perf ormed using a minimum set of

ad j ustable parameters | all and each of them have a clear physical meaning.
Our strategy w as chosen so as to make a signiÙc ant distincti on w ith previ-
ous calcula tion s, perf ormed by other authors, w ho have worked out a model
originated from a supra- parameterized scheme, w ithin the framew ork of the

superp ositi on model of N ewman. T hroughout the course of the current work,
it is show n that our mo del is suitabl e to handle this kind of calculati ons and
also that the numerical results obtained are in fairly good agreement w ith

experiment.

PAC S numb ers: 32.70.C s

1. I n t rod uct io n

Vi bronic side bands are usual ly associated wi th electri c dipole tra nsi ti on
m oments in centro sym metri c rare-earth systems. Several pi oneer calcul ati ons cor-
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respondi ng to vi broni c line strengths for these system s have been devel oped in a
col lecti on of papers by Judd [1], R ichardson and co-workers [2{ 5] and Satten et
al . [6]. In these research wo rks, both the stati c and the dyna m ic contri buti ons to
the to ta l tra nsiti on di pole m oments were incl uded, and a calcul ati on scheme was
devel oped to param eteri ze the energy m atri x as well as to m odul ate the observed
spectra l intensi ti es. In al l of these calculati ons, we have employed a seven atom
m odel system (7-ato ms), such as Ln X 3 À

6 , where the Ln 3 + ions are associated wi th
octahedra l sites of sym m etry and are di rectl y bonded to a to tal of six hal ide ions.
Ho wever, less attenti on has been focused on non-centro sym metri c com plex ions,
tho ugh the m odels developed by Richardson et al . [2{ 5] are, in pri nci ple, suita ble
to accom modate any group{ subgroup sym metry chain. It must be said tha t the
vi bro nic side bands in non-centro sym metri c crysta ls are substa nti al ly weaker tha n
the pure zero pho non l ine (0 ! 0 0 ), tho ugh some stro nger vi bro nic features are
also to be expected. In passing, let us say tha t the weakness of vi bro nic l ines in
system s such as Eu 3 + in LaNbO 4 were observed [7], neverthel ess som e stro nger
vi bro nic l ines were also reported for other lantha ni de(3+) typ e com pounds [8], to
a certa in extent som ehow unexp ected. Al so some stro nger vi bronic l ines have been
attri buted to the 6P 7 = 2 = emission for the Gd ion, as reported by Bl asse
and Bri xner [9]. A general concl usions may be stated as fol lows: the intensi ti es
of vi broni c tra nsi ti ons m ay di ˜er by, say an order of m agni tude or so, depending
up on the host latti ce.

There is also avai lable some sol id evidence, whi ch indi cates tha t the vi bronic
spectra of system s such as Eu(AP) I and Eu(AP) (Cl O ) in centrosym m etri c
envi ronm ents, show up the appearance of stro ng vi bro nic lines, m ost pro babl y
associ ated wi th hi gh-energy interna l l igand vi brati ons, thei r intensi ti es being com -
parable wi th the tra nsi ti on com bined wi th the m etal chro m ophore [10]. In a latter
wo rk by Str ²k et al . [11], these autho rs to ok a general vi ew of the general pro blem
of vi bro nic tra nsiti ons in lantha ni de(3+) typ e com pounds wi th reference to sys-
tem s, in whi ch interna l l igand vi bra ti ons m ay be observed. The strateg y fol lowed
by these autho rs wa s based up on the independent system model for whi ch both
the stati c and the dyna m ic contri buti ons to the dipole streng ths are ta ken into
account. The m ain goal of thei r research was to work out identi ti es to estimate am -
pl i tude of vi bronic tra nsi ti ons associated wi th the interna l l igand vi bra ti ons. They
showed tha t the second-order theo ry is not adequate to rati onal ize the presence
of hi gh-energy phonon side bands in connecti on wi th these vi brati ons. It is also
to be noti ced tha t the lowest order non-vani shing term s, whi ch are m ost likel y to
accom modate the l igand vi brati ons, are deri ved from a thi rd- order perturba ti on
calculati ons and, as a result, i t is stra ightf orward to concl ude tha t the intensi -
ti es associated wi th these vi broni c l ines should be weaker. Further studi es were
perform ed by Fl int and Greenough [12] for Cr(3 +) compl ex ions, in octahedra l
sym m etry and also by Berry and co-work ers [10] wi th reference to system s such
as Eu(AP) X . In a subsequent wo rk, Acevedo et al . [13, 14] showed tha t as for
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search work was carri ed out wi th reference to the two absorpti ons, nam ely the
À 6 ( 2F 7 = 2 ) ! ( À 7 ; À 8 )( 2

= ) + k , involvi ng the three odd pari ty norm al m odes of
vi bra ti ons for the YbCl clusters. In a recent paper, Acevedo and co-workers [27]
reported vi broni c calcula ti ons for the ( = ) k ( = ) l emissions of the
Er ion, in the Cs NaErCl elpasol i te- typ e system .

Previ ous experim ental and theo reti cal studi es, perform ed by R ichardso n et
al . [19, 28] and referencestherei n, using a ful l param eteri zati on appro ach, obta ined
an accuratel y determ ined set of energy levels for the Cs Na ErCl system, up to
about 26,500 cm . Al so these autho rs based upon these results (eigenvalues and
eigenfuncti ons) decided to work out tra nsiti on dipole m agneti c mom ents, whi ch
are shown to be in cl ose agreement wi th the experim ental data . Our appro ach [27]
wa s based upon sim ple m odel calculati ons for som e selected excita ti ons of Er
ion, in the above menti oned host.

W e concl uded in pri ncipl e tha t there are several sources for disagreement
between the reported experim ental data and our theo reti cal predi cti ons. In order
to expl ain som e discrepanci es, we m ay also argue tha t the reported assignm ents
for a vari ety of peaks in the spectra is very l ikely to corresp ond to a j uxta positi on
of vi broni c tra nsiti ons, ra ther tha n unambiguously determ ined exci ta ti ons. There
are tho ugh som e com plexi ti es whi ch shoul d be worked and analyzed further and
m any of the appro xi matio ns were studi ed so as to accomm odate a numb er of
facto rs whi ch are kno wn to play a substanti al ro le in the general theo ry of vi bronic
tra nsiti ons and thei r intensi ty mechanism s. We appreci ate the need for further
and deeper theoreti cal works along these lines, and we have decided to study the
( = ) ( = ) tra nsiti ons in the Cs NaErCl typ e elpasol ite.

The choice of these exci ta ti ons was inÛuenced mainly by the rather unex-
pected intensi ty for these excita ti ons, for whi ch the stati c selection rul e Â = 6 i s
operati ve. New and updated experim enta l data for thi s system has been reported
by Cro oks et al . [29]. These autho rs reported the opti cal absorpti on m easure-
m ents at 10 K for the Cs Na ErCl elpasoli te in the energy range from 6,000 to
26,000 cm . Thei r calcul ati on was based upon wha t these autho rs regard as abso-
lute line intensi ti es for a numb er of tra nsi ti ons, and employi ng a vi broni c version of
the m etho d of Newm an [22] they worked out a set of opti m ized intri nsic intensi ty
parameters f or the ErCl com plex ion. The m odel wa s tested and thei r results,
at Ùrst glance, showed tha t the num erical overa ll agreement between exp eriment
and the theo reti cal predi cti ons seems to be reasonable. In spite of thi s apparent
success, these autho rs claim tha t the signs of the Ñ

t
param eters agree f or al l odd

pari ty m odes, wi th the excepti on of the sign for param eter, associated wi th
the -bending m ode ( ) . In thei r paper, the autho rs claim ed tha t the overal l
signs for the intri nsic parameters Ñ

t
are consi stent wi th the signs found in other

m ateri als and for the zero-pho non case. In vi ew of these and related calcul ati ons,
perform ed som ewhere else, we decided to ta ckl e the vi bronic intensi ty calcul ati ons
for a num ber of tra nsiti ons for whi ch the stati c selecti on rul e Â = 6 becomes
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calculati ons of vi bro nic intensi ti es in the rare earths (R eZ2 À

6
) and the lantha nide

(LnZ 3 À

6
) hal ide compl ex ions. Sim ilarl y, and over the last two decades, our group

has been engaged in spectra l intensi ty calcul ati ons for the elpasol i te-typ e system s,
usi ng a general ized version of the vi bronic crysta l Ùeld-wi th and wi tho ut invoki ng
cl osure appro xi matio n- ligand polarizati on m odel [26, 31{ 33].

As we expl ained in Sec. 1, we have decided to develop both a vi bronic
m odel and a calcul ati on m etho d to account for the observed intensi ti es of the
j ( 4S 3 = 2 ) À ( = ) ( = a b c) emissions in the Er(3 +) elpaso-
l i te- typ e system . It is interesti ng to real ize tha t on the basis of new and updated
exp erimenta l data [29] we observed tha t these exci ta ti ons exhi bi t overa l l oscil la-
to r streng ths of about 1 0 , and based up on theo reti cal considerati ons, we real ize
tha t for these tra nsiti ons a one-step m echanism path, connecti ng the term inal elec-
tro nic states, is m ost l ikely to induce intensi ti es in the range of 1 0 to 1 0 ,
and theref ore further theo reti cal wo rk is needed.

As we showed in Sec. 2, the Cs NaErCl elpasol i te system belongs to the
space group 3 (

h
) , and the Er ions occupy octahedra l sites of sym me-

try . The vi bra ti onal sym metry species for these crysta ls are as fol lows [34, 35]:
Na ( ) Cs ( + ) and for the ErCl cl usters, we obta in the vi bra ti onal
representa ti on: = ( ) + ( ) + ( ) + ( ) + ( ) + ( ) . It
can be noti ced tha t, in addi ti on to the Ùfteen degrees of freedom for the clusters,
there are four latti ce m odes accordi ng to the f ollowi ng symm etry species: 2

(IR acti ve), (R aman acti ve) and (inacti ve). In a classic paper, Lentz [34]
and latter Ni ng et al . [35] discussed the vi bra ti ons f or both the A B X and the
A BB X crysta ls. W hen a m odi Ùed version of a valence typ e f orce Ùeld is em-
pl oyed, a to ta l of ten unkno wn interna l force constants are needed to estim ate
the funda m ental vi brati ons in the = point. In these tw o papers [34, 35]
the nota ti on intro duced by Lentz for the sym m etry coordi nates is preserved:

i = 1 10 so as to describe the sym metry coordi nates (a long the polariza-
ti on di recti on of the crysta l ). W hen thi s nota ti on is adopted, the symm etry blocks
become: ( 1 1) ( 1 1) ( 1 1) ( 4 4) ( 2 2) , and ( 1 1) .

The next step is to Ùnd a sui ta ble potenti al energy functi on and by means of
a semi-empiri cal m etho d to solve the vi bra ti onal equati ons of moti on, whi ch wi l l
eventua l ly lead us to solve the secular determ inant = 0 [36, 37]. As
for the intensi ty calcul ati ons, we are interested in obta ining the odd pari ty norm al
m odes of vi bra ti ons for the system . A proper stra tegy inv olves solvi ng the dyna m ic
m atri x, incl udi ng both the short- and the long-range intera cti on term s. Thi s is
indeed a m ajor ta sk and a fai rl y compl ete set of new and updated exp erimenta l
data for the crysta l is requi red pro mptl y.

A zero-order calcul ati on, incl udi ng only the short- range intera cti on contri bu-
ti ons to the dyna mic m atri x, was perform ed f or a series of selected elpasoli te- typ e
system s by Ni ng et al . [35]. Thi s calcul ati on wa s carri ed out for lantha nide el-
pasol i te system s, usi ng data obta ined from room tem perature to 10 K. Al so, the
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Thus for the j ˜ 1 ( L 1 S J 1 ) À 1 Û1 l i ! j ( ) electronic tra nsiti on,
the -th com ponent to the tra nsiti on dipole m oment (VCF- closure-m odel ) be-
comes

=
2

Â
( ) ( ) ( 1 )

( 1 )

( ) ( ) ( ) (1)

Next, when the symm etry adapted vi bro nic crysta l Ùeld coe£ cients

[ ] are intro duced, we m ay wri te the identi ty

( ) ( ) ( )

= [ ] ( ) ( ) (2)

where

[ ] = ( 1 )

( )

( ) ( )( 1 ) (3)

Ful l ta bul ati ons for the vi broni c crysta l Ùeld coupl ing constants ( ) ,

the symm etry adapted -coe£ cients, the coupl ed vi bro nic operato rs ( ),
the 3 -sym bols, and the sym metry coordi nates may be found in [33, 38{ 40] and
ref erences therei n. Al so, further deta i ls and ta bul ati ons m ay be obta ined upon
request from R.A.

3.2. T he vi broni c li gand polar izat ion model (V LP- model)

For isotro pi c l igands, the dyna m ic contri buti on to the to ta l tra nsiti on di pole
m oment adopts a rather sim ple form . Thus, the -th vector component m ay be
wri tten as given below

= ( 1 ) ( )

( ) ( ) ( ) (4)
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(energy levels for the Cs2 NaErCl 6 and Cs2 Li ErCl 6 elpasoli tes) and to Fi g. 4 (l u-
m inescence spectra of the Cs2 NaErCl 6 and Cs2 Li ErCl 6 elpasol i tes at 20 K), in
R ef. [48], for deta i ls of the assignm ents and spectra l intensi ti es between 18.200
and 17.660 cm À 1 . It is clear from these exp erimenta l wo rks tha t all and each of
the assignm ents have been done on the basis of a sim ple and di rect one-photo n
tra nsiti ons, assisted by the odd pari ty norm al m odes of the ErCl 3 À

6 clusters in these
elpasol i tes. It m ay also be observed from the spectra reported by Richardson et
al . [19] and T anner et al. [48] tha t the understa ndi ng of the intensi ty m echanisms
associ ated wi th the 4 and the emissions is by no
m eans a tri vi al ta sk, by employing a simpl e and di rect one-photon m echani sm.

As we shal l see, the observed spectra l intensi ty for the assigned exci ta ti on
is about (som ehow an unexp ected high value for the oscil lato r strengths. A
stati c selection rul e is in thi s case operati ve and theref ore, a conventi onal
and stra ightf orw ard calcul ati on would be both inadequate and unreal isti c). In thi s
research paper, we have decided to focus our attenti on upon the
emissions in the Cs NaErCl crysta l , for whi ch a conventi onal calcul ati on woul d
pro duce a calcul ated oscil lator streng ths in the range of .

New and updated exp erimenta l data [29] indi cates tha t the observed over-
al l spectra l intensi ti es are at least one order of magni tude stro nger ( ) and
we also noti ce from the spectra tha t the associated vi broni c structure is rich.
As i t was to ld previ ously, the assignm ents have been made on the basis of a vi -
bro nic, one-photo n electri c dipole mechani sm inv olving tra nsiti ons of the typ e:

.
The m ain goal of thi s research work is to focus our attenti on upon tho se

m echani stic factors, whi ch are m ost l ikel y to both inÛuence and determ ine the
observed oscil lato r streng ths for thi s typ e of systems. Our mechanisti c assumpti on
to account for the observed spectra l intensi ty should be regarded as a Ùrst attem pt
to remove many of the appro xi m atio ns employed in previ ous vi broni c intensi ty
calculati ons for a vari ety of system s.

D ue to the fact tha t for these excita ti ons the selection rul e is op-
erati ve and also tha t the reported spectra l intensi ty is about [29], we wi l l
assume a \ two- step quantum jum p" as the intensi ty m echanism, whereby the

emissions acqui re thei r intensi ti es from a radiati ve path,
given by the chain: , wi th ful l parti cipati on
of tensor operators of ranks 4 and 2, respectively.

W hen the above intensi ty mechanism is adopted, the overal l
emissions borro w thei r intensi ti es f rom two sources, namely the

and the exci ta ti ons. Next and
for the sake of sim pl icit y in the nota ti on, we wi l l label the term inal electro nic
states as fol lows: and .

W ithi n the fram ework of thi s pro posed intensi ty m echanism, the tra nsi ti on
di po le m oment may be (wi thi n the constra ints of our assumpti on) parti ti oned into
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L =

0

@
L 3 3 L 3 4 0

L 4 3 L 4 4 0

0 0 L 6 6

1

A : (11)

Further and for the sake of compl eteness and simpl ici ty, we wi l l intro duce
the quanti ti es for = 3 , 5, 6 and = CF or LP, and we wri te the tra nsfor-
m ati ons

0

@

1

A =

0

@
0

0

0 0

1

A

0

@

1

A where = 0 1 (12)

It is im porta nt to real ize tha t the mixi ng in of the two m oiety sym m etry
coordi nates is essential to describe the norm al m odes of vi brati ons f or the ErCl
cl uster in the Cs NaErCl .

The extent of the mixing depends cri ti cal ly upon the deta i ls of the vi bra ti onal
force Ùeld ( ). In thi s work we fol low the conventi on put forwa rd by Gri £ th, for
point m olecular groups [41, 44], and the com ponent of the electri c dipole operato r
in the natura l basis is rel ated to the Cartesi an basis as fol lows:

0

@

1

A =

0

@
0

+ 0

0 0 1

1

A

0

@

1

A (13)

In T able I I we col lect to gether both the crysta l Ùeld and the l igand
polari zati on electroni c factors, see Eqs. (9) and (10).

Next a close look at Eqs. (9){ (12) suggests tha t the tota l oscil lato r strength
for each of the vi broni c ori gins m ay be wri tten as f ollows:

( ) =
X £ h i

+

h i
+ 2

h± ² ± ²i ¥

0 1 = + + (14)

The above identi ty indi cates tha t the to ta l oscil la tor strength for each vi -
bro nic ori gin ( = 3 4 6 ) is m ade up of three term s: the crysta l Ùeld (VCF),
the ligand polari zati on (VLP), and the interf erence (CF, LP). The latter coupl ed
intera cti on term results f rom the coupl ing among the crysta l Ùeld and the l igand
polari zati on tra nsiti on dipole mom ents.

It is interesti ng to bear in mind tha t thi s so-cal led interf erence term is a
signed quanti ty, and theref ore i t m ay ei ther sum or subtra ct intensi ty f rom the
di agonal term s VCF and VLP , respectivel y.

The above discussion is relevant and theref ore we shoul d choose the pha ses
of both the wave functi ons and the tensor operato rs correctl y to obta in the ri ght
sign for thi s cross term (CF, LP). Furtherm ore, a close look at T able II indi cates
tha t in uni ts of the electron charge the electroni c f actors for = CF or
LP , = 3 4 6 and = 0 1 have been expressed in term s of quanti ti es such as:
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TABLE I I IA
Total oscillator strengths and relative vibronic intensities. T he j ( 4S 3 = 2 ) À 8 i !

j (
4 emissions for the C s N aErC l crystal.

The emission

0.01269

Oscillator strengths 0.02873

0.03948

Interm. Exp erimental

0.000766 5 0.0006091 0.0000553

0.0005926 0.0012842 0.0012199

0.0006510 0.0000804 0.0004896

0.0005419 0.0010084 0.0008646

0.0025520 0.0029821 0.0026294

Total oscill ator strength: in units of

The emission

0.01286

Oscillator strengths 0.02911

0.03999

Interm. Exp erimental

0.0005414 0.0014992 0.0013997

0.0016769 0.0014002 0.0022554

0.0034336 0.0308100 0.0141085

0.0016834 0.0530646 0.0057426

0.0073353 0.0867740 0.0235062

Total oscill ator strength: in units of

The emission

0.01288

Oscillator strengths 0.02915

0.04005

Interm. Exp erimental

0.0016242 0.0000466 approx. 0

0.0062545 0.0113627 0.0007730

0.0059531 0.0029733 0.0012936

0.0016110 0.0017752 0.0086588

0.0306428 0.0161578 0.0107254

Total oscill ator strength: in units of
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TABLE I I IB

Data set and calculated crystal Ùeld energy levels.

Parameter values C oe£cient values

h r
2

i = 0 :2 32 5 È 10
À 1 6 cm2 C F: C

cm LP:

Er C l 2 70 ¡A

aproximately 90,000 cm

V ibrationa l parameters

cm

cm

cm

C rystal Ùeld energy levels

18,265 cm

10,151 cm

10,176 cm

10,182 cm

10,208 cm

0 cm

25 cm

55 cm

257 cm

284 cm

T ABLE IV
Total oscill ator strength and experimental and calculated vi-

bronic intensity distributi on for
excitations.

Excitations

0. 519 1.00 1.00 1. 00

0. 929 1.79 1.73 0. 53

0. 279 0.54 1.65 0. 35

exp. [29], cal. [29] , this work

in fai r agreement both the to ta l and the relati ve vi broni c intensi ty distri buti on for
thi s exci tati on.

W e also argue from T abl eI I I tha t our m odel is able to predi ct spectra l inten-
siti es wi thi n our expectati ons f or al l the exci ta ti ons inv olved in the

tra nsiti ons. For al l the exci ta ti ons, the so-cal led exp erimenta l values
have been estimated, assuming a Gaussian shape for the absorpti on band, and
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