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In t his w ork w e rep ort both exp eriment al and theoreti cal studies re-
garding the C s2 N aT mC l6 elpasoli te- t yp e system , for w hich w e have an up-

dated database from linear and nonline ar optics . Both the absorption and
the emission spectra for this system are rather complicated and a generali zed
vibroni c crystal Ùeld-closu re-li gan d polarizati on calculatio n mo del has been

employed to rationali ze the observed spectral intensities. T he calculati on has
b een carried out by neglecting the interaction among the internal and the
external vibrations and theoretical calculati ons have been perf ormed w ith
ref erence to both the emissions 3H 4 ( À i ) 3F 4 ( À j ) and the absorption s
3
H 6 ( A 1 )

3
F 4 ( À i ) ;

1
G 4 ( À i ) ;

3
H 5 ( À l ) with À k ( k = i; j ) = A 1 ; E ; T 1 ; T 2

and À l = E ;
a
T 1 ;

b
T 1 ; T 2 . The advantages and disadv antages of our model

calculati on are discussed in the text, and despite the simpli city of the model

it is shown that it has got some utili ty and Ûexibi li ty to gain understandin g
in these complex phenomena.

PAC S numb ers: 32.70.Fw

1. I n t rod uct io n

The m ain goal of the current research work is to report both exp erim en-
ta l and theoreti cal studi es, regardi ng lum inescencem ateri als of the elpasoli te- typ e
system , such as Cs NaLnCl , for whi ch an updated database has become avai lable
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from l inear and non- l inear opti cs. These system s show very com plex absorpti on
and emission spectra and the need for developi ng new theo reti cal models is a pri -
ori ty so as to advance the state of the art in thi s area of the sol id state physi cs.
The paper has been di vi ded into two secti ons; one of them devoted to som e ex-
perim ental aspects of both the synthesi s and the structura l characteri zati on of the
Cs2 NaTm Cl 6 crysta l , and the other rela ted to the rati onal izati on of the observed
exp erimenta l data associated wi th both the absorpti ons and the emissions spectra
for thi s system . Thus, we report the synthesi s and structura l characteri zati on for
thi s elpasol i te and i ts crysta l lographi c param eters, whi ch have been reÙned using
the Rietvel d m etho d. Thi s new experim ental data may be uti l ized to gain under-
standi ng of the m echanisti c factors (electroni c and vi bra ti onal ), upon whi ch the
spectra l intensi ti es and the m ain spectra l features depend on. D ue to the com plex-
i ty of both the absorpti ons and the emissions spectra , we have carri ed out theo -
reti cal calculati ons of the radiati ve processesassociated wi th both the emissions
3 H4 ( À i ) !

3F 4 ( À j ) and the absorpti ons 3 H A F À i ; G À i ; H À l

wi th À k k i; j A ; E ; T ; T and À l E ; aT ; bT ; T . Furtherm ore, al l other
e˜ects, such as dispersion (essenti al ly electrostati c in character), deta i ls of the
short range intera cti ng vi bra ti onal force Ùeld and Jahn{ T eller di storti ons are di s-
cussed in the text. It is shown tha t the overal l agreement between our theoreti cal
predi cti ons and experim ent is sati sfactory f or both the relati ve vi bro nic intensi ti es
and the to ta l oscil lato r strengths for a set of selected tra nsiti ons. W e also discuss
the most l ikely sources for impro vement.

2.1. Prel imi nar y remar ks

There is a vast am ount of experim enta l data f or both pure and doped sto i-
chi om etri c elpasol i te system s [1{ 3]. The experim ental data available is, in general ,
of good qual i ty and fai rly accurate and has been obta ined from l inear and non-
l inear opti c techni ques. In thi s work, we aim to further test the appl icabi l it y and
Ûexibi l ity of our current m odel calculati ons: vi bronic crysta l Ùeld-closure-l igand
polari zati on (VCF- closure-LP) model. We also have proceeded to exam ine the
contro l led synthesi s and to study both the structura l and spectro scopic character-
izati ons of the neat elpasol i te Cs NaTm Cl . W e report, theref ore, new and updated
data whi ch wi l l beempl oyedto underta ke studi es on both the electroni c and the vi -
bra ti onal factors, up on whi ch the spectra l intensi ti es observed in the lum inescence
spectra depend upon [4{ 9]. The m echani stic aspects rela ted to the rates of decay
for radiati ve tra nsiti ons in system s such as Cs NaLn Z , where Z F ; Cl ) are
of our interest and expl ici t calculati ons inv olving these highl y relati vi stic heavy
ions have al ready been perf orm ed [1, 10{ 12] and som e further work, taki ng a
bro ader vi ew, is needed in order to incl ude both the short and the long range
intera cti on term s and in the dyna m ic m atri x [12{ 20]. In thi s paper, and for thi s
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system , we have general ized our previ ous calcul ati ons [12{ 14] and have also in-
cl uded expl icit calcul ati ons for both absorpti ons and emissions, for whi ch there is
a wealth of well - resolved experim ental data . It is essential in any physi cal m odel
and calculati on metho d to have a data base of a hi gh qual i ty and accuracy and
we theref ore decided to update our structura l data and spectroscopic inf orm ati on
(m ainly f rom R am an spectroscopy) in order to test the val idit y and Ûexibi l i ty
of our model calcul ati ons. In thi s arti cle, the calcul ati on wi ll be based upon the
assumpti on tha t the coupl ing among the interna l and the externa l vi bra ti ons is
negl igible [4{ 6]. Appl icati ons of our form ali sms to neat latti cesare being perform ed
in our laborato ri es wi th reference to the sto ichiometri c elpasol i te-typ e system s.

2.2. Synthesis and str uctural charact er izat ion

The neat Cs2 NaTm Cl 6 elpasol i te has been synthesi zed and characteri zed by
m eans of X- ray powder di ˜ra cti on and spectroscopic studi es. The synthesi s to ok
pl ace using a solid state reacti on at 8 0 2 :9 £ C f or a period of two hours wi th the tem -
perature gradient of 4 £ C / min and 2 £ C/ m in, at the beginni ng and at the end of the
chemical reacti on, respecti vel y. Al so therm al studi es (D T A/ T G) were perform ed
to establ ish the opti mum crysta l l izati on tem perature, and i t was found tha t thi s
occurs from : C to : C. The pro Ùle reÙnement com puti ng pro grams, ac-
cordi ng to the R ietvel d m etho d, al lowed us to determ ine a set of crysta l lographic
parameters to be as: a : ¡A, V : ¡A ; Z ; M : ,
D : and D : . Thi rty two experim ental l ines were analyzed and
turn out to be very accurate (R < R ). For the structure of thi s elpasol i te,
cubi c closed packed of the form Cs Cl are observed and six Cl anions
are octahedra l ly bonded to both Tm and Na ions, whi le the rem aining Cs
ions have a coordi nati on numb er of 12 wi th respect to the Cl ions and l ie in
the tetra hedra l ho les of thi s latti ce. Al so R aman spectra were ta ken for thi s crys-
ta l and the odd pari ty vi brati onal modes; ¡ ˜ ; S ; ¡ ¯ ; S ,
and ¡ § ; S : were assigned and identi Ùed. Thro ughout the synthesi s
pro cedure, stoichi om etri c quanti ti es of CsCl , Na Cl , and Tm Cl were dissolved in
di luted HCl acid. The obta ined product wa s dri ed out in a vacuum sto ve and in
a dri ed N -atm osphere in order to perform (D T A/ TG ) studi es so as to obta in
the opti mum tem perature for the therm al analysis, the phase changes and the
tem perature crysta l l izati on range. Fi gure 1 shows the D T A/ TG and i t is observed
tha t the range f or the crysta l lizati on tem peratures occurs between : C and

: C and the m aximum of : C corresp onds to the tem perature used to
carry out the therm al analysis in order to achi eve the best possibl e crysta l l izati on.
(A m assloss of about 25% m ay be due to the hydra ti on water currentl y observed
in these highly hyg roscopic materi als.)

The sto ichi ometri c com positi on as wel l as the impuri ti es presence were esta-
bl ished by m eans of X- ray Ûuorescence and the results obta ined are as fol lows:
Tm (25.2%), Cs(39.65%), Na(3.43%), and Cl (31.72%).
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Fig. 1. DT A /T G curves for the elpasoli te Cs2 N aT mC l6 .

A pi cnom eter LANG ER -450, under vacuum, was used to measure the density
and we obta ined the v alue of 3.67 g/ cm 3 .

2. 3. Str uctural and spectroscopic charact er ization

As we m enti oned, in the above section, X-ray powder di ˜ra cti on studi es
were carri ed out and a set of proÙle reÙnement computi ng program s fol lowi ng
the Rietvel d metho d was empl oyed. The exp erimenta l condi ti ons for the measured
system were from 20 m A and 40 kV wi th a Copper anode and a Ni -Ùlter for a wa ve
length of the incident X- ray of 1.5444 ¡A. A to ta l of 3149 l ines in 0 : 0 2 £ (2 ˚ ) steps,
at room tem perature in the range from 1 2 £ (2 ˚ ) to : ˚ , were analyzed. The
input data for the proÙles reÙnements are displayed in Tabl eI. W e also incl ude the
m ost relevant data from powder di ˜ra cti on, correspondi ng to the m ost rel evant
l ines for thi s elpasol i te (the reader is ref erred to T able I I). Al so Fi g. 2 di splays
(at room tem perature) the XR D -powder peaks for thi s neat elpasol i te. Besides,
and for the sake of com pleteness, the R aman spectrum of thi s elpasol i te is given
in Fi g. 3, and the observed even pari ty R aman acti ve vi brati ons f or the m oiety
m odes of the clusters Tm Cl are given in T abl e I I I.

T ABLE I
I nput data and proÙle reÙnements.

Factor V alue A tomic position

8.48 C s 1

4

1

4

1

4

11.16 N a 1

2

1

2

1

2

5.66 C l 1

4

1.97 T m
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T ABLE II

X RD- powder data.

( h; k ; l ) I

I
0

(Rietveld ) d (¡A ) Rietveld 2 ˚ (Rietveld) I

I
0

( 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

5,1,1 : 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

4,4,2 : 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

7,1,1 : 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

7,3,1 : 5,5,3 9 1.30140 67.41876 8

T ABLE I I I

Observed Raman vibration al frequencies.

Symmetry species A ssignment A ctive ¡ (cm À 1 ) Intensity

˜ 1 g ( ¡ 1 ) ¡ (T m {C l) Raman 288 s

" g ( ¡ ) ¡ (T m{C l) Raman 225 w

§ ( ¡ 5 ) £ (C l{T m{C l) Raman 130.5 s

Fi nal ly, i t is shown tha t the avera ge ato mic positi ons for the nucl ei ions
are: Tm (0,0,0), 4Na ), 8Cs and 24Cl ) and the latti ce
parameter was found to be ¡A.
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Fig. 2. X RD- p owder. Rietveld reÙnement.

Fig. 3. Raman spectrum for the elpasolite C s2 N aT mC l 6 .

3. T h eor et i cal sect i on

3.1. Int roduct ion

The energy levels for the Tm Cl 3 À

6
ions in Cs2 Na Tm Cl 6 have been the subject

of m any di scussions in the l itera ture [21], mainly due to calcul ated values for ¥ r m s

(b etween the observed and calcul ated energies) using di ˜erent m odel Ham i lto ni -
ans [22, 23]. A vast am ount of experim enta l data for system s such as Cs2 Na Tm Z6
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wi th ZÀ = Br À and Cl À are avai lable in the l i tera ture [1, 11, 24]. A tho rough ex-
perim ental study was perf orm ed by T anner et al . [25] for thi s system and the energy
levels corresp ondi ng to the 3H 5 mul tipl ets were reassigned by uti l izi ng updated
exp erimenta l data from inf rared absorpti on experim ents. Sim i larl y, the electro nic
R aman spectrum is suppl ied wi th new inf orm ati on tha t helps to resolve the di s-
crepanci es concerni ng the state j ( 3H À . Al so the coupl ing between the energy
levels H aÀ and H À ¡ À give ri sesto two energy levels, and one of
them was previ ousl y assigned to the À -sym metry . A tenta ti ve new assignm ent has
been pro posed in Ref. [25]. It wa s also possible to locate, from the absorpti on spec-
tra , the energy levels of À -sym metry , whi ch m ay be found at hi gher energies. In
spi te of al l the reÙnements reported by these autho rs, the value f or the ro ot mean
square devi ati on remains: ¥ 32:50 cm . For the elpasoli te- typ e system s,
there are several classic papers in the l itera ture [26 and ref erences therei n], where
these autho rs usi ng data from absorpti on worked out an energy levels orderi ng.
Al so som e intensi ty calculati on were perform ed f or f f tra nsi ti ons, inv olvi ng
the term inal sta tes H À H À ; F À ; F À ; G À , and

D À ; À À ; À ; À ; À ; À ; À ; À À ; À ; À ; À ; À À ; À ; À , and
À À ; À . In spite of al l these e˜o rts, the qual i ty and insi ght of these results,
obta ined by R ichardso n et al . [22, 23, 26], are modest and new and up dated in-
tensi ty m odels are requi red.

For the sto ichiom etri c elpasol ites, i t does seem tha t T anner et al. [27, 28]
has m anaged to col lect the more com plete and com prehensi ve data base. The ab-
sorpti on spectra for Cs Na Tm Cl has been measured and recorded at 20 K and
85 K. Sim i larl y, the spectra for the elpasol i tes of Gd [28] and Ho [27] doped wi th
Tm Cl mol% of Tm ), have also been m easured at the tem peratures of
20 K and 300 K. The analysisof the spectrum associated wi th Cs NaGdCl :Tm Cl
al lowed these autho rs to detect emission f rom the G À and to identi fy and
assign the vari ous emissions: G À H À ; F À ; H À wi th À À ; À ;

À ; À . In Ref. [27] the rem ini scence spectra corresp ondi ng to the emissions
H À H À at 20 K is reported in the energy region from the 12,600 to

11,800 cm , using an Ar laser (474 nm l ine). At 20 K the lum inescence detecte d
wa s rather weak to be used for a tho rough analysis of these emissions. A subsequent
wo rk of T anner [24] inf orm ed the infrared lum inescence spectrum at l iqui d N at
the tem perature of 85 K wi th a resoluti on of about 5 to 10 cm , using an Ar laser
(476 nm l ine). Several emissions were analyzed such as H À F À ; H À

and F À H À .
Further studi es [1, 29] have been carri ed out to Ùt the energy level param -

eters to the experim ental data , based up on thi s m ore com plete and comprehen-
sive data base, whi ch wa s perform ed for the series of the lantha nide in sto ichi o-
m etri c elpasol i tes. Due to the observed weal th of the vi broni c structure for the
Tm (I I I) hexachl oride-elpasol i te, we have decided to investigate both the emissions

H À F À and the absorpti ons H A F À ; G À ; H À ,
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wi th À k (k = i; j ) = A 1 ; E ; T 1 ; T 2 and À l = E ; aT 1 ; bT1 ; T2 . W e wi l l show tha t the
overal l agreement between our theoreti cal predi cti ons and the experim ent is sati s-
facto ry and the m ost likel y sources for im pro vement wi l l be also discussed in the
coming secti ons. The uni t cell for these elpasol i te is given in Fi g. 4. It is seen f rom

Fig. 4. U nit cell.

thi s structure tha t the site sym metri es f or Na + , Cs , and Tm Cl are O h , T d ,
and Oh , respecti vely. The com pl exit y of the experim enta l inf orm ati on pro vi ded
by the absorpti ons and the emissions is such tha t the actual evaluati on of spectra l
intensi ti es is a trul y form idabl e ta sk to achi eve. Several elements should be ta ken
into account i f one wi shes to gain understa ndi ng in these compl ex radi ate pro-
cesses: (a) Mo st likel y m echanisms to account for the observed intensi ti es in both
absorpti ons and emissions. The ro le played by the interm ediate electroni c states.
(b) A sensible descripti on of the electronic states f or whi ch a f ul l conÙgura ti on
intera cti on metho d is intro duced. (c) A m ore accurate and sound descripti on for
the norm al m odes of vi brati ons of the systems is requi red. Incl usion of both short
and long range intera cti on term s is requi red and (d) an analyti cal study of the
vi bro nic l ine shapes and potenti al energy surfaces m ust be considered.

3.2. Energy levels for T mCl compl ex i on in Cs NaT mC l

The Tm (I I I) ion corresponds to a f free ion electro nic conÙgura ti on, and
theref ore a to tal of 91 micro states, com pati ble wi th the Paul i Pri nci ple, m ay be
wri tten. These zero-order free ion wave functi ons are eigenfuncti ons of the mono-

electronic e˜ecti ve Ha mi lto nian H
i

h
m i

Z e
r

. For a system

such as Tm Cl , the sim plest m odel Ha mi lto nian to intro duce is the fol lowi ng:

H H

i <j

e

r i ; j
i

¿ r i i i V O h (1)
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and for f -electrons, the e˜ecti ve crysta l Ùeld potenti al may be wri tten as given
below:

V ( O h ) =

(
7

2
C

(4 )

0
+

p

7 0

4
( C C B

C C C : (2)

Here B k e r k =R k ; R i s identi Ùed wi th the Ln{ Cl bond distance, r k ;
k ; i s the expectati on value of r k , when evaluated wi thi n the m ani f old of

f -SCF- radial states and C
k

q ¤ = k Y k ;q ˚ ; ¢ are the standard tensor
operato r of rank k . For the radia l expectati on values reported by Judd and
also f or R : cm we obta in B =B : :

Ha vi ng reached thi s point in the discussion, let us underl ine tha t our stra t-
egy wi l l be to avoid an excessive param eteri zati on in the energy level calcul ati on,
sim ple because our data base is not large enough to accom modate such a lot of
both relati vi sti c and nonrel ati vi stic param eters in the m odel Ha mi l toni an for the
system [1, 5, 6, 14, 22, 23, 26]. W e believe tha t these ful l param eteri zati on pro ce-
dures obscure both the physi cs and the chemistry of the probl em we aim to solve,
theref ore we wi l l work on a m odel based upon a m ini mum set of param eters to
be Ùtted from experim ent. Thus, in thi s m odel we wi l l empl oy a m odel Ha mi l to -
ni an as given above in Eq. (1). Thi s impl ies tha t in our model Ha mi lto nian term s
such as orbi t{ orbi t and orbi t{ other orbi t, etc., , wi l l be excluded as well as ef-
fects such as electron tra nsfer and other ones rel ated to i t. The calcul ati on wi l l
be carri ed out on the basis of a seven-ato m system appro xi m ati on and wi thi n the
independent system m odel (ISM). W hen these appro xi m ati ons are adopted, we
assume tha t the coupl ing am ong the interna l Tm Cl and the latti ce vi brati ons is
smal l and/ or negl igible. W e also assume tha t the to tal tra nsiti on dipole mom ent
m ay be parti ti oned into tw o contri buti ons, one of them deri ved from the vi bronic
crysta l Ùeld (CF) and the other one from the vi bro nic l igand polarizati on (LP)
m odels. It is obvi ous tha t when the ISM is used, then we assume tha t there is
no overl ap between the centra l ion and the l igand sub-system s charge densiti es.
Thus, we wri te the identi fy

(3)

and theref ore, the to ta l dipole strength associated wi th the exci ta ti on
becomes

D D D D
;

; (4)

where the interf erence term is deÙned as fol lows:

D
; 0 1 : (5)
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It is interesti ng to observe tha t the above identi ty has been wri tten under
the basic assumpti on tha t the potenti al energy surfaces of the two term inal elec-
tro nic states have roughl y the sam e shape and are only verti cal ly displaced to
one another, along the to ta l ly sym metri c norm al modes of vi brati on (brea thi ng
m ode of ˜ 1g-symm etry). A careful look at the m odel Ha mi lto nian and the ef-
fecti ve crysta l Ùeld potenti al leads us to the concl usion tha t for the energy level
calculati on the parameters F 2 ; F 4 ; F 4 ; ¿so ; B 4 , and B 6 are requi red to be Ùtted
from the experim ental data (the F 0 -parameter has been excluded since the exper-
im enta l data is refereed to energy di ˜erences Â E , and theref ore in all our energy
m atri ces may be cancelled out). It is custo mary , in the l i tera ture [31], to use the
parameters intro duced by Racah E k ; k = 0 ; 1 ; 2 ; , whi ch are expressed as l inear
combi nati ons of the electron{ electron repul sion parameters F k ; k ; ; ; . W e
use the tra nsform ati ons: E F F F F ; E F F

F ; E F F F ; E F F F . In our current
six- param eter m odel , a set of representa ti ve v alues (not the best Ùt) is as fol lows:
E ; ; E ; ; E ; E ; ¿ 2; 624; B 385,
and B . Al l these values are given in cm . In a previ ous and prel im inary
research work [14], we publ ished three di ˜erent sets of wave functi ons using vari -
ous levels of approxi matio n and models of six and ten param eters. The deta i ls of
these calcul ati ons m ay be obta ined up on request from R.A.

3.3. T heoret ical model. Spect ral i ntensi ties i n absorpt ions and emissions

The vi bro nic intensi ty calculati ons were carri ed out, using a general izati on
of the vi bro nic crysta l Ùeld-closure-l igand polari zati on m odel (VCF- closure-LP).
Here, we wi l l give a bri ef summary of the rel evant identi ti es inv olved in the cal-
cul ati on. Extensi ve ta bul ati ons requi red to underta ke thi s calcul ati ons wi ll not be
incl uded, tho ugh they are avai lable upon request from R.A.

3.3. 1. V ibroni c cr ystal Ùeld cont r ibut ion t o t he tot al transi t ion di pole moment

The crysta l Ùeld contri buti on to the overa l l tra nsi ti on di pole m oment asso-
ci ated wi th the excita ti on is as given below:

ñ
; ˜

¡ t

m

U ; ˜
¡ L mt Q ¡ ; (6 .1)

where

U ; ˜
¡

À k

C
k

À Û V
À À À

Û Û Û

LS J À O À
¡ k ; § L S J À A À Û

¡ k ; § (6 .2)

and also

A À Û
¡ i; §

L

£G
;L

À Û i; §

£S ¡

and C k

e

E
Ûk ; (6 .3)
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where h Ûk i = e 2
h r k

i =R k +1
0

. The nota ti on employed in Eqs. (6 : : ) has been given
in several references [5, 6, 12, 13{ 15, 18{ 20, 32{ 36 and ref erences therei n] . For the
sake of compl eteness, we observe tha t the tra nsiti on di po le m oment corresponds
to the exp ectati on value of the pro duct between an electro nic f actor U and a
vi bra ti onal f actor Q . In the current nota ti on Q stands for the m atri x of the norm al
coordi nates of the system. Furtherm ore, the elements of the L -matri x relate the
sym m etry coordi nates to the norm al coordi nates by m eans of the relati onshi p:
S LQ . Al so, the crysta l Ùeld vi bronic coupl ing constants are labelled as A ,
see Eq. (6.3). The reader is referred, in parti cular to R ef. [33] f or further detai ls.
Ful l ta bul ati on of the above quanti ti es (6.1{ 6.3) m ay be obta ined up on request
from R.A.

3.3. 2. V ibroni c l igand polar izat ion cont r ibut ions to the tot al transi t ion di pole mo-
ment s

The ˜ - th com ponent of the l igand polari zati on electri c dipole m oment asso-
ci ated wi th the , electro nic tra nsiti on is wri tten as given by Eq. (6.1),
where CF must be repl aced by LP for the sake of com pleteness. D o observe tha t
the tra nsiti on di pole m oment is referred to the excita ti on À À ¡ t . Next,
we deÙne the l igand polarizati on vi bro nic coupl ing constants as fol lows:

B
À Û ;˜

À Û
k ; t

L

£G
;L

À Û ; ˜ k

£ S À
Û

t
(7 .1)

and i t is stra ightf orw ard to show tha t the l igand polari zati on electro nic factors,
associ ated wi th the À À ¡ t tra nsiti on may be wri tten as fol lows:

U ; ˜
¡

L k

C
k

À Û V
À À À

Û Û Û

LS J À M À
¡ k L S J À B À Û; ˜

¡ k ; t ; (7 .2)

where C
k

˜ L r k =R k e . It is seen tha t Eq. (7.1) is empl oyed to intro duce
the vi bro nic l igand polari zati on, vi bro nic coupl ing consta nts, and the electro nic
facto r, wi thi n the fram ework of the vi bro nic l igand polari zati on m odel , is given
in ful l in Eq. (7.2). Ful l ta bul ati ons of the above quanti ti es (7.1), (7 .2) m ay be
obta ined up on request from R.A.

3.4. Results

As i t was pointed out earl ier in the text, the intensi ty calculati on were carri ed
out wi thi n the fram ework of the independent system m odel and the seven-atom
system appro xi mati on (the long range intera cti ons due to Co ulombi c term s have
been excluded, and theref ore the coupl ing am ong the interna l and the externa l
latti ce vi bra ti ons has been assumed either to o smal l or negl igible). A vi ew of the
deta i ls and appro xi mati ons inv olved in these calcul ati ons m ay be found in several
ref erences [5, 6, 9, 12{ 14, 19, 20, 32{ 35] and we wi l l not repeat them here. Next,
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in Tabl e IV, we report the observed and the calcul ated energy levels (si x-energy
parameter model ) and to a m axi mum extent we have avoided the over parame-
teri zati on of the model Ha mi lto nian. W e m ust bear in m ind tha t only very rarely
a f ai rly compl ete set of data is avai lable for these typ es of systems [5, 13{ 15], and
theref ore i t seems appro pri a te to test our models and thei r predi cti ons against the
exp erimenta l data . Thi s system is in a way rather uni que since we have done ful l
length calcul ati ons for both absorpti ons and emissions to get m ore physi cal insight.
For the sake of simpl ici ty, we l ist onl y a representa ti ve set of wa ve functi ons. The
actua l compositi on of them is avai lable upon request from R .A.

T ABLE IV
W ave functions, observed and calcu-

lated energies (cm À 1
) .

States Energy (obs. ) Energy (cal. )
3
H 6 À 1 0 0
3F 4 À 5 5.547 5.553
3
F 4 À 3 5.814 5.791

3
F 4 À 4 5.866 5.858

3
F 4 À 1 5.938 5.952

3
H 5

bÀ 4 8.241 8.251
3H 5 À 3 8.270 8.284
3
H 5 À 5 8.436 8.462

3H 5
a À 4 8.532 8.544

3
H 4 À 5 12.538 12.530

3H 4 À 3 12.607 12.691
3
H 4 À 4 12.840 12.736

3H 4 À 1 12.882 12.844
1
G 4 À 5 20.851 20.888

1
G 4 À 3 21.256 21.230

1
G 4 À 4 21.424 21.320

1G 4 À 1 21.508 21.238

Next, in T abl es V and VI, we report the calcul ated values for the relati ve
vi bro nic intensi ty distri buti ons associated wi th our set of wa ve functi ons deri ved
from the six param eters l isted above in the text. For al l the calcul ati ons, we have
m odel led the norm al coordi nates of the system , usi ng a general valence typ e force
Ùeld [13]. The tra nsform ati on m atri x relati ng the sym metry coordi nates to the
norm al coordi nates, by m eans of the identi ty: S = LQ , has been worked out
and for the odd pari ty blocks, we obta in: L 3 3 = +0 : 1 9 9 7 6 1 ; L 3 4 = +0 : 0 1 1 8 6 8 3 ;

L : ; L : , and L : . Exp erim enta l data
of good qual i ty may be found in Ref. [14] wi th reference only to the absorpti on
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T ABLE V

Emissions j (
3
H 4 ) À 1 i ! j (

3
F 4 ) À i ; À = À 1 ; À 3 ; À 4 ; À 5 .

¡ t À 1 À 3 À 4 À 5

j (
3
H 4 ) À 1 (

3
F 4 ) À

¡ 3 1: 06 10 11 4: 20 10 8 3 : 06 10 12 5 :22 10 9

¡ 4 3: 39 10
1 0

3 :2 7 10
10

2 : 92 10
11

5 : 42 10
10

¡ 6 0 5: 46 10
9

1 : 35 10
11

1 :00 10
9

( 3H 4 ) À 3 ( 3F 4 ) À

¡ 3 3 : 86 10 8 5: 97 10 9 1 : 12 10 9 3 :49 10 9

¡ 4 3: 00 10
10

5 :35 10
11

6 : 92 10
10

3 : 80 10
10

¡ 6 5 : 03 10
9

1: 63 10
9

7 : 69 10
10

1 :39 10
9

( 3H 4 ) À 4 ( 3F 4 ) À

¡ 3 2: 91 10 12 1: 18 10 9 7 : 86 10 9 6 : 66 10 10

¡ 4 2: 77 10
11

7 :31 10
10

6 : 82 10
11

1 :91 10
9

¡ 6 1: 28 10 11 8 :11 10 10 9 : 57 10 9 2 :36 10 9

( 3H 4 ) À 5 ( 3F 4 ) À

¡ 3 4 : 26 10 9 3: 14 10 9 5 : 55 10 10 3 : 20 10 10

¡ 4 4: 67 10
10

3 :53 10
10

1 : 61 10
9

2 :12 10
9

¡ 6 8: 50 10 10 1: 25 10 9 1 : 99 10 9 2 :87 10 9

T ABLE VI
T he absorption s( 3H 6 ) À 1 ( 3 F 4 ) À i ; ( 1G 4 ) À i ; ( 3H 5 ) À l

w ith À i = À 1 ; À 3 ; À 4 ; À 5 and À l = À 3 ;
a À 4 ;

bÀ 4 ; À 5 .

¡ t À 1 À 3 À 4 À 5

(
3
H 6 ) À 1 (

3
F 4 ) À

¡ 3 6: 43 10
11

2: 39 10
8

5 : 96 10
13

2 :39 10
8

¡ 4 1 : 96 10 9 3 :56 10 10 1 : 63 10 11 5 :89 10 9

¡ 4 0 1: 01 10
9

9 : 04 10
13

9 :79 10
9

(
3
H 6 ) À 1 (

1
G 4 ) À

¡ 3 2: 30 10
11

7: 22 10
9

5 : 51 10
13

8 :47 10
9

¡ 4 7: 11 10 10 1 :18 10 10 1 : 53 10 11 2 :10 10 9

¡ 4 0 2 :57 10
10

8 : 53 10
13

3 :73 10
9

(
3
H 6 ) À 1 (

3
H 5 ) À

¡ 3 2 : 74 10
8

1 :00 10
11

4 : 14 10
12

3 :60 10
9

¡ 4 1: 66 10 10 2 :75 10 10 1 : 14 10 10 5 : 39 10 10

¡ 4 4 : 10 10
9

1 :53 10
11

6 : 33 10
12

8 : 57 10
10

spectrum for thi s system. It is indeed very chal lenging to test the val idit y of our
calculated spectra l intensi ti es against the exp erimenta l data , beari ng in m ind the
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appro xi m atio ns inv olv ed in our model calcul ati on. In spite of these l imi ta tio ns, we
have to concl ude tha t the calcul ated v alues for the overal l oscil lato r strengths in
both absorpti on and emission are in rem ark able agreement wi th experim ent.

D eviati on from the experim ental data may be observed in the absorpti on
spectrum for thi s elpasol ite, regardi ng the relati ve vi broni c intensi ty distri buti ons
for vari ous electronic tra nsiti ons. Several reasons ha ve been given to account for
these devi ati ons, however we have sol id evi dence tha t the ro le played by the norm al
m odes, incl udi ng the coupl ing am ong the interna l and the externa l vi brati ons is
a m ajor cause of these devi ati ons. It is theref ore advi sabl e to consi der ful l latti ce
dyna mic calcul ati ons, incl udi ng both the short and the long range intera cti ons in
the crysta l . The wo rk in thi s di recti on is in progress in our laborato ry.

4. D iscu ssio n

W hen these results are tested against the experim ental data (when avai l -
abl e), see R efs. [1, 13, 14, 19{ 22, 24, 25, 27, 28, 36] i t is generally found tha t the
calculated overa ll oscillato r streng ths agree fai rl y wel l wi th tho se reported in the
l i tera ture. It is also observed tha t there is a parti cul ar distri buti on of the intensi -
ti es due to the three falseori gins, from tra nsiti on to tra nsiti on, and there are cases
where thi s sim ple m odel calculati on canno t repro duce sati sfactori ly the observed
vi bro nic intensi t y distri buti on f ( ¡ 3 ) : f ( ¡ 4 ) : f ( ¡ 6 ) . There are tho ugh some m echa-
ni stic aspects whi ch requi re m ore wo rk. W e m ay also anti cipate several sources for
im pro vements of our intensi ty m odel . (a) The actual coupl ing am ong the interna l
and the externa l m odes must be ta ken into account. Al so, the long range inter-
acti on term s, mainly Co ulombi c in character, should be incl uded. (b) The qual i ty
of the wave f uncti ons used in the calcul ati on m ust be revi ewed and there is an
urg ent need to incorp orate exci ted states of the lantha ni de ions. (c) The closure
appro xi m atio n needs to be relaxed and expl icit inclusi on of interm ediate states is
needed and (d) we need to consider the mixi ng of vi broni c states belonging to the
sam e irreduci bl e representa ti on wi th energy very closed to each other and tha t in
pri ncipl e m ay involv e the sam e vi bro nic orig ins. In spite of the above l im ita ti ons,
whi ch should be l i fted i t is seen tha t our m odel calcul ati on is both useful and Ûex-
ibl e and can be appl ied to these com plex radiati ve processeswi th a fai r degree of
success. Calcul ati ons in sim i lar system s are also in due course in our laborato ri es.
A close look at R ef. [14] indi cates tha t for the absorpti ons, the overal l osci llato r
streng ths for the vari ous exci ta ti ons considered in thi s work, agree rem ark ably well
wi th experim ent and only f or som e indivi dual vi bro nic ori gins (when considered
indi vi dual ly) devi ati ons from exp eriment becom e im porta nt. Thi s is not a reason
for concern, since i t must be said tha t the m odel calcul ati on used in the present
research work is suita ble to accomm odate vi broni c intensi ti es due to each and al l
of the vi bronic ori gins, so as to pro vi de each vi bro nic tra nsiti on an estimati on of
the intensi ty rati os f ( ¡ 3 ) : f ¡ f ¡ :
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