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On the basis of the data rep orted by Flint and Paulus z, we have un-
derta ken a theoretical investigation of the intensity mechanism for the var-
ious emissions : À 8 ( 2T ) À 8 ( 4A ) ; À 8 ( 2E ) ; À 8 ( 2T ) , À 6 ( 2 T ) for the
C s2 N aScCl6 :MoC l3

6
system in the F m 3m -space group. T he exp erimental

data available ref er to the visible and near inf rared luminescence spectra of
MoC l3

6
complex ion in di˜erent hosts, such as C s2 N aMC l6 (M = Sc, Y ,

I n), measured betw een 15,000 cm 1 and 3,000 cm 1 at li qui d helium tem-
p eratures. A t least, Ùve luminescen ce transitions have b een identiÙed and
assigned and each of them show extensive vibronic structure. A caref ul anal-
ysis of this experimental data show s that for the various observed electronic
transitions , the vibrational frequencies change only slightly , and theref ore
there is no indicati on that the system undergo es both a signiÙca nt and rel-
evant Jahn{T eller distortion (along an active coordina te). T here is how ever
clear evidence that for the chloro- elpasolites, there is a strong resonance in-
teraction b etw een ¡ 3 ( §1 u : stretching) of the Mo X 3

6 , complex ion and that
of the host w hen M = In, Y . Thus for M = Sc, the slighter higher host ¡ 3 ,
w ave numb er is likely to minimi ze the e˜ect of this coupling . This evidence
w ill allow us for the C s2 N aScCl6 :MoC l3

6 system to neglect, in the Ùrst- order
approximation, the coupling among the internal and the external vibration s
and to pro ceed using a b oth a molecular and the indep endent system mo dels.

PACS numb ers: 32.70.Fw , 32.70.Cs

1. I n t rod uct io n

T he latt ice Cs Na M X belongs to the space group F m 3 m (O h ) [1{ 3], in
whi ch the M ions occupy sites of perfect octahedra l sym metry . The vi bra-
ti onal sym m etry species for thi s latti ce are as fol lows: Na ( § ) ; Cs (§ + § ) ,
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MX 3 À

6
( ˜ 1g + " g + 2§1 u + § 2g + § 2u ). As we can see, in addi ti on to the 15 degrees of

freedom of the MX 3 À

6
compl ex ion, di stri buted into the i rreduci ble representati on

of the O h -point m olecular group (as given below), there are four latti ce m odes of
sym m etri es: 2 § ( I R a ct i v e ), § ( R ama n activ e ) and § ( inactiv e ) . Lent z [4],
in a m agniÙcent paper, discussed the latti ce vi brati ons for both the A B X and
A BB X , in the space group F m 3 m and using a m odiÙed versi on of a valence
typ e of force Ùeld, concl uded tha t ten force constants should be kno wn to estim ate
al l the funda m ental vi brati ons in the = appro xi ma ti on.

In the nota ti on put f orwa rd by Lentz, the sym metry coordi nates corresp ond-
ing to the uni t cell are labelled as fol lows:

S = S ( X ) : ˜ ; S = S ( X ) : " ; S = S ( X ) : § ; S = S ( X ) : § ;

S = S (Cs) : § ; S = S ( M ; X ; Na ) : § ; S = S ( M ; X ; Cs; Na ) : § ;

S = S ( M ; Na) : § ; S = S ( M ; X ; Na ; Cs) : § ; S = S (X ) : § :

W hen thi s nota ti on is adopted, i t is clear tha t the sym m etry bl ocks are as
fol lows: ˜ ( 1 1) ; " (1 1) ; § ( 1 1) ; § ( 4 4) ; § ( 2 2) and § (1 1 ) , and hence
the odd pari ty symm etry coordi nates (S ) are related to the norm al coordi nates
(Q ), by means of the tra nsform ati ons:

(A) the § symm etry bl ock

S t

S t

S t

S t

=

L L L L

L L L L

L L L L

L L L L

Q t

Q t

Q t

Q t

:

(B) the § sym metry block

( S t ) = ( L ; )( Q t )

for t = a; b; c .
It is interesti ng to m ake a few com ments wi th regard to the tra nsform ati ons

given above. For the § -sym metry bl ock there is an obvi ous coupl ing among the
interna l and the latti ce vi bra ti ons, being the extensi on of thi s m ixi ng determ ined
by the detai ls of the intera cti ng vi brati onal force Ùeld. It is also to be noti ced
tha t we have not incl uded in thi s prel im inary analysis the long range Co ulom bic
intera cti ons.

A proper trea tm ent of thi s probl em is to actual ly solve the dyna m ical equa-
ti on of m oti on [5{ 7]

D ( ) E ( ) = E ( ) ¨ ( ) :

In thi s nota ti on, ¨ ( ) i s a diagonal m atri x who se eigenvalues are w
p

, and E ( )

represents the m atri x of the eigenvecto rs e ˜ ( ñi p ) . The latti ce sums are evaluated
usi ng the Ewa ld metho d [8, 9]. A ful l di scussion of the latti ce dyna m ics as appl ied
for M X Y typ e systems in the F m 3 m -space group m ay be found in Refs. [ 5 ; 6 ; 1 0 ]

and the adv anta ges and disadv anta ges of the model calcul ati ons putf orwa rd are
di scussed in deta i l . Tho ugh, i t is worth m enti oni ng tha t the experim enta l data
avai lable to underta ke ful l latti ce dyna m ic calculati ons is ei ther incompl ete or
scarce. Onl y, very rarely we wi l l have a large enough and accurate data baseto ful ly
test the theo reti cal m odels against the experim enta l data for these systems. W e
have ini ti ated a program to underta ke these ki nd of calculati ons for the elpasol i te
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typ e systems and wo rks on the pure Cs2 Na ErCl 6 , Cs 2 Na EuCl 6 , and Cs2 NaMo Cl 6

crysta ls are in progress [11]. It is well known tha t the set of sym metry coordi nates
does not represent the norm al modes of m oti ons for the crysta l , then it is necessary
to solve the dyna mical equati ons of m oti on so tha t to ha ve a semiquanti ta tiv e
idea about the m ixi ng of the vari ous symm etry coordi nates belonging to the same
sym m etry species, so tha t to give supp ort to assignm ents of peaks in the spectra
for these crysta ls. At Ùrst glance, the pure symm etry coordi nates representi ng
interna l moti ons of the cluster Mo Cl 3 À are: ( : ) ( : ) ( : )

and ( : ) . The standard and are mixed up wi th the counter ion
m oti ons, and theref ore at thi s stage i t does not seem convenient to adopt the
conventio n ( : ) and ( : ) , unl ess we have sol id evi dence of either
a smal l or negligibl e coupl ing among the interna l Mo Cl vi brati ons and tho se of
the counter ions [10{ 15].

In thi s research paper, we wi l l intro duce a m olecular model for the Mo Cl
compl ex ion, and wi l l assumetha t the coupl ing am ong the interna l and the externa l
vi bra ti on is weak enough, tho ugh we recognize the im porta nce of carryi ng out a ful l
latti ce dyna m ic calcul ati on f or thi s system . The results to be obta ined wi l l cruci al ly
depend on the assumpti on adopted in the model calculati on, tho ugh they wi l l serve
as a basis for both a m ore com prehensi ve and sophi sticated understa nding of these
compl ex phenom ena in the sol id state spectro scopy.

In thi s section, we shal l pro vi de the reader wi th a summary of the sym m etry
adopted vi bronic coupl ing theory as employed for the elpasol i te typ esystem , wi thi n
both the seven-ato m system and the independent system m odels. Judd [16] and
Of elt [17] put forwa rd a f orm al ism to account for the observed spectra l intensi ti es
in noncentro sym m etri c LnX compl ex ions. Both autho rs work ed out m aster
equati ons to deal wi th the crysta l Ùeld contri buti on to the to ta l tra nsiti on di pole
m oment and the basic assumpti on was tha t an tra nsiti on acqui res i ts
intensi ty from either an and/ or an or both, exci ta ti ons thro ugh the
odd pari ty com ponents of the crysta l Ùeld potenti al . In thi s form alism, the integra l
chains are in the Ùrst-order appro xi mati on of the form s

( odd ) ( odd ) (odd )

and

(odd ) ( odd ) ( odd )

where the interm ediate odd pari ty centra l m etal 's wa ve f uncti ons ha ve been labeled
as (odd). Al so, in the integ ra l chains, there is a summati on over al l these odd
pari ty states, and when closure is adopted, i t is assumed tha t there is a com plete
and ortho norm al set of wa ve functi ons, and al l these inÙnite sets occur at the same
energy, say ( Â ) . Thus, i t is stra ightf orw ard to show tha t under these constra ints,
the -th vecto r com ponent of the crysta l Ùeld (sta ti c) tra nsiti on di pole mom ent
becomes

=
2

(Â )
1 ( odd ) 2 (2)
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In the above identi ty , we have assumed tha t the condi ti on
1X

i = 1

j ê i ( odd ) i h ê i (odd ) j = 1

is ful Ùlled. It is im porta nt to ful ly understa nd the nature and the origin of the
appro xi m atio ns involved when closure procedure is employed. To a Ùrst glance, i t
does seem tha t when thi s appro xi matio n is invoked, the nature of the interm ediate
odd pari ty centra l m etal ' s wa ve functi on becomes i rrel evant except of the choice of
the ẽ ecti ve energy gap (Â E ). We certa inly never empl oy a com plete set of wa ve
functi ons, at the m ost we use a trunca ted set of functi ons and in expl icit di rect
calculati ons we evaluate the integ ra l chains either for a subset of d -sta tes ( l = 2 )
or for a m ani fold of g states ( l = 3 ).

It is currentl y, in the l i tera ture, to use some ki nd of average energy for (Â E ) ,
correspondi ng to a \ vi rtua l electroni c tra nsiti on" , allowed by both spin and pari ty .
For d ! d exci tati on the value used is about 100,000 cm À 1 , wherea s f or f ! f

we currentl y use values ranging from 50,000 cm À 1 up to 80,000 cm À 1 [18{ 24].
A series of pioneering works for both centro sym metri c and noncentro symm etri c
compl ex ions of the lantha nide tri valent ions have been put forwa rd by R ichardso n
et al . [25{ 29] and a fai r degree of successhas been achieved. We have, instead, used
a m odel calcul ati on based upon a few numb er of parameters to be Ùtted from the
exp erimenta l data [18{ 23]. Our stra tegy is largely based on the wel l kno wn f act
tha t for most of the system s of interest, the data base is either scarce or incompl ete
and theref ore i t is essential to m odel vi bro nic intensi ti es wi th modiÙed versions
of current vi broni c m odels. W e have recentl y com pleted a work on the vi bronic
intensi ti es for several selected absorpti on in the Cs2 Na Tm Cl , for whi ch a very
careful and updated data base is avai labl e from inf rared, Ram an and lum inescence
spectra [19]. For thi s system , the calcul ati on has been carri ed out using a m odi Ùed
version of the crysta l Ùeld- l igand polari zati on form al ism and as i t wi l l be shown
the successachi eved is more tha n sati sfactory for a sim ple m odel , wi th a few sets
of adj ustable param eters.

The fundam enta ls are such tha t the to ta l potenti al is wri tten using the ten-
sori al form wo rked out by Carl son and R ushbro oke [30] as

V =

L k q ; k q

T
k k

q q
( R L ; ˚ L ; ¢ L ) D k

q ( ˚ M ; ¢ M ) D k
q (˚ L ; ¢ L ) (3)

and in term s of potenti al , we m ay wri te an expl icit Ùrst-order vi broni c correcti on
term s, as given below

H = V
C F

+ V
L P

; (4)

where i t is stra ightf orward to show tha t the fol lowi ng identi ti es hold:

V
C F

= À

L

Z L e

¡ À Û i §

@G
C F ; L
À Û ( i; § )

@Q ¡

M À
Û ( i; § ) Q ¡ (4.1)

and also

V
L P

=

L ¡ À Û i ;§ ˜

@G
L P ; L
À Û ; ˜ ( i; § )

@Q ¡

M À
Û

( i; § ) ñ ˜ (L ) Q ¡ : (4.2)



T he Emi ssion Spect ra for the Cs2 N aScCl6 :MoC l 3 À

6
System . . . 237

Thus, for the vi bro nic crysta l Ùeld contri buti on to the to ta l tra nsiti on di pole
m oment, we m ay wri te the master equati on

ñ C F ; ˜
¡ t

[ j a i ! j bi ] =
X

m

U C F ; ˜
¡ m

L mt h 0 j Q ¡ t
j 1 i

(f or the ¡ t -th norm al mode of vi brati on) ; (5.1)

where the electroni c factor U C F ; ˜
m may be deÙned as [31{ 33]

U C F ; ˜
¡ t

=

À k ; §

C C F
k (À 1 ) À Û V

À À À

Û Û Û
A À Û

¡ ( k À 1 ; § )

Èh ( LS J ) À k O À ( k ; § ) k ( L S J ) À i (5.2)

and also

C C F
k

=
2 e h r k

i

(Â E )( R k )
( e) : (5.3)

T ABLE I

CF : A
À Û

À Û
( j )

À ¡ ¡ ¡

j = 1 T 2
p

2
p

2 0

T 0 0 0

j = 3 T 4
p

2 À 0

T 0 0

L P: B À Û ;T
À Û

( k )

k = 2 B E ˚ ;
T

1 2
p

2 À 0

B E " ;
T

0 0

B
T ;

T
= À B

T ;

T
4

p

6 À 0

B T ;

T
= À B T ;

T
0 0 À

k = 4 B
A a ;

T
5

p

4 2 0

B E ˚ ;
T

À 5
p

3 0 À 0

B E " ;
T

0 0 À

B
T ;

T
= À B

T ;

T
À 3

p

7 0 À 0

B
T ;

T
= À B

T ;

T
0 0 À

B
T ;

T
= À B

T ;

T
3

p

1 0 À 3
p

1 0 0

B T ;
T

= À B T ;
T

0 0 0

The above l isted values are independent of the
components of both the T and T i rreduci bl e
representa ti ons.
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TABLE I I
Overall oscill ator strengths and relative vibronic intensity distribu tio ns [1].

(1.1) The À 8 (
2
T 2g ) ! À 8 (

4
A 2g ) transitio n

(1. 1.1) Dip ole strengths for the À 8 ( 2T 2g ) ! À 8 ( 4A 2g ) + ¡ k ( k = 3 ; 4 ; 6) transition s

D
C F

D
L P

D
( C F ;LP )

D
T o t a l N otes

¡ 3 1 : 55 È 1 0 3 7 :64 10 6 2 :1 8 10 4 1: 34 10 3 The values are

¡ 4 8 : 15 10
4

1 :25 10
4

6 :40 10
4

0: 30 10
3 given in units

¡ 6 9 : 97 10
4

4 :10 10
7

+ 4 :04 10
5

1: 04 10
3 of C 4 =

2 e r

( Â E ) R

(1. 1.2) Total oscillator strengths and relative vibroni c distributi on

f ( ¡ 3 ) = 1 : 05 10
6

; f ( ¡ 4 ) = 2: 32 10
7

; f ( ¡ 6 ) = 8 : 03 10
7

; f = 2 : 09 10

f ( ¡ 3 ) : f ( ¡ 4 ) : f ( ¡ 6 ) = 4 :53 : 1: 00 : 3: 46 [ exp : 5 :50 : 1 : 00 : 5 : 00 ]

(1. 2) T he À 8 ( 2T ) À 8 ( 2T ) transition

(1. 2.1) Dip ole strengths for the À 8 (
2
T ) À 8 (

2
T ) + ¡ k ( k = 3; 4 ; 6) transitions

D C F D LP D ( C F ;LP ) D N otes

¡ 3 17.9791 4. 36012 + 17.70774 40.04696 The values are

¡ 4 16.7892 4. 85330 {18. 05360 3. 5889 given in units

¡ 6 2.0192 0. 21068 {1. 30445 0.92543 of C 4 =
2 e r

(Â E ) R

(1. 2.2) Total oscillator strengths and relative vibroni c distributi on

f ( ¡ 3 ) = 1 : 13 10
5

; f ( ¡ 4 ) = 9: 846 10
7

; f ( ¡ 6 ) = 2 :522 10
7

; f = 1 : 25 10

f ( ¡ 3 ) : f ( ¡ 4 ) : f ( ¡ 6 ) = 44 : 79 : 3 :90 : 1 :00 [exp : 20 : 00 : 1: 00 : 5: 00]

(1.3) The À 8 ( 2T ) À 8 ( 2E ) transition

(1. 3.1) Dip ole strengths for the À 8 (
2
T ) À 8 (

2
E ) + ¡ k ( k = 3; 4 ; 6) transition s

D C F D LP D ( C F ;LP ) D N otes

¡ 3 8 :4718 1.2816 + 6.5902 16.3436 The values are

¡ 4 0.0482 1.7594 {0. 5821 1. 2255 given in units

¡ 6 3.3550 0.3180 {2. 0654 1. 6076 of C 4 =
2 e r

(Â E ) R

(1. 3.2) Total oscillator strengths and relative vibroni c distributi on

f ( ¡ 3 ) = 4 : 76 10 6 ; f ( ¡ 4 ) = 3: 50 10 7 ; f ( ¡ 6 ) = 4 : 51 10 7 ; f = 5 : 54 10

f ( ¡ 3 ) : f ( ¡ 4 ) : f ( ¡ 6 ) = 13 : 54 : 1 :00 : 1 :30 [exp : 0 : 30 : 1 :00 : 16 : 50]

(1. 4) T he À 8 ( 2T ) À 8 ( 2T ) transition

(1. 4.1) Dip ole strengths for the À 8 (
2
T ) À 6 (

2
T ) + ¡ k ( k = 3; 4 ; 6) transitions

D C F D LP D ( C F ;LP ) D N otes

¡ 3 6.4786 0.2927 + 2.7542 9. 5255 The values are

¡ 4 9.8222 0.0380 {1. 2220 8. 6382 given in units

¡ 6 0.5750 0.9848 {1. 5043 0. 0551 of C 4 =
2 e r

(Â E ) R

(1. 4.2) Total oscillator strengths and relative vibroni c distributi on

f ( ¡ 3 ) = 2 : 60 10 6 ; f ( ¡ 4 ) = 2: 30 10 6 ; f ( ¡ 6 ) = 1 : 45 10 8 ; f = 4 : 92 10

f ( ¡ 3 ) : f ( ¡ 4 ) : f ( ¡ 6 ) = 197 : 31 : 158 : 62 : 1 :00 [ exp : 2 : 90 : 1: 00 : 2: 20]
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As for the l igand polari zati on contri buti on to the to ta l tra nsiti on di pole
m oment, we wri te the identi ty given below

ñ L P ; ˜
¡ t

[ j a i ! j bi ] =
X

m

U L P ; ˜
¡ m

L mt h 0 j Q ¡ t
j 1 i

( for the ¡ t -th norm al mode of vi brati on) (5.4)

and the l igand polari zati on electro nic facto r becom es

U L P ; ˜
¡ t

=

À k

C L P
k

( À 1 ) À Û V
À À À

Û Û Û

Èh ( LS J ) À k M À
¡

( k ) k ( L S J ) À i B À Û ;˜
¡

( k ) : (5.5)

The reader may obta in al l the relevant ta bul ati ons of the above reduced
m atri x elements, upon request from R.A. (The vi bro nic crysta l Ùeld and l igand
polari zati on coupl ing m agnitudes are l isted in T able I, whereas in Table I I we
di splay our Ùnal overa ll and rela ti ve vi bro nic intensi ti es for four selected emissions
in thi s system.)

T o adv ance in the understa ndi ng of the observed spectra l intensi ti es in these
elpasol i te typ e system s, we have ini ti ated a program to rati onal ize the coupl ing
am ong vi brati onal modes of the symm etry in the crysta l . In the classic paper by
Lentz [4], thi s autho r pointed out tha t by m eans of group theo reti cal considera-
ti ons, both the Mo and Na ions are bonded octahedra l ly to six Cl ions,
whi le the Cs ions have the coordi nati on numb er 12 to the Cl ions and l ie
in the tetra hedra l ho les of Ln latti ces. The Cs ions occupy tetra hedra l ho les
wi th respect to both the Mo and Na ions. Al so the stati c selection rul es in-
di cate tha t, wi thi n the fram ework of the = appro xi m ati on, these com pounds
should have four Ram an acti ve ˜ ; " , and 2 § , and four infrared acti ve 4 §

vi bra ti ons. Both, the § (ro ta to ry m ode) and the § vi brati onal m odes are both
inacti ve in the R aman and inf rared spectra. It is accepted tha t wi th a high cova-
lent bond character between Ln and Cl ions, stretchi ng ¡ (Mo { Cl ) and bending
£ (Cl { Mo { Cl ) vi brati onal m odes for the Mo Cl groups m ay be separated in di s-
cussion f rom the rem aining latti ce vi brati ons. Next, a set of interna l coordi nates is
intro duced, and they represent the vari ous possible intera cti ons am ong bonded and
nonbonded ato ms in the crysta ls. For the sake of the argum enta ti on, we further
give the set of interna l coordi nates whi ch are conveni ent to describe the latti ce
dyna mics for thi s system . These are the fol lowing : (a) f Â r i : r = r ( Na{ Cl ) g ,
(b) f Â R i : R = R ( Mo { Cl ) g , (c) f Â D i : D = D ( Cs{ Cl ) g , (d) f Â q i : q = q ( Cl { Cl ),
nonbonded g , (e) f Â ˜ i j k : ˜ = ˜ ( Cl { Mo { Cl g and (f ) f Â Ùij k : Ù = Ù( Cl { Na { Cl g .

W hen a 27-ato m m odel is used, then the ato m num bering is as indi cated in
Fi g. 1:

(A) Na : ( 8 ; 1 7 ; 1 8 ; 1 9 ; 2 0 ; 2 1 )

(B) Cl : (1 ; 2 ; 3 ; 4 ; 5 ; 6 ; 1 ; 2 ; 3 ; 4 ; 5 ; 6 )
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(C) Mo 3 + : (7 : ref erence ato m )
(D ) Cs1 + : (9 ; 1 0 ; 1 1 ; 1 2 ; 1 3 ; 1 4 ; 1 5 ; 1 6 ) :

Thi s model may sti l l be simpl iÙed further, when the redunda ncies are excluded.
The sim plest m odel conta ins 10 ato m s, as used by Lentz [4], who also inf orm ed
about a set of l inear com binatio ns of Ca rtesian nucl ear di splacement coordi nates
for the ten- ato m system , tho ugh the pro jection along the three polari zati on di -
recti ons has not been done pro perly. It is also to be noti ced tha t the Cartesi an
nucl ear di splacement coordi nates do not form a com plete and ortho norm al set of
coordi nates and theref ore, the S op coordi nates are not the sym metry coordi nates.
Neverthel ess, a m ore com plete work on the latti ce dyna mics for these elpasol i te
typ e system s is in pro gress in our group. It is interesti ng to observe the num ber
of intera cti ons whi ch are neglected when a seven-ato m system is adopted.

Fig. 1. Tw ent y seven-atom model.

There is however a necessity of more theo reti cal work on thi s research area,
leading to the m odel ing of the intera cti ng vi brati onal force Ùeld, the long-range
Co ulombic sum latti cesand the phonon di spersion curves along al l relevant polar-
izati on di recti ons. The pro blem of the understa ndi ng of the dispersion phenom ena
is a question sti l l open to di scussion, and the answer to al l the outl ine issues does
not necessari ly l ie on ful l parameteri zati on schemes,whi ch ul ti m atel y obscure both
the physi cs and the chemistry of the very pro blem we want to solve.

The results obta ined, using our seven-ato m system model, are as good as
could be expected for thi s sim ple calcul ati on model. It is also to be added tha t,
in spi te of the appa rent sim pl icit y of our model calcul ati ons, our stra teg y and
m odel ing seemto be most appro pri ate and suita ble to gain understa ndi ng on these
compl ex radiati ve processes.The devi ati on from the exp erimenta l results, for some
of the selected emissions m ay be expl ained on the basis of the model and many
necessary sim pl iÙcati ons used thro ughout the course of the current wo rk. There are
several ways to impro ve the calcul ati on, tho ugh at thi s point we feel tha t a m ore
compl ete data base of fai rl y accurate data is needed to account for the observed
overal l and relati ve vi bro nic intensi ti es due to several emissions. The calcul ati on is
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som ehow very successful , since it is tra nsparent (j ust a few parameters are adj usted
from exp erimenta l data ) and Ûexible. We stro ngly believe tha t thi s typ e of expl icit
algebra ic calculati on m ay be used as the basis for f uture m ore elaborated models.
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