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portant polyhedra with n vertices can often be surprising small, 
particularly when IQ is considered relative to n!. For example, 

which spans the symmetries of all of the chemically feasible 
nine-vertex polyhedra just as well as the much larger group 
P9 with 9! = 362 880 elements. It thus appears that use of 

the Qn subgroups rather than the fully symmetrical Pn group 
might offer some advantages of simplicity in depiciting isom- 

Applications of these principles to permutational isomerisms 
in eight-coordinate ML8 complexes are currently under in- 
vestigation. 

a group Q9 = P2[P3] 4 2 )  with only 72 elements has been found erization processes in stereochemically nonrigid polyhedra. 
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Measurements have been made of the low-temperature luminescence and Raman spectra of pure Cs2PtF6 crystals and 
CS2PtF6-CSzGeF6 crystals in which PtF2- is doped into the Cs2SiF6 lattice. In both environments, the Raman spectra 
at liquid-helium temperature show sharp lines assigned to the alg, eg, and tQ internal modes of the PtF& ion. A comparison 
of the low-temperature Raman and sharpline luminescence spectra indicates that in the luminescence spectra a Jahn-Teller 
e,-type progression occurs with a small degree of anharmonicity present. The luminescence can be assigned as a transition 
from the &e, r3(3Tl,) twofold degenerate excited electronic state to the t;g rl(IAlg) nondegenerate ground electronic state. 

Introduction 
MX62- octahedral hexahalide systems, where M is a 5d 

transition-metal element, have been the subject of numerous 
optical studies in recent years. The optical measurements 
have almost always been mixed-crystal experiments in which 
the MX62- impurity ion is doped in a cubic host such as 
Cs2ZrC16, Cs2ZrBr6, or CszSiF6 and the optical spectrum is 
recorded at liquid-helium temperature. It is important to 
compare the pure-crystal spectra with the impurity ion results. 
In this paper we report Raman and luminescence experiments 
for the d6 PtF62- ion in the pure CszPtF6 case and in the case 
where the PtF2- ion is doped in a host lattice. In particular, 
the d6 PtF62- ion is an excellent ion to study for two reasons: 
(1) the PtF6’- ion in both the pure- and mixed-crystal envi- 
ronments shows strong structured luminescence spectra; (2) 
the Raman spectra in both the pure and mixed crystals show 
lines due to the Raman-active alg, eg, and tZg modes of the 
PtF2- moiety. 

In a previous publication on the PtF2- ion,2 the lumines- 
cence spectra were assigned to an alg progression because of 
limited data. In these current studies the luminescence spectra 
were recorded with an infrared optical system and Raman 
spectra measured at liquid-helium temperature. Also, lifetime 
studies have been performed in both the pure- and mixed- 
crystal cases as a function of temperature. Comparison of the 
luminescence and Raman spectra now leads to a model in 
which in the luminescence spectra an e8 Jahn-Teller-active 
progression occurs. The decreasing spacing between the lu- 
minescence peaks with decreasing energy is explained by a 
small degree of anharmonicity in the ground-electronic-state 
potential surface for the eg mode. 
Experimental Section 

The synthesis of Cs2PtF6 and the growing of crystals (Cs2PtF6, 
Cs2PtF6<s&F,, Rb2PtF&b&F6) have been discussed previously.2 
The analysis of the Rb2PtF6-Rb2SiF6 and Cs2PtF6<s2SiF6 mixed 
crystals was carried out by R. W. Stoenner of the Chemistry De- 
partment a t  Brookhaven. The percent Pt was determined by a 
flameless-graphite-furnace atomic absorption at 2800 OC by standard 
addition. The percent Si was determined spectrophotometrically with 
a Cary Model 16 by using the method of A n d r e 3  in which ammonium 
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molybdate complexes with silicon to give an absorption band at  810 
nm. The results for the actual crystal batch used for the Raman studies 
showed that for the Rb2PtF6-Rb2SiF6 mixed crystals the relative 

the relative amount of Cs2PtF6 was 7.9%. 
The emission studies were performed by exciting the crystal samples 

with a Molectron UV 14 nitrogen laser. The resulting luminescence 
was analyzed with a McPherson 1-m Model 2051 monochromator 
and a Products for Research TE-241-RF photomultiplier tube. 
Emission spectra were recorded after amplification of the signal with 
a PAR 124A lock-in amplifier. Lifetime measurements were made 
with a PAR boxcar averager, Model 162. In all cases the sample 
temperatures were obtained with an Lt-3-110 liquid-helium transfer 
Heli-Tran. 

Raman measurements were made with the use of a krypton ion 
laser excitation at  476.2, 530.9, and 568.2 nm. The details of the 
detection system have been published! The absorption measurements 
at  liquid-helium temperature were performed with a Cary 17D 
spectrophotometer. 
Results 

amount Of  Rb2PtF6 was 1.3% while for the CS2&F&S2SiF6 crystals 

Emission Spectra. Luminescence measurements were made 

CS2GeF6, and Rb2PtF6-Rb2SiF6 with excitation at 337.1 nm. 
Intense emission as a yellow-orange glow is observed in every 
case even at room temperature. At room temperature only 
a broad featureless band is observed with the maximum in each 

O n  Single Crystals Of CSzPtF6, Cs2PtF6-CszSiF6, CSzPtF6- 

Case: CS2PtF6, 648.0 f 3 nm; CS2PtF6-CSzSiF6 and cS2Pt- 
F6-CS2GeF6, 620.0 f 2 nm; and Rb2PtF6-RbzSiF6, 600.0 f 
2 nm. At 5 K well-resolved structure appears. The lu- 
minescence spectra at 5 K of a pure Cs2PtF6 crystal and a 
mixed Cs2PtF6-CszSiF6 crystal are shown in Figures 1 and 
2, respectively. 

Emission Lifetime Measurements. These were performed 
On Single Crystals Of CS2PtF6, CS2PtF6-CS2SiF6, CS2PtF6- 
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Figure 1. Luminescence spectrum of a single Cs2PtF6 crystal at  5 
K. 
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F’igwe 2. Luminescence spectrum of a CszPtF6+siF6 mixed crystal 
at 5 K. The lower figure (b) shows the low intensity peaks observed 
in the luminescence spectrum and denoted by primes. 

Table 1. Intercept and Slope of the Line Fitted to the Points 
in a Hot of Emission Half-Life vs. Temperature for Cs,FYF,, 
Cs.PtF.-Cs.SiF<. Cs.PtF.-Cs- GeF,. Rb.PtF.-Rb- SiF. 

temf K 
intercept: 

crystal bS bs/K range, 
Cs,RF, 3570 11 5-293 
CS, (Pt,si) F, 4340 7.5 7-290 
Cs,(Pt,Ge)F, 4340 7.4 5-290 
Rb, (Pt,Si)F, 3860 8.7 78-290 

It is the linearly extrapolated half-life at 0 K. Range of 
temperatures over which the luminescence decay was studied. 

CSzGeF6, and Rb2PtF6-Rb$iF6 at various temperatures. The 
excitation wavelength was 337.1 nm, while the monitoring 
wavelength was in the neighborhood of the band maximum. 
The emission decay rates were found to obey the first-order 
rate law 

dI/dt = I / .  (1) 

where I is the emission intensity at time t and T is the mean 
lifetime. A plot of the half-life of emission, t l j 2  = 7 In 2, vs. 
temperature is shown for Cs2PtF6-CssiF6 in Figure 3. Table 
I gives the values of the intercept and slope of the lines obtained 
for each system. As expected, the lifetimes increase with 
decreasing temperature. It is also seen that the magnitude 

Temperature ( K O )  

Figure 3. Plot of emission half-life vs. temperature for a typical 
CS2PtF&S2SiF6 crystal. 
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Figure 4. Raman spectra of (a) a Cs2PtF6 crystal and (b) a Cs2Pt- 
F6-CsZSiF6 crystal, both at  5 K with X(excitation) = 530.9 nm. 

of the lifetimes are dependent on the environment of the PtF2- 
ion. Cs2PtF6 exhibits the shortest lifetimes and the greatest 
decrease in lifetime per Kelvin. Cs2PtF6-Cs2SiF6 and Cs2- 
PtF6-Cs2GeF6 behave nearly identically, but they exhibit 
lifetimes a factor of 10 longer than Cs2PtF6 at room tem- 
perature. Rb2PtF6-Rb2SiF6 is intermediate in behavior be- 
tween Cs2PtF6 and the other mixed crystals. Toward lower 
temperatures these differences in the lifetime values among 
the crystals decrease, and the linearly extrapolated half-life 
at 0 K is about 4 ms in each case (Table I). It is also of interest 
that for Cs2PtF6 the emission half-lives at 565.7, 625.4, 612.0, 
and 786.4 nm are equal within experimental error, consistent 
with no dependence of the emission decay rate on wavelength. 

Raman Measurements. Raman spectra at 4 K were obtained 
for single crystals of Cs2PtF6 (Figure 4a) and Cs2PtF6-Cs2SiF6 
(Figure 4b). Assignments and energies are summarized in 
Table 11. 
Jab-Teller Model 

The liquid-helium Raman spectra of a pure Cs2PtF6 crystal, 
shown in Figure 4a, has peaks at 220,566, and 590 cm-‘. On 
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Table 11. Summary of Raman Measurements for Cs,PtF,, 
Cs,PtF,-Cs,SiF,, and Cs,SiF, at 4 K 

Laurent et al. 

vib mode energy, cm-' 

Cs,(Pt,Si)F, 
vibmode Cs,PtF, Pt Si Cs,SiF,' 

vl(alg) 591.3 591.3 647.3 64  7 
vz(eg) 565.7 573.3 469 
Ys(t2g) 221 217.7 399.3 401 
lattice 67.5b 68.8b 

a Data from ref 6. Arises from Cs' motion. 

the basis of previous polarized Raman studies at  room tem- 
p e r a t ~ r e , ~  we assign these peaks to the v5(ttg), v2(eg), and 
vi(al,) vibrational modes of the PtF2- ion, respectively. The 
Raman spectrum of a Cs2F'tF6-Cs@F6 crystal at liquid-helium 
temperature has peaks due to both SiF2- and PtF2- internal 
modes, as shown in Figure 4b. We have previously studied 
the Cs2SiF6 vibrational Raman spectrum at 5 K,6 and, thus, 
we can assign these mixed-crystal peaks. The PtF62- mode 
energies for a Cs2PtF6-Cs2SiF6 crystal at liquid-helium tem- 
perature are v5 = 218, v2 = 573, and v 1  = 591 cm-'. 

The luminescence spectrum of a pure Cs2PtF6 crystal at 
liquid-helium temperature (see Figure 1) shows a progression 
of peaks with an average spacing of 551 cm-'. This energy 
is not equal to the vl, v2, or v 5  mode energies but is certainly 
closer to v2 than to vl. For a crystal at liquid-helium tem- 
perature, before luminescence occurs, there should only be an 
appreciable Boltzmann population of the excited electronic 
state lowest vibronic levels. Thus, we propose that the observed 
luminescence structure is due to a progression in the ground 
electronic state PtF2- v2(eg) vibrational mode with the energy 
of u v2(eg) vibrational quanta given by7 eq 2. It is assumed 

(2) 
that the observed highest energy luminescence peak corre- 
sponds to the u = 0 state. A least-squares fit of the Cs2PtF6 
luminescence peak energies to eq 2 gives We = 570 f 3 cm-I 
and WAC,  the anharmonic correction to a harmonic oscillator, 
equal to 1.65 f 0.14 cm-'. In contrast, a least-squares fit of 
the Cs2PtF6-Cs2SiF6 liquid-helium luminescence data yields 
We = 579 f 6 cm-' and W& = 1.88 f 0.32 cm-' in com- 
parison to the Raman v2 value of 573 cm-'. We conclude there 
is reasonable agreement between the v2 Raman values and the 
v2 values obtained from the luminescence spectra fit to eq 2. 

Crystal field calculations for the d6 PtF62- ion,2 with in- 
clusion of spin-orbit interaction, show that the lowest energy 
excited electronic state is I'3(3Tlg), where F3 is a twofold 
degenerate irreducible representation. This result is true for 
a wide range of crystal field parameters. Thus, the lu- 
minescence spectrum is assigned to a transition between the 
&eg I'3(3T1g) state and the t; rl('AIJ ground electronic state. 

The Hamiltonian for the h e a r  Jahn-Teller coupling of a 
doubly degenerate electronic state to a doubly degenerate e 
vibration for a symmetrical nonlinear molecule is given ,?la 
eq 3 with I being a 2 X 2 unit matrix. The resulting vibronic 

E(u) = We(u + 1) - W&(U + 1)2 

- 

- 

(5) Y. M. Bosworth and R. J. H. Clark, J .  Chem. Soc. A, 1749 (1974). 
(6) H. H. Patterson and J. W. Lynn, Phys. Rev. E Condens. Matter, 19, 
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(8) H. C. Longuet-Higgens, U. Opik, M. H. L. Pryce, R. A. Sack, Proc. 

R.  SOC. London, Ser. A ,  244, 1 (1958). 
(9) R. Englman, "The Jahn-Teller Effect in Molecules and Crystals", 

Wiley-Interscience, New York, 1972, p 20. 
(10) H. C. Longuet-Higgins, Adu. Spectrosc., 2, 429 (1961). 

Table 111. Luminescence Spectra of a Cs,PtF, Single Crystal 
and a Cs,PtF,Cs,SiF, Crystal at 5 K 

Bands for Cs,PtF, 
~~ 

re1 intens 
band A,nm Y, cm-' Av, cm-' exptl calcd 

A 859.3 11637  531 4.5 10 
B 821.8 1 2 1 6 8  548 11 19  
C 786.4 1 2 7 1 6  534 23 32 
D 754.7 1 3 2 5 0  547 41 5 0  

65 71 E 724.8 13797  534 
F 697.8 14331  550 89 90 
G 672.0 14881  551 100 100 
H 648.0 1 5 4 3 2  558 94 96 
I 625.4 1 5 9 9 0  556 71 79 

4 2  5 2  J 604.4 16545  575 
K 584.1 1 7 1 2 0  547 18 28 
L 566.0 1 7 6 6 8  583 5.0 9 
M 547.9 1 8 2 5 2  0.7 2 

High-Intensity Bands for Cs,PtF,-Cs,SiF, 

re1 intens 
band A, nm Y, cm" Av, cm-' exptl calcd 

~~ ~ 

A 847.2 11804 583 1.1 4 
B 807.3 12387 501 3.1 8 
C 775.9 12888 529 8.7 16 
D 745.3 13417 549 18  29 
E 716.0 13966 541 35 4 6  
F 689.3 14507 566 58 67 
G 663.4 15074 590 82  87 
H 638.4 15664 512 100 100 
I 618.2 16176 576 97 100 
J 596.9 16752 558 72 84 
K 577.7 17310 576 41 57 

31 L 559.1 17886 573 
M 541.7 18459 582 5.4 
N 525.2 19040 1.7 3 

l 8  1 1  

Low-Intensity Bands for Cs,PtF,Cs,SiF, 
band description' A, nm v ,  cm-' AY, cm-l 

A' 
B' 
C' 
D' 
E' 
F' 
G' 
H' 
I '  
J' 
K' 
L' 
M' 

sh 
w sh 
sh 
vw sh 
sh 
sh 
w sh 
w sh 
vw sh 
flatness 
flatness 
vw sh 
flatness 

830.2 
795.4 
764.6 
732.2 
703.7 
676.2 
652.0 
629.0 
608.0 
587.3 
568.3 
550.2 
532.0 

12045  
1 2 5 7 2  
13079  
13 657 
14 211 
14 789 
15 337 
15 898 
16447  
17 027 
17 696 
18  175 
18 797 

527 
506 
579 
554 
5 78 
549 
561 
549 
580 
569 
579  
622 

' The abbreviations: v, very; w, weak; sh, shoulder. 

energy levels can be classified by a quantum number 1 and a 
dimensionless parameter K2 measuring the magnitude of the 
electronic-vibrational coupling. Note in eq 3 that when €? 
= 0 the equation reduces to that of a two-dimensional har- 
monic oscillator. The selection rules8 for transitions from the 
excited-state vibronic levels to a nondegenerate ground elec- 
tronic state allow excitation of any number of eg quanta, as 
though the Jahn-Teller effect is equivalent to a distortion 
which makes vibrational transitions allowed which are oth- 
erwise f ~ r b i d d e n . ~  

Longuet-Higgins et al.1° have transformed eq 3 into an 
infmite matrix which can be solved by numerical methods. We 
have written a computer program to solve these secular 
equations for a range of €? J-T parameter values. We have 
calculated the relative intensities of the u eg (v = 1, 2, 3, ...) 
progression members as a function of the parameter €? and 
determined the k? value which gives the best least-squares fit 
of the calculated relative intensities with the experimental data. 
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Figure 5. Schematic illustration of the Jahn-Teller potential surface 
for an E, electronic state coupled to a e, vibrational mode. The depth 
of the well below the origin is calculated to be 3725 cm-' for the 

This is straightforward because the vibronic eigenfunctions 
are expressed as a linear combination of harmonic oscillator 
eigenfunctions centered at r = 0. A summary of the exper- 
imental and calculated luminescence results is presented in 
Table 111. 

From the Cs2PtF6<s2SiF6 luminescence analysis, we obtain 
a value of 13.0 for the J-T coupling parameter K? this cor- 
responds to a Jahn-Teller well depth of 3725 cm-' as shown 
in Figure 5 .  Further, the computer calculations show that 
the rl(lAlg) - I'3(3T1g) absorption spectrum should consist 
of two absorption maxima separated by about 3000 cm-I with 
this value dependent upon the r3(TIg) e! mode energy. Also, 
analysis of the pure Cs2PtF6 crystal lumnescence data yields 
the result that K2 = 13.4. 

Let us now determine the geometry of the PtF6" ion while 
in the I'3(3T1g) excited state. The I'3(3T1g) eg potential surface 
consists of two potential wells displaced by a value of K from 
the origin in Q0,Qf space. One can calculate the value of 
displacements in the well minima from the origin by making 
use of eq 411 to convert the unitless variable q to the symmetry 

coordinate Q in A units. This yields QEe = QEe = 0.190 A. 
The transformation of symmetry-coordinate displacements to 
bond length changes in the X ,  Y, 2 directions has been dis- 
cussed by Solomon and co-workers.12 From eq 21 of ref 12 
we obtain the result that in the I'3(3T1g) Jahn-Teller excited 
state the PtF2- ion has tetragonal geometr with the F atoms 

in the axial direction compressed by 0.055 A in comparison 
to the rI('Alg) ground electronic state. 

Lifetime Measurements. Douglas et al.I3 have reported 
luminescence measurements for K2PtBr6 and some PtC162- 
salts. For K2C16, the band shape of the luminescence band 
suggested there might be more than one band present; further, 
study of the luminescence decay gave two decay times of about 
3 X lo4 and 8 X lo4 s. This means that in the platinum(4+) 
chloride salts the spacing between the I'3 vibronic Jahn-Teller 
states is small enough to give appreciable Boltzmann popu- 
lation of more than one level and, thus, give rise to two decay 

CS2PtF6-CS2SiF6 Case. 

Q = (K/wv)1/2q (4) 

in the equatorial plane expanded by 0.11 w and the F atoms 
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Figure 6. Absorption spectrum of a Rb2PtF6-Rb2SiF6 mixed crystal 
at 5 K between 30 OOO and 49 000 cm-' showing vibronic structure 
for the r1('Alg) YI'~(',T%) transition at 38000 cm-I. The rl('Alg) - r,(lTIg) transition is also shown at 32 500 cm-'. 

times. In contrast, for PtF2- our lifetime measurements vs. 
temperature indicate that the observed luminescence occurs 
from only one emitting state. 

Crystal Field Resdts. Figure 6 shows the absorption spectra 
at liquid-helium temperature of a Rb2PtF6-Rb2SiF6 mixed 
crystal between 30000 and 49 000 cm-'. Unlike the results 
in our previous PtF2- paper, the I',( I A i  - r5( 'Ta) transition 
has now been observed with some evi ence of vibronic struc- 
ture. If the experimental absorption maxima are fitted to the 
crystal field model discussed previously,2 the results are con- 
sistent with J-T activity for the I'3(TlJ electronic state. First, 
the crystal field calculated energy of the I'3(3Tlg) state is about 
2000 cm-' greater than the actual experimental energy; this 
is due to J-T lowering of the lower potential surface. Inci- 
dentally, some evidence of structure appears in the absorption 
spectrum about 3000 cm-' above the absorption structure at 
22 440 c m - I  * assigned to the lower I'3(3T1g) potential surface, 
and this may be due to a transition to the upper I'3(3T1g) 
potential surface. Second, when the rl(lAlg) - rS(IT2J 
transition energy is included in the crystal field analysis, a 
calculated spin-orbit parameter of about 1700 cm-' results, 
which is much less than expected. This low spin-orbit value 
indicates the Ham effect is important in the PtF2- case. That 
is, the J-T effect acts to reduce the magnitude of the spin-orbit 
coupling. It is important to note that other excited states of 
PtF2- may show J-T activity such as the t;,e, r4(ITlg) state. 
Summary 

We have demonstrated the existence of Jahn-Teller activity 
in the I'3(3Tlg) lowest excited state of the PtF2- ion by analysis 
of an e,-type progression in the luminescence spectra and 
comparison with 5 K Raman results. Measurements of the 
luminescence spectra, lifetimes vs. temperature, and Raman 
spectra for both pure and mixed crystals indicate these systems 
show the same extent of I'3(3T1g) Jahn-Teller activity, dem- 
onstrating the relevance of mixed-crystal experiments in un- 
derstanding pure materials. It has been possible to deduce the 
geometry of the PtF2- ion in the I'3(3T1g) J-T excited state. 
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