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Based on the Bogoliubov-de Gennes formalism, the linear multi-mode TI, €9 8hg 
static Jahn-Teller problem is analyzed for the charged Cg0, C&, the lowest triplet 
and singlet self-trapped exciton (STE) of CSO. The dynamic Jahn-Teller effect due to 
quantum tunneling between the six  degenerate Dsd configurations is studied within 
a perturbation approach. The tunneling induced level splittings are determined to 
be 2Tlu @ 2T3u, 'Ag @ 'Hg, 3T3, @ 3T1g and 1T3g @ lT1, for Ck;, C&-, triplet 
and singlet STE's of neutral c 6 0 ,  respectively. The observable consequences of the 
dynamic Jahn-Teller effect are considered. Some of the Jahn-Teller active (as well 
as Raman-active) modes are predicted to be observable as multi-phonon overtones 
in the infrared absorption. In the photo-induced multi-phonon resonant Raman 
scattering the tunnel splitting itself should show up in the Raman spectrum, and 
the depolarization ratio is sensitive to the exciting frequency. 

1. Introduction 
One of the salient features of the allotropic form of carbon, c60, is the presence 

of the highest point group symmetry, Ih, which, however, is readily subject to a 
Jahn-Teller (JT) effect due to the electron-phonon (e-ph) coupling. Under various 
environments) either static Jahn-Teller (SJT) distortions or dynamic Jahn-Teller ef- 
fect (DJTE) can be observed.' The coherent superpositions formed in the DJTE, 
which dynamically restore the higher symmetry due to quantum tunneling between 
different degenerate S JT distorted configurations) strongly influence many intrinsic 
physical and chemical properties of (760. A real symmetry breaking in a finite system 
only occurs as a result of an external effect, when the latter tends to effectively fix 
the direction of symmetry breaking. Hence the consequences of the SJT are most 
likely to be observable in solids or solid matrices. In contrast) the intrinsic coherent 
motion of the coupled e-ph system tends to restore the symmetry through quantum 
fluctuations to form tunnel-split states which should belong to the parent symmetry 
species. Therefore, isolated molecules and liquid solutions should favour observations 
of DJTE. In this paper, we briefly review a series of our  work^,^-^ where the multi- 
mode SJT and DJT problems for the JT-active cases originating from the HOMO 
and LUMO electronic states are considered, and a framework to interpret the existing 
experimental observations, as well as to predict new observable effects, is described. 

2. T h e  Static Jahn-Teller Effect 
The r-electrons and the lattice vibrations of c60 can be described by a Peierls- 

Hubbard model using the Bogoliubov-de Gennes formalism, which exihibits dynamic 
symmetry breaking and restoration due to the e-ph coupling, and the effect of electron- 
electron  correlation^.^^^ Such a modeling yields correct geometric, electronic and vi- 
brational structures for the Ih ground state of c 6 0 ,  which can also be verified by 
analytic solutions available only in the ground state.7 ' 

We have mainly considered four JT-active cases, the mono- and di-anions (Cia 
and CEi) and the lowest singlet and triplet self-trapped excitons (s-STE and t-STE). 
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They possess a common type of JT  instability, TI, 8 8hg, and, according to the JT 
theorem: [TIu x Ti,] =ag+h,, yield a common SJT-distorted configuration, D5d. For 
these multi-mode JT problems, there is more than one type of symmetry extiemum 
in the high dimensional configuration space, e.g. DM, D2h, c2h and Ci, which axe 
also subgroups of Ih, in addition to the highest rank subgroup D5d. Meanwhile, the 
dynamic matrix of a local extremum must be positive- definite to assure its dynamic 
stability. This criterion and energy consideration lead us to the D5d choice to exclude 
other possible distorted configurations in the four cases mentioned above. However, 
some of these configurations can be realized in other excited states, e.g. the single 
electron excited state of C, and C$ and the possible biexciton state.3 Our main 
results of the SJT problem are summaried in Fig. 1. For the parity-forbidden s-STE, 
the solution of the SJT problem yields good agreement with  experiment^.^ 

Figure 1: The SJT solutions. 

3. The Dynamic Jahn-Teller Effect 
3.1 Solution of the DJTE 

e:’ e,” 

Figure 2. The DJT solutions. 

In this TI, 8 8hg problem, there are six degenerate D5d SJT-distorted configu- 
rations. The quantum tunnelin between the six minima involves the self-consistent 

should belong to a certain irreducible representation of the parent Ih group. The co- 
herent supe ositions can be written as Bkp l e a )  8 Ina) where cy = 

and phonon wave-functions at the a th  minimum, respectively. States with different 
cy are related through proper &fold rotations. The coefficients Bkp are determined 
throuq: y(@ft 1231 @.a) - .E (@p I@ 11 = 0, with I @o) = le:) 8 na . Note that 

are non-orthogonal. This nonorthogonality breaks the de eneracy in the SJTE with 

two types of symmetries for the tunnel-split coherent superpositions, i.e. T3eT1 and 
A@K4 It can be proved that the singly charged anion or the lowest exciton state 
belongs to the type TI@T3, whereas the di-anion belongs to the type A@H.4*6 The 
solutions of these DJTE problems are illustrated in Fig. 2. 

Now we present our physical interpretation of the experiments on the triplet STE. 

lattice plus a-electron state, an c f  the resultant coherent polaronic and excitonic states 

1,2, ..., 6 IS T t e index of the Dsd SJT and Ina) are the electronic 

both t e e ec ronk and vlbration 2 wave-functions for any p a r  of A )  5d configurations 

a tunneling splitting at, and gives rise to multi-phonon x aracteristics. There exist 
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First, the observed extremely narrow ESR lines due to the triplet states in pho- 
toexcited Ceo solutions' are consistent with our calculations on DJTE. Further, the 
frequency of the pseudo-rotation estimated from the ESR data, - 10l2 s-l, agrees 
with the characteristic frequency of the quantum tunneling between the SJT configu- 
rations, expressed in terms of the tunneling splitting 6, - lOmeV, obtained from our 
calculations.6 Second, neither the mechanism without including the JTE nor that in- 
cluding only the SJTE can explain the existence of non-vanishing zero-field splitting 
(ZFS) and thermally activated tunneling. Let us consider the spin dipole interac- 
tions in the triplet STE 3T3g and 3T1g states to estimate the observed non-zero ZFS. 
The estimation of ZFS gives: ID1 = 0.0090 cm-', /El = 0.0 cm-l for the SJT case; 
ID(3T3g)l = 0.0221cm-', IE(3T3g)l = 0.0021~m-~; ID(3T1g)I = 0.0201cm-', IE(3Tl,)l 
= 0.0021~m-~. Thus ID1 is larger for the DJTE compared with the static case and 
IEl does not vanish. These results are consistent with the ESR Moreover, 
the temperature dependent tunneling between different configurations suggested to 
fit the ESR line shapes" is compatible with our calculations. The observed -17meV 

. thermal activation energy for the second triplet signal in ESR and ADMR,*19 might 
also be due to the triplet splitting 6, or some other configurations. 

3.2 Prediction of infrared properties of Go derived from the DJTE 

In the case of Cia, one of the observable consequences of the DJTE has been 
quantified for the optical response in the infrared (ir) region. We found that, as 
a direct consequence of the dynamic symmetry breaking, the ir absorption shows a 
multiphonon structure, and the JT-active (and also Raman active) h, modes should 
be observable in the ir s p e c t r ~ m . ~  We have also formulated the ir response function 
under the DJTE, where the nonorthogonality between the electronic and vibrational 
wave functions of the six equivalent states is responsible for the appearance of 
the gerade modes in the ir spectrum. The detailed formulation and results have 
been published in Ref. 5. It should be noted that the apparent breakdown of ir 
parity selection rules (namely, the appearance of some Raman-active modes in the 
ir spectrum not as fundamental frequencies but as phonon overtones) is a generic 
property of the DJTE whenever the JT-active modes are not ungerade ir-active but 
gerade Raman-active. This phenomenon should be observable in other similar systems 
as well. 

3.3 Prediction of Resonant Raman for t-STE derived &om the DJTE 

To manifest the DJTE of STEs in c60, the nonorthogonality between the compo- 
nents of the coherent superpositions should also be considered. Due to the relatively 
small overlap and large lattice relaxation between any pair of D5d states, compared 
with Cia, the multi-phonon effects arising from this nonorthogonality are unlikely 
to be observable in non-resonant single-photon measurements (UV or ir absorption). 
However, several characteristic features of the DJTE will appear in resonant two- 
photon measurements, i.e. photo-induced resonant Raman scattering (RRS). The 
first feature of the DJTE for the triplet STE is the appearance of an unusual de- 
polarization ratio and its dispersion with the incident photon energy w*, which is a 
common feature for the SJTE '. The second observable feature is the appearance of 
multi-phonon lines and the possibility of directly observing tunnul splitting St in the 
RRS. Taking into account the two types of cross sections originating from the selec- 
tion of initial and final states (3T3g or 3T1g) in the scattering, and the four kinds of 
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resonant state configurations arising from the nonorthogonal components of 3T3, or 
3T1, states, the total multi-phonon Raman cross section for the coherent superposi- 
tions formed in the DJTE at low temperatures can be calculated.6 In Fig. 2 of Ref. 6, 
the multi-phonon overtones are seen for the resonance-enhanced and relaxed modes 
(e.g. the 244.4 cm-' mode at w;=l.OO eV, the 758.3 cm-' mode at w;=2.738 eV) 
and for other relaxed modes, while the tunnel splitting St shows up as the separation 
between the main peaks and their satellites. Note that the unusual depolarization 
ratio and its dispersion with w; still persist in the multi-phonon spectrum under the 
DJTE, although they are modified by quantum fluctuations. 

4. Concluding Remarks 
The static and dynamic JT problem was analyzed here for a charged C ~ O  molecule 

and for the lowest triplet and singlet self-trapped excitons of neutral c60. The co- 
herent superpositions formed in the dynamic JT effect are determined to be split 
due to the quantum tunneling between the degenerate static JT configurations. The 
observable consequences of this dynamical symmetry breaking are considered in ESR, 
infrared and resonant Raman spectra. Novel multi-phonon features, tunnel splitting, 
and unusual depolarization ratios are predicted to be observable in infrared and Ra- 
man spectroscopy. An alternative approach to the DJTE in charged fullerenes in 
terms of Berry phases has been developed by another research group," while the 
SJTE for exciton in the neutral case has also been considered by yet another group.12 
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