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Spin dynamics of triplet photoexcitations in Cgy: Evidence for a dynamic Jahn-Teller effect
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We have used the absorption-detected magnetic-resonance (ADMR) technique to study the spin dynamics of
triplet photoexcitations in Cgy molecules dispersed in polystyrene glasses. We found that the ADMR spectra
contain two triplet powder patterns A and B with substantial spin reorientation dynamics, which increases with
the temperature. The spin dynamics of triplet A are successfully modeled by a dynamic Jahn-Teller effect,
where the spin reorientation process is among six degenerate D, deformations of the excited Cqy molecule.
Triplet B, however, is extrinsic in origin, with substantially different spin dynamics.

The third allotrope of carbon, the fullerenes, and, in par-
ticular, Cqy, have recently attracted considerable theoretical
and experimental interest. An important feature of Cg is the
possession of the highest point-group symmetry, the icosahe-
dral (I,), which makes the electronic excited states readily
subject to the Jahn-Teller (JT) effect! caused by vibronic
coupling. The first excited electronic state of Cgq (the £,,,) is
triply degenerate, and its vibronic coupling with the eight
JT-active k, mode may result in JT distortions in both pho-
toexcited Cgy (Cg*) and charged Cg4"~ molecules,
respective]y.z‘4 In some models® the JT effect in Cqy’~ is
considered to be the dominant pairing mechanism respon-
sible for the high-T,. superconductivity in alkali-metal (A)
doped compounds (A4 ;Cq).

Recent theoretical calculations®*® have suggested that the
JT deformation of the lowest excited state of Cgp is of D,
symmetry, with six degenerate distortions along the direc-
tions of the six pairs of opposite pentagonal faces on the
Cgo molecule. Quantum fluctuations among the six degener-
ate JT distortions have been postulated to lead to dynamic JT
effects® (DJTE), such as pseudorotation associated with
Berry phase,’ and striking modifications of the Raman and ir
multiphonon spectra."”8 However, so far these effects have
not been experimentally verified. One way to study the na-
ture of the Cqy JT deformations is by electron spin resonance
(ESR), as was done before for the JT deformations associ-
ated with spin 3 Ag?T and Cu®* impurities in MgO and CaO
crystal hosts, respectively.9 However, Cqq molecules are
spinless in the ground state, and, upon doping, the spin dy-
namics of Cg4"~ ions may be hampered by disorder intro-
duced into the lattice by the alkali-metal dopants. Therefore,
light-induced ESR (LESR) of the long-lived triplet photoex-
citations may be the cleanest way to study the JT effects in
Cso - Although there have been several recent LESR studies
of 3Cg*,” where spin dynamics has been recognized,! ™13
these studies have not been directly used to study the JT
effect in Cgy .

In this work we have elucidated the spin dynamics of
triplet photoexcitations in Cg molecules dispersed in a poly-
styrene (PS) matrix, using the technique of absorption-
detected magnetic-resonance (ADMR).!* We found clear evi-
dence of a DJTE in 3Cg*, in which the triplet spin
dynamics are dominated by reorientation among degenerate
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JT deformations. To our knowledge, this is the first time that
a DITE is actually observed for spin triplet excitations,'®
which makes Cg, quite unique.

The ADMR technique'® uses a cw pump beam (from an
Ar" laser) and a probe beam (from a tungsten lamp) to con-
stantly illuminate the sample, which is mounted in a high-Q
microwave cavity (at 3 GHz) equipped with optical win-
dows, and a superconducting magnet producing a field H.
Microwave resonant absorption, modulated at 500 Hz, leads
to small changes, 87, in the probe transmission I'. 6T is
proportional to dn, the change in the photoexcitation density
n produced by the pump. én is induced by transitions in the
microwave range that change spin-dependent recombination
rates. Here we focus on the H-ADMR spectrum in which
ST is measured at a fixed probe wavelength A, while sweep-
ing H.

Purified Cy, powder (with purity >99.9%) from the MER
Corporation was mixed with PS in a solution of degassed
toluene, which was subsequently evaporated to form
Cego :PS glass.

The photophysics of Cgy molecules is relatively well un-
derstood. Upon photoexcitation, a singlet exciton is formed;
it subsequently decays within 5 ns into the triplet manifold,
with 3T, ¢ being the lowest level with a lifetime of order 1
ms.'? Steady-state spectroscopies of Cgq such as cw photo-
modulation (PM), in which the excited-state absorption is
measured, show, therefore, the absorption of 3Cgy*.'*16 Fig-
ure 1 shows the PM spectrum of 3Cg* in a Cgo:PS glass
sample at temperature =5 K; T and AT are the transmis-
sion and its photoinduced changes, respectively. The 3Cgo*
absorption spectrum is the same as reported earlier;'®!¢ it
contains a strong band at 1.65 ¢V and a shoulder at 1.8 eV.
The triplet photoexcitations decay monomolecularly, and a
single lifetime of 2.5 ms is obtained from the Lorentzian
shape of the in-phase and out-of-phase modulation frequency
dependences of the PM signal (Fig. 1 inset).

The H-ADMR spectra of *Cgy* at various temperatures,
measured at a probe photon energy of 1.65 eV, are shown in
Fig. 2(a); the same spectra were obtained at other photon
energies within the 3Cgy* absorption bands.’® At 2 K, the
ADMR spectrum shows a 250-G-wide triplet powder pattern
around g~2 (1071 G) with Sn/n=—6x10">. The triplet-
powder-pattern spectrum (TPPS) contains four singularities:
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FIG. 1. The PM spectrum of 3Cg* in Cgo:PS glass at 5 K. The
inset shows the modulation frequency dependence of the 1.65-eV
band at 2 K; solid triangles, in phase; open triangle, out of phase.
The solid lines in the inset are a theoretical fit with a single triplet
lifetime of 2.5 ms.

two steplike wings, and two peaks which are separated by
AH,=122 G. All these features are due to one triplet, triplet
A (T,). Even at 2 K the two peaks in the magnetic spectrum
are quite broad with full width at half maximum 2I"'=28 G.
The broadening mechanism at 2 K might be due to inhomo-
geneity in the triplet zero-field splitting (ZFS) parameters D
and E.'>1® As the temperature 6 increases [Fig. 2(a)], the
ADMR signal weakens as 1/8 and the two peaks in the TPPS
further broaden and shift towards the middle of the spectrum
(at Hy=1071 G); hence, with increasing 6, I' increases,
AH,, decreases, and the TPPS collapses towards Hy. More-
over, a new pair of ADMR peaks belonging to a second
triplet, triplet B (7'), with smaller separation AH , emerges.
With increasing 6, Tz gains strength relative to 74 .

The apparent correlation in the 7, TPPS between AH;,
and I with increasing 6 [Fig. 2(a)] can be more directly
plotted without involving 6 to show that a spin dynamic
process is dominant down to 2 K [Fig. 2(b)]. The straight
dotted line in Fig. 2(b) is given by

13.7(T)?=(125)2~ (AH15)?, 1

and fits the data reasonably well.

In the widely used Anderson spin-exchange narrowing
model,'” where the magnetic system can resonate at fields
Hl or Hz, with AH12(0)=H2_H1, we find

S(F_F0)2=[AH12(O)]2_(AH12)2’ 2

where I';, is the intrinsic linewidth, and the measured line-
width T" is larger than I'j because of the exchange interac-
tion, with I' =g v, where v is the exchange frequency,
which usually increases with 8. The similarity between the
experimentally determined relation [Eq. (1)] and Eq. (2)
shows that similar spin dynamics occur in 3Cgy*. The 13.7
coefficient found in Eq. (1), however, indicates that the TPPS
collapses towards H faster than predicted by the Anderson
model [Eq. (2)], showing that more complicated spin dynam-
ics exist in 3Cgo*.

To understand the spin dynamics in 3Cgq*, we have con-
sidered the possibility that the triplet spin undergoes a con-
tinuous rotational diffusion on the fullerene surface.'> How-
ever, as seen in Fig. 2(b) (broken line), we found that the
TPPS collapses too slowly with increasing I' and does not fit
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FIG. 2. (a) The H-ADMR spectra of 3Cgy* at various tempera-
tures. A and B stand for triplets T4 and T, respectively. The line-
width 2I" and peaks separation AH, in the powder patterns of
T, are indicated. A fit to the powder pattern of 74 at 2 K is shown
(open circles). The dashed line through the 90-K data is a guide to
the eye. (b) The correlation between I' and AH,, in the powder
patterns of T, at various 8. The dotted line is a straight line fit [Eq.
(1)], the broken line (model A) is calculated using the continuous
rotational diffusion model (Ref. 12), and the full line (model B) is
calculated using the DJTE model (see text).

the data. We also found that a large hopping angle (>30°)
between the directions of the triplets involved in the spin
reorientation dynamics was needed to correctly describe the
TPPS collapse with I'. This indicates that several degenerate
JT deformations of *Cgy* with large reorientation angle are
involved in the spin-dynamics process. As mentioned above,
theory predicts®® that there are six equivalent 3Cgy* JT de-
formations with D 5, symmetry along the directions of the six
pairs of pentagonal faces on the fullerene surface.®® We then
assume that the principal axis of the triplet ZFS tensor is
diagonal along each of the uniaxial JT deformation, but can
change its direction with respect to the external magnetic
field H by hopping onto the other five equivalent JT defor-
mations. This hopping is caused by tunneling, giving rise to
a DJTE among the six degenerate JT minima in the vibronic
adiabatic potential, with a calculated hopping angle of 43°.
We used the density-matrix (p) formalism'® to calculate the
TPPS [S(H)] of T, with various hopping rate (v) at each
6. In this method

6 3
sn=3 ¥ f Im{ p(2,H) 142, 3)
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where T, is the spin-spin relaxation time, g are the elec-
tronic gyromagnetic parameters, Hi(Q) is the static reso-
nance field value, and sfc(Q) is the steady-state transition
rate. After solving Eq. (4) in steady state (dp/dt=0) we
then proceeded via Eq. (3) to obtain the TPPS of 74 .

A typical fit to the H-ADMR spectrum at #=2 K, where
only T, has been observed, is shown in Fig. 2(a). The fit was
obtained with the ZFS parameters D, =123 G, £, =0, hop-
ping rate v=2 MHz, and 1/7,=6 G. Another fit to the TPPS
of T, is shown in Fig. 3, at #=17 K. The fit was obtained
with the same parameters as those at §=2 K but with
v="7 MHz. From the fits to the T, ADMR spectra at various
8 we found that v linearly depends on @ as shown in Fig.
4(a) and is given (in MHz) by v(68)=1.5+0.26; this depen-
dence is in agreement with a one-phonon process. The full
line in Fig. 2(b) shows the I'2 (AH3,) that we obtained by
fitting the T, TPPS at each temperature using the DIJTE
model [Egs. (3) and (4)]. In contrast to the continuous rota-
tional diffusion model,’? the DJTE model fits the data very
well.

Figure 3 also shows that we can readily obtain the TPPS
of Ty by subtracting the fitted TPPS of T, from the mea-
sured one. Then the TPPS of Ty (Fig. 3) can be well fit using
the following ZFS parameters: Dz =64 G and Ez=0.!° From
the respective T, and T integrated spectra (T4 and Tj,
respectively) we obtained the relative Ty population 7,
where 7= ’.i"B /T4, as a function of 8. As shown in Fig. 4(b),

FIG. 4. The hopping frequency v obtained from the fits of the
DIJTE model to the powder patterns of 7, , as a function of tem-
perature. The line is a linear fit through the data points. (b) The
relative Ty population 7= Ty /T, as a function of temperature, ob-
tained from the decomposition of the H-ADMR spectra into two
triplet powder patterns. The straight line is a linear fit through the
data points.

we found that # linearly increases with 8. We also found that
triplet B too is subject to DJTE, but its two TPPS maxima
collapse towards H, at a higher temperature compared to
that of T4 .

Triplet A has been observed by several groups.
Its ZFS parameter that we found here, D,=123 G
(=115X10"* cm™!), is the same as found before in other
low-temperature LESR studies.'®!'® The dynamic effects of
T, were also observed by other groups,12 but a successful
model has not been presented before. Identification of triplet
B is more difficult. Since its A-ADMR spectrum is identical
to that of T ,'® it cannot originate from impurities; it has to
be also associated with 3Cgy*. The question remains, how-
ever, whether Ty is intrinsic or extrinsic in origin. Few other
groups have also found a second'"!? (sometimes even a
third)!?* triplet in their LESR and optically detected mag-
netic resonance spectra of Cg:PS and C4p single

10-13,20-23

- crystals.’*® Ty ZFS parameter that we found here, Dy =64

G (=60%x10"* cm™1), is well within the range of Dy found
previously!13?2 (47-99x 10™* cm ™). The smaller D and
relatively larger linewidth of the Tz TPPS, compared to
those of T, , have led to the conclusion®® that Ty is extrinsic
and is formed in Cgq aggregates, not completely dissolved by
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the solvent. To check this assumption we have measured
H-ADMR spectra in a variety of Cgq:PS glasses with differ-
ent Cgy concentrations. In all cases we found two TPPS in
the ADMR spectra as described here; especially the relative
Ty population with 8, (), was similar (but not identical)
to that in Fig. 4(b). This may indicate that, after all, T is
intrinsic to 3Cg*. Recent calculation of (Cg)~ JT
deformations®* has shown that several types of deformations,
with different symmetries, are very close in energy (within
8E of 10 cm™1). These are** 6 equivalent D5, deformations
along the pentagonal faces, 10 equivalent D5, deformations
along the hexagonal faces, and 15 equivalent D,; deforma-
tions directed towards the C-C bond in between adjacent
hexagon and pentagon surface pairs. We may postulate there-
fore, the existence of additional types of JT deformations for
3Cgp* too, with relative energies, symmetries, and degenera-
cies similar to those calculated for (Cgg)~ (Ref. 24); we note
that such calculations have not been done yet for 3Ce*.%% In
this model Ty can be due to Cg™, which is subject to a
different type of JT deformation than that of 7, . Then the
two 3Cg* JT populations, f’A with Ds,; deformation and
TB , with the other type of JT deformation, are subject to a
Boltzmann distribution with 6. In this case #(6)
(=f‘ B/ TA) should be thermally activated. The linear fit
through the data points [Fig. 4(b)] shows, however, that such
a model is incorrect.
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We believe therefore that T is extrinsic in origin, such as
due to 3Cg* in Cg aggregates in the sample.’” This is in
agreement with the slower Ty spin dynamics which occur at
higher temperatures than those of T, . Due to the faster T,
JT dynamics at lower temperatures, the spin-lattice relax-
ation rate of T4, vg; has a stronger dependence on & than
that of Tp, for 6 between 10 and 50 K, where T JT dynam-
ics are practically frozen. Since 3Cg* TPPS is due to polar-
ized spins, not to thermalized spins,lo‘~12 then the stronger
dependence of vg; with 8 decreases Ty, much more than
Ty in the ADMR spectrum. A reasonable vg; () function is
a linear dependence, which consequently decreases T, as
1/6, whereas Tz remains constant. This explains the linear
dependence of n(#) shown in Fig. 4(b), without invoking a
more complicated model.

In summary, the ADMR spectra of triplet photoexcitations
in Cgq:PS as a function of temperature show two triplet pow-
der patterns, A and B, with substantial spin dynamics. The
dynamics of triplet A can be explained by spin reorientation
among the six degenerate JT deformations of the 3Cgy* with
D5, symmetry. Triplet B, with lesser dynamics, is extrinsic
in origin and may be due to triplets in Cq, aggregates.
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