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Near-infrared transitions of the monoanion and monocation radicals of buckminsterfullerene isolated in argon
matrixes (C60

(/Ar) have been investigated using magnetic circular dichroism (MCD) and absorption
spectroscopy, over the temperature rangeT ) 1.6-30 K and magnetic-field rangeB ) 0-4 T. Structure in
the origin-band regions of both ions is partially attributed to the occupation of inequivalent matrix sites. The
origin bands for the2Hg r 2Hu and2Gg r 2Hu transitions of C60

+/Ar are nearly coincident, with the former
at higher energy. The ground-state orbital angular momenta of both ions are quenched by crystal-field-stabilized
Jahn-Teller (CF-JT) effects. Trapping is strong for C60

-/Ar but weak for C60
+/Ar. The transition from static

to dynamic CF-JT effects for C60
+/Ar gives rise to unusual temperature and magnetic-field dependencies of

the MCD.

I. Introduction

Assuming icosahedral (Ih) symmetry, the near-IR electronic
transitions of the monoanion and monocation of C60 are
assigned, respectively, to2T1g r 2T1u

1-3 and2Hg, 2Gg r 2Hu.1,2,4

The terms involved in these transitions are all susceptible to
Jahn-Teller (JT) effects, but the magnitudes of JT displacement
are predicted to be small.4-9 For truly isolated ions the effects
should be dynamicsin semiclassical terms, rapid tunneling
between JT configurations will result in time-averaged retention
of the undistorted geometry. In condensed phases, however,
dynamic JT effects are susceptible to disruption by crystal
fields.9,10 In effect, relaxation of the local environment can
stabilize one JT configuration sufficiently to trap the molecule
in a static distortion. On account of the ability of the negative
charge of C60

- to polarize the surroundings, Tosatti et al. have
predicted that the dynamic effect will be unobservable for C60

-

except in the gas phase or, less likely, in inert gas matrixes.11

C60
- and C60

+ were first isolated (simultaneously) in an Ar
matrix by Gasyna, Andrews, and Schatz.12 They observed
vibronic structure in the overlapping near-IR spectra, which they
assigned on the basis of the C60 Raman spectrum13 assumingIh

symmetry. The structure in the origin-band regions of both ions
was attributed to combined spin-orbit (SO) and JT effects. An
MCD spectrum of C60

-/Ar obtained later by the same workers
suggested the presence of a JT overtone shifted by∼440 cm-1

from the origin.14 Soon afterward, Fulara et al. obtained the
absorption spectrum of mass-selected C60

+/Ne at 5 K,15 which
allowed unambiguous identification of vibronic structure in the
spectra of both ions. Vibrational assignments were made by
assuming a reduction of symmetry fromIh to D5d due to crystal-
field-stabilized Jahn-Teller (CF-JT) effects, and the origin-band
structure was attributed to matrix sites.

In this paper absorption and temperature- and magnetic-field-
dependent MCD data are presented for C60

(/Ar, with the
intention of providing further insight into the nature of the JT

distortions and crystal-field effects of C60
+ and C60

- in solid
inert-gas matrixes.

II. Experimental Section

C60
+ and C60

- were produced simultaneously by using the
method of Gasyna et al.12 C60 powder was sublimed in a quartz
Knudsen cell at∼450 °C and then subjected to radiation from
a microwave discharge through an 1-2 mmol h-1 flow of Ar,
which also provided host atoms for the matrix. The photolysis
products, Ar and excess C60, were co-condensed onto a
cryogenically cooledc-cut sapphire window. Data aboveT ≈
12 K were obtained by using a closed-cycle He refrigerator
(APD Cryogenics) placed between the poles of an electromagnet
(Alphamagnetics Model 4800).16 For T j K an Oxford
Instruments SM4 cryomagnet was used in a matrix-injection
mode.17

MCD and double-beam absorption spectra were measured
simultaneously using a spectrometer described previously.16,18

The 1-m Jarrell-Ash 78-463 monochromator was fitted with a
590-groove mm-1 diffraction grating blazed at 1.0µm. Light
was provided by a 250-W tungsten lamp and detected by using
a Hamamatsu R-316 photomultiplier tube or Philips BPX-65
Si photodiode. The spectral resolution was∼0.8 nm.

III. Results

MCD (∆A) per tesla and absorption (A) spectra for C60
+/Ar

and C60
-/Ar, obtained atT ) 12 K andB ) 0.6 T using the

refrigerator/electromagnet system, are shown in Figure 1.∆A
is the difference between the absorbance of left (AL) and right
(AR) circularly polarized light by a sample in a longitudinal
magnetic field (inductanceB), while A is the corresponding
average:19

The absorption spectrum is very similar to those reported by
Gasyna et al.12 and Fulara et al.15 The wavenumbers of the bands
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are summarized in Table 1, where superscripts( refer re-
spectively to ion charges.

Figure 2 shows expansions from the origin-band regions of
the two ions. The lighter spectra are taken from Figure 1, while
the darker spectra were obtained atT ) 4.3 K by using the
matrix-injection system. The gross features of the two sets are
similar; the MCD for C60

-/Ar is single-signed and negative,
while for C60

+/Ar it is double-signed with the more intense,
positive lobe at lower energy. However, the bands obtained by
using the matrix-injection apparatus are substantially broader,
probably as a consequence of different deposition conditionss
whereas the He refrigerator maintained a steady temperature of
∼20 K during deposition, the window temperature in the matrix-
injection system oscillated between∼12 and 25 K due to the
surging of the cryogenic fluid. In support of this conjecture,
sharp-band spectra obtained using the refrigerator could be
reproducibly transformed into broad-band spectra by annealing
above∼25 K.

Spectra were measured at temperatures betweenT ) 20 and
1.6 K and magnetic field strengths betweenB ) 0 and 4 T.
The absorption spectra and the dispersion of the MCD were
independent of changes in these conditions. However, the MCD
magnitudes showed significant changes, which were quantified
by the method of moments.19 Thenth absorption (An) and MCD
(Mn) moments are given by

where E is the photon energy andEh is the absorption band
barycenter defined byA1 ) 0. A0 measures the absorption
intensity, whileM0 and M1 reflect the magnitude of various
contributions to the MCD (see below).

For quantitative theoretical analysis, the integrals in eqs 3
and 4 are normally carried over all vibrational components of
a transition.19 However, the current situation is complicated by
overlap between transitions of the two ions, as well as the

weakness and poor signal-to-noise ratio of the MCD. Moment
analysis was therefore restricted to the origin-band regions
shown in Figure 2.

Rather than unmodified moments, it is convenient to employ
ratios of the typeMn/A0, which are independent of unknown
or poorly characterized parameters such as concentration, path
length, and dipole strength.M0/µBBA0 andM1/µBBA0 are plotted
against 1/kT in Figure 3, while the dependencies ofM0/A0 and
M1/A0 on µBB are shown in Figure 4 (µB is the Bohr magneton
andk is Boltzmann’s constant). The moment ratios for C60

-/Ar
show no significant temperature dependence and a have a linear
dependence (within experimental error) on magnetic-field
strength. The ratios for C60

+/Ar, especiallyM1/A0, show very
unusual, nonlinear dependencies on both magnetic-field strength
and temperature.

IV. Discussion

Contributions to MCD spectra are conventionally classified
as Faraday terms of typeA, B andC.19,20

A terms arise from first-order Zeeman splittings of the initial
and/or final levels of a transition; they are double-signed with
a sigmoidal (derivative-shaped) dispersion that contributes to
M1 but not toM0. They are temperature independent and scale
linearly with magnetic-field strength.

B terms represent diamagnetic contributions to the MCD
arising from magnetic-field-induced mixing of states. They are
also temperature independent and linearly dependent on magnetic-
field strength. However, except in the case of accidental near
degeneracies, they are generally weak and single signed (positive
or negative), contributing toM0 but not toM1.

For systems with degenerate ground states the MCD is nearly
always (especially at low temperatures) dominated byC terms.
These are related to ground-state paramagnetism and exhibit
temperature and magnetic-field dependencies that reflect the
populations of Zeeman states within the ground-state manifold.
When µBB , kT, the C-term intensity is a linear function of
B/T. At higher fields or lower temperatures saturation occurs
whereby the absolute intensity increases progressively more
slowly with B/T.

In cases where the ground-state orbital angular momentum
is substantial,C terms are strong and single signed, giving a
large and temperature-dependent contribution toM0. On the
other hand, if the degeneracy is due purely to spin, they are
generally much weaker, depending on excited-state SO coupling
for their intensity.19

C60
-/Ar. The near-IR spectrum of C60

-/Ar is formally
assigned to2T1g r 2T1u in Ih symmetry. This transition would
be expected to exhibitA and C terms, but the single-signed
MCD origin and absence of significant temperature dependence
show that the MCD is actually dominated byB terms. The
absence ofC terms requires that SO interactions and orbital
angular momenta of the anion are either intrinsically weak or
strongly quenched. These conclusions are commensurate with
EPR studies of C60

- indicatingg values close to the spin-only
value,21-26 and with theoretical expectations of weak SO
coupling in C60 and its ions.11,27The latter militates against the
assignment by Gasyna et al. of the origin-band structure in C60

-/
Ar (and C60

+/Ar) to combined JT and SO splittings.12 A more
likely explanation, especially in light of the changes described
above on annealing, is that the structure is due to inequivalent
matrix sites.15

Theoretical calculations by Tosatti et al.11 indicate that the
ground-state orbital angular momentum of isolated C60

-should
be reduced by dynamic JT effects involving vibrational modes

Figure 1. Near-IR MCD per tesla (∆A/B; top) and absorption (A;
bottom) spectra of C60

(/Ar obtained by using the He-refrigerator/
electromagnet system atT ) 12 K andB ) 0.6 T. The inset shows an
expanded view of vibronic structure in the spectra of C60

-/Ar. Band
numbering is for cross-reference with Table 1.

An ) ∫ A(E)
E

(E - Eh)n dE (3)

Mn ) ∫ ∆A(E)
E

(E - Eh)n dE (4)
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of hg symmetry.9,28 MCD sometimes provides evidence for
vibronic activity in the form of alternating signs of the associate
vibrational overtones. Theoretical determination of the sign of
B terms associated with JT overtones arising from T1u X hg is
complicated, especially since the same vibration may also be
active in the excited states. However, it can be readily demon-
strated that vibrations that are totally symmetric inIh symmetry
can only give MCD bands with the same sign as the origin.
Hence bands 4-, 5-, and probably 2-, which have positive MCD
(inset Figure 1), can be confidently assigned to vibronically
active vibrational modes. Their shifts from the origin bands
(∼420 and∼285 cm-1; Table 1) accord well with the wave-
numbers of∼432 and∼265 cm-1 obtained from Raman and
inelastic neutron scattering data for the hg modes of C60.29

The effective orbital reduction determined by Tosatti et al.11

is not nearly sufficient in itself to quenchC terms to the observed
degree. Explication of earlier EPR and the current MCD results
almost certainly lies with crystal-field stabilization of a JT
distortion,10 which can cause substantial (and often effectively
complete) reduction of orbital angular momenta. Assuming a
static CF-JT distortion in the ground state of C60

-/Ar, the spectra
are more conveniently discussed in the appropriate subgroup
of Ih. The possibilities areD5d, D3d, and D2h,9,30 for which
qualitative energy-level diagrams are given in Figure 5. Also
illustrated are interlevel Zeeman interactions and allowed
transitions referenced to the molecular axes.

Theoretical calculations generally favor a minimum-energy
D3d geometry for C60

-,3,5,8,31,32but the following analysis is
unaffected by the choice of point group. TheD5d and D3d

cases are equivalent, whileD2h may be regarded as formally
equivalent sinceA0, M0, and M1 are independent of unitary
transformations of the excited-state basis.19 Explicit treatment
is given forD5d/D3d symmetry. The2E(1)u - 2A2u separation is

denoted by∆, which, to allow for the possibilities ofD2h

symmetry and different matrix sites having different symmetries
and different splittings, is regarded as an effective parameter.
It is important to note that∆ is not the vertical separation be-
tween electronic hypersurfaces determined by quantum-chemical
calculations but refers instead to energy differences between
Vibronic states. These will be substantially smaller than the
vertical separations (typically calculated to be several hundred
cm-1 or greater5,8,31) and, in the expectation of weak JT
coupling,4-8 are probably dominated by the crystal-field shifts.

In D3d (D5d) symmetry, the only allowed transition of2T1g

r 2T1u parentage at low-temperature is2E(1)g r 2A2u, for which
the dipole strength is19

Here,m is the electric-dipole moment operator,R is the partner
label of the orbitally degenerate excited state, and the bar over
D0 indicates that the parameter is averaged over all possible
molecular orientations. The most important contribution to the
B-term intensity involves Zeeman interactions between states
within the2T1u manifold, for which the corresponding Faraday
parameter is19

Im indicates the imaginary part of everything to the right and
L is the orbital angular momentum operator (spin is inconse-
quential in the absence of significant SO coupling).

TABLE 1: Near-IR Bands (cm-1) of C60
-/Ar and C60

+/Ar a

band this workb Gasyna et al.12 Fulara et al.15 assignment

C60
-/Ar 01

- 9359 (0) 9360 9363 2T1g r 2T1u origin; site 1
02

- 9387 (28) 9390 2T1g r 2T1u origin; site 2
03

- 9426 (67) 9440 2T1g r 2T1u origin; site 3
04

- 9476 sh (117) 2T1g r 2T1u origin; site 4
1- 9595 sh (236) 9592
2- 9644 sh (285) JT overtone
3- 9686 (327) 9680 9678
4- 9768 (409) JT overtone
5- 9792 (433) 9800 9790 JT overtone
6- 9842 (483)
7- 9881 sh (522) 9895
8- 10033 sh (674)
9- 10097 sh (738)
10- 10139 sh (780) 10140 10129
11- 10201 sh (842)
12- c 10768 (1409) 10770
13- c 10795 (1446)
14- c 10834 sh (1485)
15- 10984 br (1635) 10957

C60
+/Ar 01

+ 10237 sh (-37) 2Gg r 2Hu origin; site 1

02
+ 10274 (0) 10280 (0) 10282 (0) 2Gg r 2Hu origin; site 2

03
+ 10310 sh (36) 10310 (30) 2Hg r 2Hu origin; site 1

04
+ 10361 (87) 10360 (80) 10355 (73) 2Hg r 2Hu origin; site 2

1+ 10538 br (264) 10540 10526
2+ c 10768 (494) 10770
3+ c 10795 (521)
4+ c 10834 sh (560)
5+ 11090 (816) 11090

a Band designations are shown in Figures 1 and 2. Superscripts( refer to C60
(. b Uncertainty in band positions are(5 cm-1: sh ) shoulder;

br ) broad (01
- and 02

+). Shifts from the most intense origin bands (01
- and 02

+) are given in parentheses.c Both ions have bands at these
wavenumbers.15

Dh 0 )
1

3
∑

R
|〈2E(1)g R|m|2A2u〉|2 (5)

Bh 0 )
2

3∆
Im∑

R,â

〈2E(1)u R|L |2A2u〉‚〈
2A2u|m|2E(1)gâ〉 ×

〈2E(1)gâ|m|2E(1)u R〉 (6)

MCD of C60
+ and C60
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Matrix elements in the expressions forDh 0 and Bh 0 can be
inter-related by the Wigner-Eckart theorem after recourse to
the Ih parentage of the states (Table 2). The resultant moment
ratio is

whereγ is an effective Ham-reduction factor (1g γ g 0) due
to the JT displacements andgorb is the orbitalg value for the
2T1u term of the undistorted ion:

Transformation to the|L ML〉 basis (Table 2), noting theL )
5 spherical parentage of the2T1u states,33 gives gorb ) -2.5.
Since all other parameters on the right of eq 7 are intrinsically
positive, a negativeB term is predicted, in agreement with the
experimental result (Figures 1 and 2).

Tosatti et al. have provided a theoretical estimate ofγ ≈
0.17,11 which, when combined the ratioM0/µBBA0 ) (-1.6 (
0.3) × 10-2 from Figure 3a, requires∆ ) 54 ( 10 cm-1. The
magnitude of this separation is consistent with earlier spectro-
scopic observations. First, it accounts for the relatively large
deviation of the electronicg factors, determined by EPR, from
the spin-only value.21,24 Perturbation theory gives34

whereλSO is the spin-orbit coupling constant for a t1u electron.
The estimate by Tosatti et al.11 of λSO ) 0.16 cm-1 yields ∆g
≈ -10-3, a factor of 2 or 3 smaller than observed shifts but,
given the inherent uncertainties of the theoretical estimates, in
reasonable accord with experiment.21-26 In comparison, Naka-
gawa et al. analyzed∆g for C60

- in methylene chloride to obtain

Figure 2. MCD per tesla (∆A/B; top) and absorption (A; bottom)
spectra of the origin-band regions of C60

-/Ar (a) and C60
+/Ar (b). The

dark and light spectra respectively illustrate data obtained using the
matrix-injection and refrigerator/electromagnet systems. The differences
in the spectra are attributed to changes in the occupancies of
inequivalent sites due to different deposition conditions. Band number-
ing is for cross-reference with Table 1.

M0/µBBA0 ) Bh 0/Dh 0 ) 2γgorb/∆ (7)

gorb ) 〈2T1u 1|Lz|2T1u 1〉 ) i〈2T1u x|Lz|2T1u y〉 (8)

∆g ) g - ge ≈ -(γgorb)
2λSO/∆ (9)

Figure 3. Temperature dependence of the spectroscopic moment ratios
M n/µBBA0 obtained by integrating over the ranges of Figure 2: (a)n
) 0 and (b)n ) 1. Data for C60

-/Ar are shown as circles, while those
for C60

+/Ar are shown as squares. Dashed curves underlying the data
for C60

+/Ar were obtained by using eqs 14 and 15, as described in the
text.

Figure 4. Magnetic-field dependence of the spectroscopic moment
ratiosM n/A0 obtained by integrating over the ranges of Figure 2: (a)
n ) 0 and (b)n ) 1. Data for C60

-/Ar are shown as circles, while
those for C60

+/Ar are shown as squares. The temperatures at which the
data were obtained are coded by the filling of the symbols; black)
1.6 K, gray) 2.0 K, and white) 4.3 K. Dashed curves underlying
the data are drawn to guide the eye.

6536 J. Phys. Chem. A, Vol. 103, No. 33, 1999 Langford and Williamson



∆ ≈ 70 cm-1.21 Second, EPR temperature dependence22,23,35

and features observed in the near-IR absorption spectra of C60
-

in benzonitrile36 have been attributed to the presence of low-
lying thermally accessible2E(1)u excited states. Population of
these states should also confer MCD temperature dependence
(see below), but with∆ J 50 cm-1 such effects will be
imperceptible at the temperatures of our experiments.

The presence of inequivalent matrix sites and limitation of
range of integration to the origin-band region will compromise
the reliability of M1, so interpretation of the ratioM1/A0 is
necessarily qualitative. For2E(1)g r 2A2u (in the limit of weak
SO coupling),M1 arises from anA term associated with the
formal orbital degeneracy of the excited state. The corresponding
Faraday parameter is19

Table 2 and the Wigner-Eckart theorem then give,

whereg′orb andγ′ now pertain to the excited state. TheL ) 6
parentage of the2T1g states (Table 2) givesg′orb ) 0.5; hence
the A term is predicted to be positive, in accord with the
experimental value ofM1/µBBA0 ) 0.30 ( 0.15 (Figure 3b).
Although this value must be treated with caution, the estimate

of γ′ ) 0.6 ( 0.3 that it gives suggests that the excited-state
JT displacements are much smaller than those in the ground
state.

C60
+/Ar. The situation for C60

+/Ar is more complicated, in
terms of both experimentally observed behavior and its theoreti-
cal treatment. The undistorted cation has a2Hg ground-state term
arising from a vacancy in the hu (l ) 5) HOMO.1,2,4 The near-
IR spectra are attributed to transitions2Hg r 2Hu and 2Gg r
2Hu, involving excitations to the HOMO from lower-lying hg

and gg (l ) 4) orbitals.1,2,4,15These transitions are predicted to
have similar intensities and to lie within a few hundred cm-1

of each other.1,2,4The absence of strong C60
+ bands outside the

range of Figure 2b, suggests that the origins of both transitions
fall within this region.

In the absence of a symmetry-lowering mechanism, the MCD
should be dominated by oppositely signedC terms with an
intensity ratio of∼16:7, the2Gg r 2Hu contribution being
positive and stronger. The MCD of the origin-band region
(Figures 1 and 2b) is qualitatively consistent with these
expectations, but there are three problems. First, theM0/A0 ratios
(Figure 3a) obtained by integrating over the range of Figure 2b
are at least 2 orders of magnitude weaker than expected for the
sum of the two transitions inIh symmetry. Second, the observed
magnetic-field and temperature dependencies are highly unusual,
the latter being the exact opposite of the expected 1/T behavior
for C terms.19 And third, the energy order (positive MCD band
at lower energy) contradicts calculations that put2Gg at higher
energy.1,2,4

The weak MCD clearly indicates that the ground-state orbital
angular momentum of C60

+/Ar is quenched, presumably again
by CF-JT effects, but now involving vibrations of hg and gg
symmetries.9 Bendale et al., using an INDO/S calculation, have
found that the most-stable C60

+ structure hasD5d symmetry,4

the energy-level diagram for which is given in Figure 6. The
situation is more complex than for C60

-. For example, the
multitude of Zeeman interactions provides far greater potential
for B terms, particularly if the2Hg-2Gg separation is small
enough to allow significant inter-term Zeeman effects. However,
a model that assumes pureB terms associated with transitions
from the2A1u state cannot even begin to account for the unusual
temperature and magnetic-field dependencies. The only reason-
able explanation requires thermal population of states within a
few cm-1 of the low-symmetry ground state, in which case the
possibility must be allowed for (quasi)C terms associated with
transitions from the (formally) orbitally degenerate2E levels.

Unfortunately, the available information is insufficient to
disentangle the problem within the framework of Figure 6.

Figure 5. Correlation diagram for reduction fromIh to D3d, D5d, and
D2h symmetries for the2T1g r 2T1u transition of C60

-. Allowed
transitions (full arrows) and inter-level Zeeman interactions (dashed
arrows) are referenced to the molecular axes. Energy orderings follow
refs 3, 32, and 8.

TABLE 2: |L ML〉 Parentage for C60
( States in I h and D5d Symmetriesa

orbital function

ion term Ih D5d |L ML〉 parentage

C60
- 2T1u |T1u0〉 |A2u〉 (7/50)1/2(|5 5〉 - |5-5〉) - (36/50)1/2|5 0〉

|T1u(1〉 |E1u (1〉 -(3/10)1/2|5 ( 1〉 - (7/10)1/2|5 - 4〉
2T1g |T1g 0〉 |A2g〉 -(1/2)1/2(|6 5〉 + |6-5〉)

|T1g (1〉 |E1g (1〉 -(6/50)1/2|6 ( 6〉 ( (33/50)1/2|6 ( 1〉 + (11/50)1/2|6 - 4〉
C60

+ 2Hu |Hu 0〉 |A1u〉 -(1/2)1/2(|5 5〉 + |5-5〉)
|Hu (1〉 |E1u (1〉 -(7/10)1/2|5 (1〉 ( (3/10)1/2|5 - 4〉
|Hu (2〉 |E2u (2〉 ((2/5)1/2|5 (2〉 + (3/5)1/2|5 - 3〉

2Hg |Hg 0〉 |A1g〉 -|4 0〉
|Hg (1〉 |E1g (1〉 ((8/15)1/2|4 (1〉 ( (7/15)1/2|4 - 4〉
|Hg (2〉 |E2g (2〉 -(1/15)1/2|4 (2〉 - (14/15)1/2|4 - 3〉

2Gg |Gg (1〉 |E1g (1〉 -(7/15)1/2|4 (1〉 + (8/15)1/2|4 - 4〉
|Gg (2〉 |E2g (2〉 -(14/15)1/2|4 (2〉 ( (1/15)1/2|4 - 3〉

a Basis functions conform to Butler’s conventions for the point-group chainO3 ⊃ Ih ⊃ D5d ⊃ C5i.30 Relationships for the alternative chains,O3

⊃ Ih ⊃ D3d ⊃ C3i andO3 ⊃ Ih ⊃ Th ⊃ D2h ⊃ C2i, can be derived from tables in ref 30.

Ah 1 )
i

3
∑
R,â

〈2E(1)g R|L |2E(1)g â〉‚〈2A2u|m|2E(1)g R〉 ×

〈2E(1)gâ|m|2A2u〉 (10)

M1/µBBA0 ) Ah 1/Dh 0 ) γ′g′orb (11)

MCD of C60
+ and C60
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Instead, we resort to a phenomenological model in which the
system reverts to the high-symmetry situation when the thermal
energy exceeds the ground-state CF-JT splittings. At very low
temperatures the molecules are trapped in the low-symmetry
structure andC terms are entirely quenched. Their reappearance
with increasing temperature is modeled by an effective activation
energyEa, which should be similar to the separations between
states within the2Hu manifold.

As stated above, transitions2Hg r 2Hu and2Gg r 2Hu in Ih

symmetry should have oppositely signedC terms. Hence, bands
01

+ and 03
+ are assigned to opposite-signed origins of a lower-

energy site, and 02
+ and 04

+ to the origins of a higher-energy
site. According to Table 1, the separation between the two
excited states is therefore∼80 cm-1. The (orientation-
independent) dipole strengths are given by19

whereΓ ) H or G and the matrix elements ofm+1 and m-1

are, respectively, left- and right-circularly polarized transition
moments (m(1 ) -2-1/2(mx ( imy)). The correspondingC-term
Faraday parameters are19

and temperature dependencies of the moment ratios are given
by

whereγ andgorb pertain to the2Hu ground-state term. From the

L ) 5 parentage of the term (Table 2),33

The best fit of eq 15 to the experimental temperature-
dependence data is shown by the dashed curve in Figure 3b.
With |Eh(2Gg) - Eh(2Hg)| ) 80 ( 10 cm-1, it yields γ ) 0.58(
0.13 andEa ) 6.2 ( 1.2 cm-1. Sinceγ is inherently positive,
the negative values ofM1/µBBA0 require the2Hg term to lie at
a higher energy than2Gg.

These parameters and eq 14 give the calculated curve for
M0/µBBA0 shown at the top of Figure 3a. The model is too
crude to expect an accurate fit to the experimental data, but the
sign and magnitude of the calculated ratio, and the general form
of its temperature dependence, are sufficient to suggest that the
model has qualitative validity. This immediately suggests that
JT-CF effects in the ground state of C60

+/Ar are far weaker
than for C60

-/Ar, a conclusion that is substantiated by both the
much larger value ofγ and the small value ofEa.

Weak JT-CF effects are also consistent with the nonlinear
dependence ofM1/A0 on magnetic-field strength at low tem-
peratures (Figure 4b). At weak fields (µBB j 0.5 cm-1) the C
terms are strongly quenched. As the field is increased, the lowest
CF-JT state progressively takes the character of the lowest
Zeeman component of the undistorted2Hu term (in a manner
analogous to the Paschen-Back effect) and theC terms
reappear. This process involves magnetic-field-induced mixing
of the 2A1u and2Eiu states viaLx andLy, the same mechanism
that is responsible forB terms. However, the conventional
treatment ofB terms requires inter-state zero-field separations
to be large compared with their Zeeman interactions so that
first-order perturbation theory is appropriate. As the magnitudes
of the Zeeman interactions approach the splittings, higher-order
terms in the perturbation expansion become important and the
field dependence becomes nonlinear.M0/A0 should show similar
nonlinear magnetic-field dependence, but the signal-to-noise
ratio of the experimental data is too poor to verify this
expectation.

V. Conclusion

Absorption and MCD spectra have been measured at several
temperatures and magnetic fields for the near-IR transitions of
C60

-and C60
+ in solid Ar. On the basis of annealing behavior,

the structure in the origin-band regions of both ions is attributed
partially to the occupation of inequivalent matrix sites. For C60

+,
some of the structure is ascribed to nearly coincident transitions
of 2Hg r 2Hu and2Gg r 2Hu parentage. Positive MCD bands
in the vibrational overtone region of the2T1g r 2T1u spectrum
of C60

- are assigned to a Jahn-Teller-active hg modes with
wavenumbers of∼285 and∼420 cm-1.

For the2T1g r 2T1u transition of C60
-/Ar, the single-signed

MCD, its temperature independence and linear magnetic-field
dependence are commensurate withB terms whose existence
can be rationalized in terms of crystal-field-stabilized Jahn-
Teller (CF-JT) effects in the ground state. Semiquantitative
analysis of the zeroth moments is consistent with effectiveD5d

or D3d symmetry, with a ground-state vibronic splitting ofJ50
cm-1. These conclusions are in accord withg values obtained
previously by using EPR.21-26 The first MCD moment suggests
significant but smaller JT displacements of the excited states.

The MCD of C60
+/Ar exhibits very unusual temperature and

magnetic-field dependencies. It is proposed that the ground state
is split by CF-JT effects to give low-lying excited states that
are thermally accessible even at liquid-helium temperature. The

Figure 6. Correlation diagram for reduction fromIh to D5d symmetry
for the2Hg r 2Hu and2Gg r 2Hu transitions of C60

-. Allowed transitions
(full arrows) and inter-level Zeeman interactions (dashed arrows) are
referenced to the molecular axes. Energy orderings follow ref 4.
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magnitude of the JT distortion is weak and the system undergoes
a transition between crystal-field-stabilized static and dynamic
JT effects, which is responsible for the unusual behavior. The
two-signed MCD near 10 250 cm-1 indicates that the2Hg r
2Hu and 2Gg r 2Hu origins are separated by only∼80 cm-1,
with the former at higher energy. The separation is similar to
those found by Fulara et al. in absorption spectra of C60

+/Ar
(87 cm-1) and C60

+/Ne (67 cm-1),15 but the energy ordering is
the reverse of predictions obtained by using molecular-orbital
calculations.1,2,4

The current work has implications with regard to the
intriguing theoretical results recently obtained by Tosatti et al.11

They predicted that the combination of very weak SO coupling
and dynamic JT effects in the ground-state term of C60

- should
result in an uncommonly strong magnetic-field dependence of
the g values and a transition from paramagnetism to effective
diamagnetism as the temperature is decreased below∼0.2 K.
As foreseen by those workers, crystal-field stabilization of the
JT effect in the ground state of C60

-/Ar makes that system
unsuitable for testing their predictions. However, much weaker
trapping in the case of C60

+/Ar would make the cationic system
a prime alternative candidate for investigation by EPR. Indeed,
our interpretation of the MCD effectively represents a transition
from paramagnetism to diamagnetism with decreasing temper-
ature, but the transition is shifted to higher temperature due to
the influence of weak crystal fields.
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