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Experimental results on Raman-scattering spectra of Ceo and MsCeo (M =K, Rb, and Cs) taken
at room temperature are presented and discussed. The spectra for the MgCso compounds are all
quite similar, and show only weak dependence on the alkali-metal mass or radius. Several of the
fivefold degenerate Hy symmetry Cego lines are observed to split upon doping. Furthermore, the high-
frequency lines associated with primarily tangential carbon atom motions are observed to down-shift
relative to their position in Cgg, whereas Cgp modes that exhibit primarily radial character down-
shift to a lesser degree, and in some cases even up-shift slightly upon doping. These observations
are explained as a consequence of the interplay between (1) the charge-transfer dependence of the
bond stretching and bond-bending force constants and (2) the electrostatic effects associated with

the net negative charge on the Cgo cluster.

I. INTRODUCTION

Recently it has been possible to prepare ordered solid
films of Cgo that are insulating'~* and also doped
films that are superconducting.>™® Much interest in the
phonon spectrum and in the electron-phonon coupling
has been aroused by the relatively high 7. values that
have been reported: alkali-metal-doped K3Cgo (T. = 18
K),5’6 Rb3060 (Tc =29 K),7 and szCSyCGQ (Tc =33
K).8° In this paper we present observations of the Ra-
man spectra for insulating Cso and MsCeo films (M= K,
Rb, and Cs) and the interpretation of these spectra. We
conclude with a discussion of these observations based
on symmetry considerations and expected mode soften-
ing and stiffening effects connected with charge transfer
arising from the alkali-metal doping.

Ceo-related materials have been reported to show a
face-centered-cubic structure for solid Cgg (Refs. 1, 10,
and 11) and K;Cego (z < 3);!? a body-centered-tetragonal
structure for K4Ceo;'3 and a body-centered-cubic struc-
ture for solid K¢Cgg.1* The Cgp and MsCgg solids studied
in this paper are regarded as cubic materials with a very
highly symmetric molecule (either rotating or at some
random orientational position) placed at each cubic lat-
tice site.

The room-temperature Raman spectrum presented in
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Sec. II for solid Ceo (in agreement with previous work?)
shows 10 strong Raman lines, consistent with the 10
Raman-allowed (2Aiq +8H,) modes predicted for the iso-
lated Cgo molecule.!® Collected in Table I are calculated
frequencies for molecular Cgp according to Negri et al.,!?
which exhibit the best agreement with experiment, and
the calculations of Stanton and Newton!® which pro-
vide another point of comparison, as well as an esti-
mate of the percent radial character of the vibrational
eigenmodes. The calculated frequencies associated with
modes of primarily radial character (w < 750 cm™?) are
in good agreement with experiment, whereas the calcu-
lated mode frequencies with largely tangential character
(i-e., w > 1400 cm™!) are found to be noticeably higher
than the experimental values.

Since the bonding requirements of every carbon atom
in the Cep truncated icosahedral structure are fully satis-
fied, Ceo is an insulator with an optical-absorption edge
at 1.7-1.8 eV in the fcc film.2% The weak coupling of the
Ceo molecules to one another in the fcc structure retains
the insulating nature of the clusters. However, metallic
behavior results from potassium doping through the par-
tial filling of the lowest antibonding T3, (or Fy,) states
of Ceo by charge transfer from the alkali-metal dopants.

The molecular vibrational modes of the Cgp molecule
are classified in terms of the icosahedral point group.
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TABLE 1. Experimentally observed Raman modes in pristine Cgg and comparison to various calculations.
Experiment Model
This work? Meijer et al. Negri et al.€ Stanton and Newtond Wu et al.® Weeks et al.f
Mode cm™ Igv/Igy cm~1 cm™1! cm”™ em~? em~?
Ay 1468.5(1.5) 0.10 1470 1442 1667(0.0) 1627.4 1830
Ag 493.0(245) 0.02 496 513 610(100.0) 547.6 510
H, 1573.0(9.5) 0.52 1575 1644 1722(1.2) 1830.7 2085
H, 1426.0(7.5) 0.44 1428 1465 1596(0.8) 1688.2 1910
H, 1248(7.0) 1250 1265 1407(2.1) 1398.5 1575
H, 1099(7.0) 1099 1154 1261(9.6) 1160.0 1292
H, 772.5(9.0) 0.38 774 801 924(30.5) 779.8 828
Hy 708.5(7.5) 0.40 710 691 721(96.5) 552.4 526
Hy 430.5(5.5) 0.40 437 440 447(90.0) 427.9 413
Hg 270.0(4.2) 0.52 273 258 263(69.3) 272.0 274

2 The full width at half maximum intensity in cm™? is given as (FWHM).

b Reference 16.
¢ Reference 17.
d Reference 15
€ Reference 18.

 Reference 19.

Since each carbon atom in Cgo bonds to three neigh-
bors as in graphite, it would appear that there is a close
connection between the planar sp? trigonal bonding that
occurs in graphite and the tangential bonding of carbons
in the Cgp molecule. A certain subset (namely the tan-
gential displacements) of the normal modes of Cgg is as-
sociated with the stretching of C—C bonds analogous to
the “planar”-type vibrations of the graphitic network of
carbon atoms.

The similarity in the bond lengths and bond angles of
graphite as compared to Cgo leads one to expect that
the phonon frequencies in both systems should be sim-
ilar. Indeed the high-frequency phonon modes associ-
ated with predominantly tangential'® motion of the car-
bon atoms in the Cgg molecules are observed to be very
close in frequency to the Ep, (1590 cm™!) and E,,, (1582
cm™!) modes in graphite.2! On the other hand, whereas
the out-of-plane A, zone-center mode in graphite has a
frequency of 868 cm™!, the radial modes in Cgo have
frequencies in the range 270-780 cm~1.15:16:22 [t thus
appears that the radial modes in Cgo are substantially
down-shifted with respect to the out-of-plane modes in
graphite, a phenomenon that results from the surface cur-
vature in Cgo.22 This difference between graphite and Cgg
with regard to surface curvature has been explained in a
simple way, as summarized below.23

To understand the influence of the curvature on the
radial modes in Cgq, we note that the three bonds con-
necting a carbon atom to the three nearest-neighbor car-
bons are not coplanar. Upon constructing the relevant
sp hybrids on each atom, it is possible to calculate the
restoring force on a carbon atom that has been given
an infinitesimal radial displacement. This calculation is
done by considering the change in the bond energy that
results from such a displacement, to second order in the
displacement. In general, a radial displacement of an
atom causes a change in the bond energy due to the
change in the length of the bond as well as a change
in the relative orientation of the orbits whose overlap de-

. For this calculation the percent radial character of the eigenvectors is given in parentheses for each mode.

termines the bond energy.

The calculation?? yields a radial force constant in Cgg
that is approximately 40% lower than the correspond-
ing out-of-plane force constant in graphite. Numerically,
with the out-of-plane mode in graphite at w ~ 868 cm™1!,
the corresponding radial mode in Cgg is estimated to be
at ~ 700 cm™!,2® in good agreement with the experi-
mental value for the Hy mode at 708 cm™?!, which is 97%
radial’® and does indeed involve atoms displaced radially
with respect to each other. It should be noted that the
comparison between the 868 cm™! Ay, mode in graphite
should not be made with the radial A; mode in Cg at
493 cm~!. The 493 cm~! mode in Cgg involves primarily
bond-stretching displacements, so that adjacent atoms
are vibrating radially, but in phase. However, the 868
cm~! out-of-plane mode in graphite involves an inter-
layer motion of adjacent atoms in the same layer which
are 180° out of phase.

The room-temperature Raman spectra presented in
Sec. II for the alkali-metal-doped Cgp show great simi-
larities to that for the undoped Cgo. This observation
suggests that we can model the effect of the alkali-metal
doping on the lattice modes of the Cgg solid in a similar
manner to the approach taken in carrying out the lattice-
dynamics studies in intercalated graphite,242% where the
alkali metal interacts only weakly with the graphene
sheets, so that the main effect of intercalation on the
lattice modes is the charge transfer associated with the
alkali metal intercalation.

The effect of this charge transfer is to cause an expan-
sion of the Cgg molecular diameter and consequently a
softening of the intraball force constants that determine
the frequencies of the vibrational modes. The Raman
frequencies are very sensitive to this intraball expansion,
which has been directly measured by structural studies,*?
and predicted theoretically.?6 The effect of charge trans-
fer on the lattice has been examined by calculating the
change in the bond energy induced by charge transfer (as
is for example introduced by an alkali-metal dopant).2”
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Considering only nearest-neighbor interactions, the new
equilibrium bond length is found from the change in bond
energy, as well as the bond-stretching force constant cor-
responding to this new equilibrium length. The various
terms entering the expression for the modified stretching
force constant are then evaluated.?” The theory treats
all alkali-metal atoms in the same way, i.e., as a charge-
transfer dopant, and details of the hybridization and M-
Cgo coupling are not included. This theoretical approach
is supported by the experimental results, in that the ob-
served mode softening is indeed not sensitive to the alkali-
metal mass and electronic configuration. For M¢Cey,
where M represents an alkali metal such as K, Rb, or
Cs, the charge transfer from the alkali-metal atoms to the
Cso molecules is believed to be complete and thus results
in a net charge per C atom f, = 0.le. Using this value
of f., the calculation®” predicts a softening of the high-
frequency tangential modes of Aw/wo = —0.027, corre-
sponding to a lowering of the high-frequency A, mode by
~ 40 cm™1!.

On the basis of charge transfer alone, the frequency
of the A, radial bond-stretching mode at 493 em~?! s
expected to decrease by approximately 10 cm~! following
the above arguments. Instead it is observed that the
frequency of this 4; mode up-shifts by 5 — 9 cm™! (see
Sec. ITI). A partial explanation for this effect has been
given in terms of an electrostatic effect arising from the
charge transfer??.

By calculating the change in the radial electric field
at the surface of the fullerene (treated as a sphere of ra-
dius R) with net charge transfer Q when the radius of the
sphere changes by the radial displacement u during a lat-
tice vibration, an expression for the change in the square
of the mode frequency is obtained.?” The electrostatic
effect then produces a stiffening which more than com-
pensates for the softening due to charge transfer. Thus
the high-frequency tangential A, mode, which does not
experience any similar electrostatic effect, is expected to
soften by about 2%, while the radial A; mode is expected
to stiffen somewhat.

II. RAMAN EXPERIMENTS

A. Experimental details

The Cgp molecules were prepared by an ac discharge
between graphite electrodes in 200 torr of He.! This dis-
charge produced a carbon soot from which 15% fullerenes
Cso and Cr7q were extracted. Soxhlet extraction with a
toluene solvent was used to separate the fullerene mix-
ture from the soot. Separation of Cgg from the higher-
molecular-weight fullerenes was accomplished using lig-
uid chromatography (LC). The identity of the high-
performance LC separated fractions was verified by com-
parison of uv-visible spectra with published results,! and
the purity of the Cgp materials was verified by high-
performance liquid chromatography (HPLC). We esti-
mate Cro impurities to be less than 2%.

Ceo powder was obtained by heating a concentrated so-
lution of Cgp in toluene in an alumina crucible at 50°C
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in a N, atmosphere, and then vacuum drying the pow-
der at 250°C for four hours. Pristine Cgq films were de-
posited onto silicon (100) substrates by sublimation from
the same crucible in a vacuum of ~ 10~ torr. Ellipsom-
etry was used to measure the thickness of the Cgo films
on the silicon substrate.?’ The next step in the prepa-
ration process was the doping of the Cgo film on the Si
substrate with alkali metals. Alkali-metal doping was
carried out in a sealed quartz tube (25 cm long x 1 cm
diam.) which contained the Cgo film/Si substrate sample
and alkali metal at opposite ends of the tube. The films
were maintained at a higher temperature (200 °C) than
the alkali metal (M) (100 °C) to avoid condensation of
the alkali metal on the film surface. The reactions were
carried out for 1 h which produced a color change in the
films from yellow-brown to silver-black and a ~ 36 cm™*
down-shift of the strongest Raman line of pristine Cgq at
1468.5 cm™! to 1432.5 cm~?! in the MgCgp compounds.
The ampoules were returned to the furnace for another
hour under the same conditions and no further down-
shift of the peak was observed. A few samples were left
in the furnace for 24 h to verify that saturation doping
had taken place. Thus we conclude that our doped films
are saturated with alkali metal.

Raman spectra of the pristine and doped Cgo films
were taken at T ~ 300 K using an Ar-ion laser. Brewster-
angle back-scattering geometry?? was used to optimize
the scattered signal. Cylindrical focusing of low (P <
30 mW) laser radiation (spot size: 0.2 x 1.0 mm?) was
necessary to prevent laser-induced damage to the Cgp
films. Because of their high reactivity in air or water
vapor, M,Cgo films were studied in their Pyrex growth
ampoules. Pristine Cgp films were handled in air, but
the spectra were collected with No gas flowing over the
surface of the film.

Duclos et al.2® have reported that short-term exposure
(~10 min) of solid Cgg to 1 atm of Oz, or an ambient
atmosphere, results in an up-shift of the charge-transfer-
sensitive Raman mode (A,) at 1458 cm~! to 1468 cm™1.
This observation is consistent with the recent pressure-
dependence study by Tolbert et al.?° in which the zero
pressure intercept is quite close to 1458 cm™!. However,
other authors!®3% have reported values for this A; mode
in agreement with the present work. Work is in progress
in our laboratory to further study the O; sensitivity of
Ceo.3! Furthermore, Duclos et al.28 report that the down-
shifted A; symmetry line in KeCeo appears at 1432 cm™?!
in good agreement with the present study, whether or not
the pristine Cgp sample was first exposed to Os.

B. Experimental Raman results

In this section we give a more complete exposition of
the Raman spectra than presented previously.?? Figure 1
shows low-resolution (6 cm~!) unpolarized Raman spec-
tra of pristine Cgp and M;Cgo where M=(K, Rb, Cs)
and z ~ 6; all films were ~ 1000 A in thickness.

Starting with the Cgp spectrum reported by Bethune
and Meijer,3° 10 Raman lines (24, + 8 H,) are predicted
from group theory3? for an isolated molecule and 10
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FIG. 1. Experimental Raman spectra for pristine Cego,
KeCeo, RbeCeo, and CseCeo. The tangential and radial Aq
modes are identified, as are features associated with the Si
substrate.

strong lines are indeed observed. The features at 520
ecm~! and 965 cm™! in Fig. 1 are due to the silicon sub-
strate. The central frequencies and linewidths [full width
at half maximum (FWHM)] of the ten Raman-allowed
lines are listed in Table I. The mode frequencies are

in good agreement with the recent results of Meijer et
al.1® also listed in the table. The FWHM linewidths are
corrected for the spectrometer resolution and it is inter-
esting to note that most of the lines are quite narrow
(2 < FWHM < 9 cm™1!). In addition, the experimental
results are compared in this table with those of 4 differ-
ent calculations of the intramolecular modes of Cgg and
the best agreement is achieved with that of Negri et al.l”
Of interest to the interpretation of the experimental re-
sults is the amount of admixture of tangential and radial
components in each of the Cgp modes as calculated by
Stanton and Newton,'® and summarized in parentheses
in Table I.

Referring to the spectra for the three MgCgg samples
in Fig. 1, we see almost the same spectrum, independent
of whether the alkali metal is K, Rb, or Cs. Of particu-
lar interest also is the similarity of these three spectra to
that for Cgo. Several of the lines in the MgCgo spectra
down-shift in frequency relative to that for pristine Cgp,
and a few of the MgCgo lines split. The small differences
between the MsCgo and Cgo spectra are discussed in de-
tail below, and are related to theoretical considerations
published elsewhere.3? To facilitate this comparison, we
list in Table II the frequencies for Raman-active modes
in Cgo and in MeCgo (where M=K, Rb and Cs) obtained
in the present work, including the linewidths (FWHM)
and the depolarization ratio Igy /Ig g, where, for exam-
ple, Igy refers to the scattered intensity for incident and
scattered light polarized, respectively, in the plane of in-
cidence and perpendicular to the plane of incidence.

It should be remarked that the Raman line shape for all
the modes in Cgg and MgCg is observed to be Lorentzian
and not Gaussian. A Gaussian line shape results from in-
homogeneous broadening from a random distribution of
defects, such as might arise from incomplete doping of M
atoms or oxygen uptake. The Lorentzian line shapes ob-
served here are therefore consistent with the view that
intramolecular C-C interactions dominate the Raman-
active vibrations. Lower-frequency Raman-active modes
associated with intramolecular motion are anticipated,

TABLE II. Experimentally observed Raman modes in Cgg and alkali-metal-doped Cggp.
Ceo KgCeo Rbg Ceo CsgCe0
Ih mode Th mode cm"l cm"l IHV/IHH cm” IHv/IHH cm”™ IHv/IHH
A, A, 14685 1432.5[3.0* 0.13 1432.5[2.7] 0.10 1433.0(2.0] 0.10
A, 4, 493.0 502.0[0.5] 0.10 499.5(0.4] 0.12 497.5[0.5] 0.11
H, Eq +T? 1573.0 1476.0[7.5] 0.48 1483.5[15] 0.80 1480.5[4.5] 0.54
1419.5[11.0] 0.14 1421.0[6.5] 0.28
Hy Eg+ T, 1426.0 {1383.5[6.0] {0.50 1385.0[8.7] {0.60 1384.0(4.5] 0.52
H, Eg + T, 1248 1237.0[6.5] 0.88 1238.5[0.8] 0.57 1238.0[4.5] 0.44
1120.0[6.5) 0.38 1120.5(12.0] 0.35 1118.0[11.0] 0.58
Hy Eg+ Ty 1099.0 { 1094.0(5.5] {0.42 { 1092.0[11.0] 0.78 1090.0[8.5] 0.91
H, E, + T, 772.5 761.5[0.5] 0.75 760.5[2.0] 0.68 761.0[4.0] 0.50
676.0[0.5] 0.00 676.5[—] 0.00 678.0[0.5] 0.00
Hy Eg+ T, 708.5 {656 0[2.5] { 0.49 { 657.5[2.2] 0.74 658.5[2.5] 0.47
427.0[0.5] 0.71 428.5[~] 0.65 429.5[-] 0.63
Hq Be+ T, 430.5 {419 5[0.5) {0,75 {421.5[0.8] 0.61 424.0[0.5] 0.87
281.0[2.0] 0.91 277.0[0.7] 0.85
Hy Bg+ Ty 2700 { 269.5[2.5] { 0.71 { 271.5[0.9] 0.54 272.5[0.5) 0.48

2 Raman lines at 1430 cm™!

and 1447 cm™! for r = 6 and = = 3, respectively, have been reported by Haddon et al. (Ref. 5).

b For the modes which show a splitting, the mode with the smallest value of Iyv /Iy p is identified with the E, symmetry mode.
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but have not been observed here.

Referring to the Cgo spectrum, weak lines are observed
at 1099 and 1248 cm™! (see Fig. 2 for the upper part
of the spectral range 1000 < w <1600 cm~!) when the
spectrum is taken at higher intensity. One might at-
tribute these two weak lines to impurities. The persis-
tence of these lines in the MgCsgg films at 1094 and 1237
cm™1, respectively, suggest that they may be two of the
10 Raman-allowed modes, in agreement with the work
of Meijer et al.'® The features due to the silicon sub-
strate at 520 and 965 cm~! vanish in the doped films,
consistent with a higher optical absorption near the laser
wavelength (4880 A) in MgCgo as compared to pristine
Cso. In the following, particular attention will be given
to the two A4 modes, the high-frequency tangential A,
mode occurring at 1468.5 cm™!, and the low-frequency
radial A; mode occurring at 493 cm™! in pristine Cgg.

The symmetry of the A, lines is identified through po-
larization analysis of the Raman spectra, since the A,
modes are only seen for the (||, ||) polarization, while
the Hy, modes are Raman active for both (|, |[) and (||,
1) polarizations. In the low-resolution (6 cm™') polar-
ized spectra of Cgp and RbgCep films in Fig. 3 we see
two strongly polarized modes as noted above for Cegy,
and these modes are identified with A; symmetry on the
basis of the above-mentioned symmetry selection rules.
These two modes remain strongly polarized in the spec-
trum for RbgCeo. In this figure the notation (H, H) de-
notes (||, ||), while (H, V) is used to denote (||, L). We
note that the radial A; mode is very strongly polarized;
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i.e., Igv/Igg = 0.02. However, the tangential A, mode
polarization is only Igy /Igg = 0.10. Subsequent work
at very low laser powers has shown a polarization ratio
Igv/Igg ~ 0.02 for the tangential A; mode.®?

To check the stability of the MgCgo samples under
laser irradiation, spectra were taken as a function of laser
power, as shown in Fig. 4 for RbgCso. We find no laser-
induced changes in the Raman spectra for the RbgCgg
samples for power levels up to 320 mW.

The situation for Cgg is different. The Raman spec-
tra for Cgp for various power levels up to 320 mW (see
Fig. 5) show the growth of a feature near 1464 cm™!
with increasing laser power. The Cgo film samples were
handled in air, but measured under flowing No.

As mentioned above, Duclos et al.?® have studied the
influence of oxygen on the Raman spectra of Cgg films
and have concluded that their Raman peak at 1467 cm™*
is somehow associated with the presence of oxygen in the
ampoule. A lower-frequency peak at 1458 cm~! is iden-
tified by Duclos et al. as the intrinsic A, tangential Ceo
line. Thus on the basis of the work of Duclos et al.,28
potassium addition down-shifts the tangential A; mode
by 4.3 cm™!/K unit as compared with a down-shift of
6.0 cm~!/K unit when reference to the zero charge state
is made to a line in Cgo at 1469 cm~!.28 Overall, the
Raman spectrum of Cgo reported by Duclos et al.28 is
similar to the results reported here. However, Duclos et
al. reported 6 additional lines which were not observed
in our samples. The radial mode frequencies agree bet-
ter with the data reported here than do the values of the

6000 — 1469
5000 — 1426
520(Si) 1573
4000 —
@
=
=
S Cso
:; 3000
g X5
E
2000 —
1248
1099
270 493
1000 —
708
431 713 965(si) \__/\ % 1
0= T T 1 I T I I
200 400 600 800 1000 1200 1400 1600

Raman Shift ( cm )

FIG. 2.
as are the features associated with the Si substrate.

Experimental Raman spectrum for pristine Cgo shown in more detail. The 10 Raman-allowed modes are identified,
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FIG. 3. Polarized Raman spectrum for RbeCeo in comparison to that for Ceo (see text).

higher-frequency tangential modes. Further work is un-
derway in our laboratory to study the effect of oxygen
exposure on the Cgo film properties.3?

The various features of the spectrum for RbgCgq in
Fig. 1 are shown under higher resolution in Fig. 6. The
evolution of the two A; modes in pristine Cgo after Rb
doping are shown in Figs. 6(c) and 6(h), where it is seen
that the strong polarization selection rule of the pristine
Ceo 1s retained after Rb doping to RbgCgq for both the

2500 4
2000 —

1500 —

Intensity ( counts )

I I T I T
1420 1425 1430 | 1435 1440
Raman Shift (cm )
FIG. 4. Raman spectrum for RbgCgo taken at various in-

cident laser intensities.

radial A; mode (which is up-shifted from 493.0 cm™! to
499.5 cm™!) and the tangential Ay mode (which is down-
shifted from 1468.5 cm™! to 1432.5 cm™!, in agreement
with Haddon et al.?).

The dependence of the Raman-active Hy- and Ay-
derived mode frequencies on alkali-metal doping can be
understood by reference to the following observations.

(1) The bond-stretching force constants decrease as a
result of lattice expansion.

(2) There is an even larger decrease in the bond-
angle-bending force constants as a result of this lattice
expansion.?3

(3) Modes with dominantly radial character are less
down-shifted in frequency than modes with dominantly
tangential character. In fact, the radial A, breathing
mode is actually up-shifted in frequency as explained in
Ref. 23 and in Sec. L.

Thus in determining the effect of doping on the dif-
ferent modes, it is important to consider the radial or
tangential character of the mode as far as the atomic
displacements are concerned, especially the magnitude of
the contribution of the angle-bending force constants to
the normal mode. Such information is partially supplied
by Stanton and Newton.!®

The high-resolution data of Fig. 6 show that some of
the Cep modes split, while others do not, such as the H,
mode at 1248 cm™! which down-shifts by 9.7 cm™?! to
1238.5cm™! in RbsCg [see Fig. 6(g)] and the H, mode at
772.5 cm™?! in Cgp which down-shifts by 12 cm~! to 760.5
cm™! in RbeCgo [see Fig. 6(e)]. Both lines [Figs. 6(e)
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FIG. 5.

Raman spectrum for pristine Ceo taken at various incident laser intensities. The inset shows the geometry used

for these measurements. Cylindrical focusing is employed and the measurements are made under flowing nitrogen gas. Under
rigid exclusion of O, the shoulder at 1464 cm™" grows at the expense of the 1469 cm™?! line and downshifts to 1460 cm™*.%!

and 6(g)] show essentially no dependence on alkali-metal
species. For the H;, modes at ~1384 cm™! and 1480
em™! in the MgCso samples, no splitting nor dependence
on alkali-metal species is observed.

The group-theoretical analysis reported elsewhere3?
shows that the reduction of the symmetry from I (iso-
lated molecule) to T} results in the splitting of all H-
derived modes into a two-dimensional £, mode and a
three-dimensional Ty mode. The polarization selection
rules are different for each of these symmetries. The H,
mode has Raman tensor components for both (||, ||) and
(||, L) scattering; however the E, mode only shows (||, ])
scattering and the T, mode shows only (||, L) scattering.
The four-dimensional G, and Gy modes in icosahedral
symmetry also split into a one- and three-dimensional
mode in 7j symmetry. Furthermore, all even parity
modes become Raman active, thus predicting 37 Raman
modes.3?

Examples of Cgg Raman lines that split under Rb dop-
ing to RbgCsp are seen in Figs. 6(a), 6(b), 6(d) and 6(f).
In two cases [Figs. 6(a) and 6(b)] the splittings are small
and no polarization sensitivity is observed. In contrast,
for the two cases shown in Figs. 6(d) and 6(f), the split-
tings of the H; modes are much larger than for Figs. 6(a)
and 6(b). For the spectra in Figs. 6(d) and 6(f), we fur-
ther see a strong polarization sensitivity for the higher-
frequency component. The lines in Figs. 6(d) and 6(f)
are not A, and we assume they are E, symmetry. We

now discuss each of the frames in Fig. 6 in more detail.

The lowest-frequency intramolecular mode in Cgo at
270 cm~! (see Table II) shows a small up-shift in
frequency and a splitting upon Rb doping [Fig. 6(a)],
but no polarization-sensitive behavior. An up-shift of
~2.5 cm™! (or ~1%) is observed for the average of the
central frequencies of the two components relative to the
corresponding line in Cgg, and this up-shift seems to be
approximately independent of mass of the alkali-metal
dopant, thus suggesting that this effect arises predom-
inantly from charge transfer. The small magnitude of
the species-dependent effect indicates a weak coupling
between each fullerene and the surrounding alkali-metal
ions.

With regard to the line at 430.5 cm™! in Cg [see
Fig. 6(b)], the splitting in RbsCgp is 7.0 cm™! (or 1.6%)
and the splitting decreases with the mass of the alkali-
metal dopant. Both components of the RbgCgg lines
are down-shifted relative to Cgp and the mean position
is down-shifted by 5.5 cm~™! (or ~ 1%). This down-
shift decreases with increasing alkali-metal mass. From
the calculation of Stanton and Newton!%, the modes at
270 cm~! and 430.5 cm™! are both predominately ra-
dial in character, with the higher-frequency mode having
more radial character than the lower-frequency mode.
The contribution of the angle-bending force constants
to the higher-frequency mode is expected to be larger
than to the low-frequency mode, thus accounting for the
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larger mode softening for the upper-frequency mode due
to charge-transfer effects.

On the other hand, the radial A; mode which oc-
curs at 493.0 cm™! in Cgo is up-shifted by 6.5 cm™!
(or 1.4%) in RbeCeo [Fig. 6(c)] and the up-shift de-
creases with increasing alkali-metal mass; this observa-
tion is generally consistent with the explanation by Jishi
and Dresselhaus?” in terms of charge transfer and elec-
trostatic effects, though the observed up-shifts somewhat
exceed the theoretically estimated values.?” Although
the fullerene expansion (resulting from charge transfer)
causes the bond-stretching force constant to decrease, the

variation in the electric field at the sites of the charged
carbon atoms as they vibrate radially produces an op-
posite effect, namely, an increase in the bond-stretching
force constant. The fact that the observed up-shifts
somewhat exceed those calculated on the basis of this ar-
gument, and that these up-shifts decrease with increasing
alkali-metal mass indicates that the interaction between
the negatively charged fullerene and the alkali-metal ions
does contribute to the stiffening effect, but the magnitude
of that contribution is very difficult to calculate.

The next highest frequency mode at 708.5 cm™! in Ceg
is a predominantly radial mode that splits and signifi-
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FIG. 6. Higher-resolution (~ 2.5 cm™!) detailed spectra for RbeCeo for light polarized in the plane of incidence (H or ||).
The scattered light is polarized either parallel (H or ||) or perpendicular (V or L) to the incident light. Each of the Raman
lines in Table I is shown. Of interest is the difference in splitting and polarization properties for the various lines. The various
features are shown in detail in the eight panels.
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cantly down-shifts on alkali-metal doping [see Fig. 6(d)].
Of particular interest here is the strong polarization ef-
fect associated with the upper-frequency component of
the doublet, which is identified with £, symmetry. For
RbeCeo, the splitting is 19.0 cm™?! (or 2.7%), but in this
case, the splitting is independent of the mass of the alkali-
metal dopant, as is also the down-shift of the lines. Also
for this case there are large down-shifts in the frequency
of the average of the two RbgCgg lines relative to the Cgo
line (41 cm™! or 5.8%). Although no quantitative expla-
nation of the large shifts observed for this predominantly
radial mode is presently available, we can nevertheless
offer a qualitative explanation based on the above dis-
cussion. According to Stanton and Newton,!® the rms
variation in the bond stretching of the C—C bond per
unit variation of normal coordinate is 0.004, while for
the C=C double bond it is essentially zero; however, for
the angle bending of the C—-C-C and C-C=C bonds it
is 5.7°/A and 4.5°/A, respectively. This indicates that
the angle-bending force constants make an appreciable
contribution to the frequency of the H;, mode in Cgo
at 772.5 cm~!. Since the angle-bending force constant
is appreciably decreased by charge transfer, there is a
correspondingly large down-shift in the frequency of this
mode upon doping. A precise estimate would, of course,
require carrying out a detailed lattice-dynamical calcula-
tion.

The Raman mode, which for Cgq is observed at 772.5
cm™1, is observed to down-shift by 12 cm~! (or 1.5%) in
RbsCeo [see Fig. 6(e)]. Neither splitting nor dependence
on alkali-metal mass is observed for this line, which fur-
thermore shows no important polarization effects. The
small down-shift in frequency may be due to charge-
transfer effects, somewhat reduced by electrostatic effects
associated with the partial radial character of this mode.

In the vicinity of 1100 cm™!, two lines are found in
RbeCeo [see Fig. 6(f)] split by 28.5 cm~! and these
features are also found in the spectra for K¢Cso and
CseCso at essentially the same frequencies. In all spectra
the upper-frequency line shows some polarization effects,
with a stronger signal observed for the (||, ||) or (H, H)
geometry relative to (||, L) or (H, V). The average of the
two lines for this dominantly tangential mode up-shifts
by 7 cm™! relative to the corresponding feature in Cgo.
We have as yet no explanation for this effect.

The predominantly tangential mode at 1248 cm™! in
Ceo down-shifts by 9.5 cm™! (or 0.8%) in RbgCs [see
Fig. 6(g)]. No line splitting is observed nor is a depen-
dence found on the mass of the alkali metal. Since the
mode predominantly involves tangential displacements,
the dependence of the mode frequency on alkali-metal
mass is expected to be small, consistent with the weak-
fullerene—alkali-metal coupling.

Finally in Fig. 6(h) we see the remaining modes in
RbsCep. The mode which occurs in Cgp at 1426 cm™!
appears to split into two modes separated by 34.5 cm™!
(or 2.4%), with the upper-frequency line strongly polar-
ized, and identified with F, symmetry. The down-shift
of the average of this pair of lines is 23.8 cm™! (or 1.7%),
presumably associated with the mode softening that oc-

curs in the tangential modes due to the charge transfer.

We attribute the dominant line at 1432.5 cm~! in the
RbgCeo spectrum to the tangential A; mode on the basis
of its polarization dependence, and we identify this fea-
ture with the line at 1468.5 cm™! in Cgy, corresponding
to a softening of 36 cm~!. The mode softening of this
tangential A; mode is well explained by charge transfer,2”
causing an expansion of the fullerene, which in turn in-
duces a softening of the bond-stretching force constant
whose value determines the frequency of this A, mode.
This effect is very similar to that observed in intercalated
graphite.?!

Neither splitting nor polarization effects are observed
for the highest-frequency line in the spectra for the alkali-
metal-doped samples. This line appears in RbgCgo at
1483.5 cm™!, and within experimental error, is indepen-
dent of the mass of the alkali dopant. With regard to the
identification of this line in the doped samples with those
in the Cgo spectrum, we refer to Fig. 1, where we see a dis-
tinctive pattern for the high-frequency portion of all four
spectra shown in this figure. On this basis, we identify
the highest-frequency mode in the doped samples with
the tangential H, mode at 1573 cm™! in the Cgo spec-
trum. A more detailed study as a function of alkali-metal
concentration is needed to confirm this assignment. The
large doping-induced down-shift of ~90 cm™! for this line
in the doped RbgCgg spectrum is anomalously high rela-
tive to that observed in the behavior of the other predom-
inantly tangential modes in the spectrum. However, it
can be explained simply by noting that the angle-bending
force constants make an especially large contribution to
the frequency of this mode, as indicated by the rms val-
ues given by Stanton and Newton.! Actually, this mode
is the most sensitive among all the Raman-active modes
to the variation in the angle-bending force constants,!®
and consequently, the down-shift in the frequency of this
mode should therefore be expected to be the highest.

Most of the features in the high-resolution spectra in
Fig. 6 show very little dependence on the alkali-metal
species as indicated in Table II. The few features that
do show such an alkali-metal dependence are the radial
Ay mode (at 493 cm~! in Cgp) and the doublet compo-
nents corresponding to the two H, modes (at 270 cm™?
and 430.5 cm™! in Cgo), both of which are also predom-
inantly of radial character. The alkali-metal dependence
of the radial A; mode can be accounted for by assuming
that the electrostatic interaction between the alkali metal
and fullerene causes a mode stiffening which is most pro-
nounced for K¢Cgo where the nearest-neighbor distance
between the metal and carbon atoms is smallest.!®. On
physical grounds, one would expect the alkali-metal de-
pendence to be more pronounced for vibrations involving
predominantly radial displacements, in agreement with
observations. The alkali-metal dependence of the up-
per frequency component of the doublet associated with
the 270-cm~! H; mode may have a similar explanation.
To account for the smaller alkali-metal dependent shifts
associated with the three other doublet components in
Figs. 6(a) and 6(b) at 271.5 cm™1, 421.5 cm™!, and 428.5
cm~! in RbgCgo, a more detailed lattice-dynamical cal-
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(c¢) (KeCeo), as indicated in the inset. The spectra shown are
typical of a number of spectra taken in regions (a), (b), and
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culation for the normal modes will be needed.

A study of the Raman spectra as a function of alkali
metal concentration was carried out at low laser power
(< 30 mW) for frequencies between 1400 and 1500 cm™!
using a Cgp film on a quartz substrate for which the dop-
ing process was terminated before the saturation had
occurred. The doping apparently was initiated at one
corner of the sample (see inset to Fig. 7). Raman spec-
tra were taken for several spots in each of regions (a),
(b), and (c) along the concentration gradient. The Ra-
man spectra show three distinct spectra, as illustrated in
Fig. 7. Raman scans for region (a) yielded a spectrum
similar to that normally found for Cgg, except for the low-
frequency shoulder at 1463 cm™?!, which is about 5 cm™?!
higher than that reported for unexposed Cgo samples.?8
The Raman spectrum (b) is typical of spectra taken in
region (b) and shows a broadened and down-shifted line
at 1447 cm™! relative to that in region (a) (Ceo). Finally
the spectra in region (c) were of the form shown in trace
(c) with a peak at 1430 cm™?, in agreement with results
shown for KgCgp in Fig. 1. In accordance with previ-
ous work,® the spectrum (b) is identified with K3Cego.
Although the lines are broad, the results of Fig. 7 sug-
gest the coexistence of stable phases for K;Cgo at Ceo,
K3Ceo, and KgCgp rather than a continuous range of con-
centrations . Similar conclusions have been reached by
others.!?

PING ZHOU et al. 46

III. CONCLUSIONS

A comparison between the experimentally determined
shifts in mode frequency arising from doping and the as-
sociated charge transfer with the calculations of Stanton
and Newton!® show that the modes that have a large
amount of bond-bending displacements are shifted much
more than the modes that involve predominately bond-
stretching displacements. This finding implies that the
Ay and some Fj, and H, modes which involve major
bond-bending displacements should experience relatively
large mode frequency shifts. Some of these shifts should
also be observable in the infrared spectra for the doped
Ceo samples.

Modes with predominantly radial displacements expe-
rience, in addition to the mode-softening effect associ-
ated with charge transfer, a mode-stiffening effect due to
electrostatic interactions, which in some cases dominates
over the mode-softening effect. These electrostatic inter-
actions have two distinct origins: M*-C$; and a CSj
self-restoring interaction between the radial electric field
from the 6e charge on the molecule and the surface charge
distribution on the Cgg shell.2” Furthermore, the alkali-
metal ions introduce an electrostatic interaction which
further stiffens the mode frequency, and this effect is most
pronounced for KgCgo because of the smaller distance be-
tween the metal ion (M) and the Cg ball for M=K as
compared with Rb and Cs.

All of the H; modes of the Cgp molecule would be ex-
pected to split in the lower T} symmetry to £, + T, sym-
metry modes of solid Cgp and its related metal-doped
compounds. Only five of the H; modes were found to
split by measurable amounts. The two H;, modes with
small splittings showed almost no polarization effects al-
though the E; and T; modes should exhibit strong polar-
ization properties. Three H, modes with larger frequency
splittings did show the anticipated polarization effects
for the upper-frequency E,; component which softened
much less than the lower-frequency component, presum-
ably due to the relative dominance of bond-stretching
displacements for the E; component and bond-bending
displacements for the Ty component.

Note added in proof. Since the submission of this
manuscript several interesting and relevant papers have
appeared on optically active vibrations in Cgo-based
solids. These results have been reviewed, and will ap-
pear in Ref. 33.
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