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Raman study of the two-dimensional polymers Na4C60 and tetragonal C60

T. Wågberg and B. Sundqvist
Department of Experimental Physics, Umea˚ University, SE-90187 Umea˚, Sweden

~Received 9 October 2001; published 4 April 2002!

We present a Raman investigation of the monoclinic two-dimensionally polymerized phase Na4C60 and a
comparison with the pure tetragonal C60 polymer and the doped K3C60 structure. The Raman spectrum of
Na4C60 depends on the probing laser wavelength, and high wave-number modes are hard to observe with a
low-energy laser excitation. The spectrum for Na4C60 is very rich with a pronounced splitting of the original
Hg modes and a large number of new modes. Several modes at low wave numbers support the presence of
intermolecular bonds and the line broadening observed for low-frequencyHg modes is typical for electron-
phonon coupling in metallic fullerene systems. From the shift of the pentagonal pinch mode we deduce an
unexpectedly low charge transfer of approximately three electrons per C60 molecule. The presence of a distinct
mode around 980 cm21 throws doubts on earlier assumptions that modes in this range are connected to
vibrations in the intermolecular cyclobutane rings found in C60 polymers. No superconductivity is observed in
Na4C60, although the electron-phonon interaction derived from the Raman spectrum is similar to that in
K3C60.

DOI: 10.1103/PhysRevB.65.155421 PACS number~s!: 78.30.Na, 63.22.1m, 61.48.1c, 74.70.Wz
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INTRODUCTION

After the discovery of a new class of carbon materials,
fullerenes, by Krotoet al.1 in 1985, carbon research ha
evolved in several new directions because of the many in
esting properties of the most stable fullerene, C60. As one
example, on intercalation with alkali metals C60 often trans-
forms into a metallic, superconducting state, with a criti
temperature as high as 40 K for Cs3C60.2 Even without
chemical doping, C60 can be transformed into a superco
ductor by field-effect doping in a field-effect transistor~FET!
geometry,3 and by additionally expanding the lattice throug
chemical doping an extremely high transition temperature
117 K has recently been reached.4 Another interesting fact is
that C60 can easily be transformed from the original cub
van der Waals bonded structure into one-, two-, and e
three-dimensionally connected polymers.5–7 In the quasi-
two-dimensional rhombohedral polymeric phase, weak fe
magnetism with a Curie temperature near 500 K has rece
been observed.8

Since doped and polymeric fullerenes show such inter
ing properties, it is obviously of interest to investiga
fullerene materials which areboth doped and polymerized
The only well characterized quasi-two-dimensional dop
fullerene polymer is Na4C60, which is reported to have a
body-centered monoclinic structure with space groupI2/m at
temperatures below 550 K.9,10 While pure C60 usually poly-
merizes by a@212#-cycloaddition reaction, which create
two C-C bonds, forming a four-atom cyclobutane carb
ring, between each pair of molecules, Na4C60 has been re-
ported to have single C-C bonds between molecules. S
single-bonded structures have also been reported for s
alkali-metal doped linear-chain polymers, such
Na2RbC60,11 and forAC60 dimers.12 Sodium intercalated C60
compounds behave in many ways different from compou
containing heavier alkali metals because of the small siz
the Na ions. For example, while mostA4C60 compounds are
nonmetallic, Na4C60 is believed to be a strongly correlate
0163-1829/2002/65~15!/155421~7!/$20.00 65 1554
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metal.9 Also, samples with a nominal composition Na4C60

but possibly containing an unknown amount of nitrogen
other impurities have been reported to be superconduc
with transition temperatures up to 15 K.13

Many properties of Na4C60, including details of the pho-
non spectrum14,15 have already been studied in detail. How
ever, although several Raman spectra have b
presented,10,14,15 they have never been discussed in det
Since Raman spectroscopy is a very powerful tool to ch
acterize other polymeric and/or doped phases of C60, a large
amount of information can potentially be obtained by co
paring the Raman spectrum of Na4C60 with those of other
doped or polymerized phases of C60. Of particular interest is
then the two-dimensionally polymerized tetragonal phase
C60. Each C60 molecule in this phase is covalently bonded
four neighbors, as in Na4C60, but the tetragonal phase ha
the cycloadduct type of intermolecular bonds.7,16,17We have
recently studied the structure and Raman spectrum of
tetragonal phase in detail,17,18 using both polycrystalline and
single-crystal C60 as starting materials for the polymerizatio
reaction. Our studies showed that this phase has aP42 /mmc
symmetry with successive polymer layers rotated by 9
about the stacking axis.17

We have now measured the Raman spectrum of Na4C60
using three different excitation lasers and compared the
sulting spectra with those for tetragonal~polymeric! C60 and
~doped, metallic! K3C60. The Raman spectrum of Na4C60
shows many interesting features. Some of them are typ
for fullerene polymers while others can be traced to dop
effects. One particularly interesting feature is the appeara
of a strong Raman band just below 1000 cm21. Features in
this frequency range are usually attributed to vibrations
the intermolecular cyclobutane rings in polymeric phases
pure C60, but with the assumed structure of Na4C60 no such
feature would be expected. TheHg modes in Na4C60 also
show a strong broadening which might arise from electr
phonon interactions. In view of the possible observation
©2002 The American Physical Society21-1
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superconductivity in a closely related material13 we have
tried to derive the strength of the electron-phonon coupl
from the Raman data, a method previously applied to b
metallic and nonmetallic fullerene compounds.

EXPERIMENTAL METHODS

The pressure polymerized tetragonal sample was
duced by treating polycrystalline C60 powder19 at 2.5 GPa
and 830 K for six hours in a piston-cylinder device with
Teflon pressure cell containing a helical internal heater.
maximize phase purity we used a pressure-temperature
jectory similar to that used by Moretet al.17 The sample was
encased in a thin-walled stainless-steel cylinder inserted
the heater. As pressure medium we used a mixture of talc
glass beads. The talc has been shown to give a quasihy
static pressure and the glass beads are used as thermal
lation at the walls of the Teflon cell.20 The pressure polymer
ized sample was handled in air but stored in an evacu
chamber between measurements.

The Na4C60 and K3C60 samples were produced by mixin
stochiometric amounts of C60 and alkali metals under Ar ga
in a glove box with oxygen and water levels below 1 pp
The samples were then placed in glass tubes and heate
two weeks at 630 and 520 K for the Na4C60 and K3C60
sample, respectively. During this period the samples w
ground twice, to increase the homogeneity. After the h
treatment the temperature was slowly decreased to r
temperature and the samples were sealed in Lindemann
illaries without any exposure to ambient atmosphere.

The Raman studies were performed using a Renis
1000 grating spectrometer with a notch filter to remove
Rayleigh line and a Peltier cooled charge-coupled dev
~CCD! detector. As probing lasers we used three differ
wavelengths, an argon-ion laser~514.5 nm!, a He-Ne laser
~632.5 nm!, and a diode laser~782 nm!. The power densities
of the lasers on the sample were smaller than 10 W/cm2. The
low power density was used to ensure that no additio
photoinduced polymerization occurred in the samples an
avoid sample heating. The resolution of the Raman spe
was about 2 cm21. The x-ray powder-diffraction experimen
was carried out using the CuKa line and a Philips powder
diffraction system with a PW1820 goniometer. We also m
sured the magnetic susceptibility of our sample using a M
Lab System 2000 from Oxford Instruments.

RESULTS AND DISCUSSION

The x-ray data on Na4C60 ~not shown here! were in ex-
cellent agreement with literature data on this phase.9 We thus
assume that the material has a body-centered monoc
structure with space groupI2/m and single C-C intermolecu
lar bonds, as reported in the literature.

One sample was annealed under high pressure and
perature, near 2.5 GPa and 800 K, for 5 h to see ifthis
treatment would change the structure or other propert
However, as reported elsewhere,21 this treatment only sharp
ened the original x-ray diffraction and Raman lines, indic
ing that the structural purity was improved. Na4C60 is thus
15542
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very stable under high-pressure conditions, not only at l
temperature10 but also well above room temperature.

As mentioned above, the vibrational spectra of both m
nomeric and polymeric Na4C60 have already been studied b
inelastic neutron scattering.14 Neutron scattering is not lim-
ited by selection rules and because of the very large num
of degrees of freedom in both pristine, doped, and polym
ized C60 it is difficult to obtain detailed information on indi
vidual modes by this method. However, the low-frequen
acoustic and librational modes are very strongly modified
polymerization, as might be expected. Below 25 meV
generalized density of states for the quasi-two-dimensio
polymer Na4C60 differs greatly from those for pristine C60,
linear-chain C60 compounds, or the monomeric high
temperature form of Na4C60. On the other hand, a compar
son with inelastic neutron-scattering data for the tetrago
phase of C60 ~Refs. 15 and 22! shows large similarities in the
energy dependence as might be expected for two topol
cally similar phases. However, the phonons of Na4C60 are
‘‘softer,’’ with a maximum in the density of states near 1
meV ~versus 20 meV for the tetragonal phase!, probably be-
cause of the smaller number of intermolecular bonds.

Raman spectroscopy, on the other hand, is governed
strict selection rules. The free isolated C60 molecule exhibits
ten~two Ag1eightHg! Raman allowed modes. At room tem
perature the crystal-field effects due to theT6h space group
are very small and therefore the room-temperature Ram
spectrum of C60 also contains the same ten modes. The
sitions of these are shown as thick vertical lines at the top
Fig. 1, which shows Raman spectra of Na4C60 obtained using
the three different excitation wavelengths given above. Wh
the highly symmetric pristine C60 material is doped to the
monoclinic Na4C60 structure with space groupI2/m and
single polymer bonds, the symmetry is lowered significan
This leads to a splitting of the fivefold degenerateHg modes

FIG. 1. Raman spectra for Na4C60, after elimination of back-
grounds, excited with the wavelengths shown. Thick lines at the
show the positions of the ten Raman active modes in pristine C60.
1-2
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and the appearance of many modes that were optically s
earlier. In addition to this, vibrational modes, characteris
for the new structure, are created. Examples of these are
intermolecular modes at low wave numbers seen at 113,
and 169 cm21 and the wide band between 950 and 10
cm21.

Leaving the discussion of individual modes until later, w
begin by observing that there are large differences betw
Raman spectra obtained for different probing laser wa
lengths. It is known from several earlier studies that the R
man response of many fullerene based materials dep
strongly on the probing wavelength. Nanotubes, which
be seen as elongated fullerenes, exhibit a strong resonan
the ‘‘red’’ frequency range due to van Hove singularities
their densities of states,23 and for doped metallic fullerene
strong enhancements may occur depending on both
strength of the electron-phonon coupling and the prob
laser wavelength.24 For some polymeric phases of pure C60
the vibrational modes are difficult to observe when exci
with low-energy lasers due to a very high background pr
ably coming from broadband luminescence.25,26 Still, al-
though the spectra in Fig. 1 are visually very different, clo
scrutiny shows that they are really very similar except
‘‘high’’ wave numbers, above about 1200 cm21. All vibra-
tions are found at the same positions for different excitat
wavelengths and only the intensities of the modes v
Some differences should, however, be noted. At low wa
numbers, the intermolecular modes are much easier to
serve for the diode laser, and for the same laser the l
frequencyHg modes, especially theHg(2) mode, show a
slightly stronger broadening. However, larger differences
tween the spectra are seen at wave numbers over 1200 c21.
For the diode laser the upperHg modes and theAg(2) mode
are completely smeared out, making it impossible to iden
individual vibrational modes. The spectra obtained with
He-Ne laser and the argon-ion laser are more similar and
components of the splitHg(7) and theHg(8) modes can be
seen in both spectra. A very striking detail is that the p
tagonal pinch mode at 1441 cm21 is invisible with the diode
laser, almost absent for the He-Ne laser excitation but
strongest mode when excited with the argon-ion laser.

To enable a comparison between pristine and tetrag
C60, Na4C60, and doped K3C60, we show in Fig. 2 the Ra
man spectra of the last three of these, again with the ten l
of pristine C60 shown at the top of the figure. As a firs
general comment, we note that doping in itself (K3C60) does
not necessarily change the symmetry significantly and d
not increase the number of lines very much. Conversion
the tetragonal structure, with covalent cyclobutane-type
termolecular bonds between each molecule and its four n
est neighbors, significantly increases the number of Ram
lines, and doping to the Na4C60 structure, with its even lowe
monoclinic symmetry, gives a further increase. This is p
ticularly obvious in the range 500–700 cm21. Most of these
‘‘new’’ lines are existing modes which were previously op
cally silent or forbidden in the originalI h symmetry, but
some are also connected with the formation of the polym
ized structure and the introduction of the dopant ions.

To facilitate the comparison of individual modes we ha
15542
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listed the observed Raman frequencies and their prob
assignment for Na4C60 and tetragonal C60 in Table I. A simi-
lar list for several pressure polymerized C60 phases has bee
presented by Davydovet al.25 Starting in the range below th
lowest Hg(1) mode of pristine C60, we find new modes a
113, 137, and 169 cm21 for Na4C60 and at 153 and 171 cm21

for tetragonal C60. Such low-frequency intermolecular Ra
man modes are also found in the linear C60 polymers27 and
can be assigned to stretching and bending modes in the p
mer network. A particularly interesting set of new modes
the spectra can be seen at 946 and 974 cm21, and 966 and
980 cm21 for the tetragonal and Na4C60 phases, respectively
Such modes are observed in all polymers connected by f
membered carbon rings, although at slightly different po
tions. Since the carbon ring stretch mode for cyclobutan
also found around 1000 cm21,28 this mode has long bee
assigned to vibrations in the four-carbon ring itself. Calcu
tions of the Raman spectrum of polymeric C60 also show that
a mode at 967 cm21 is to 85% connected to the displaceme
of the four atoms participating in the four-carbon ring.29 It is
therefore very surprising to find a mode at virtually the sa
position for the presumablysingle-bonded Na4C60 polymer.
However, earlier studies by Renkeret al.14,15 show similar
features. For other single-bonded polymers studied with
man spectroscopy, such as the quenched RbC60 dimer
phase,30 no such mode has been reported and we find
Raman data in the literature for the single-bonded lin
polymers. There are two possible interpretations for the
pearance of these modes in Na4C60: either the modes do no
represent ring stretch vibrations in a four-carbon ring, b
some other vibration associated with allsp3-type intermo-
lecular bonds, or the assumed structure with single C
bonds between the molecules is not correct. The sin
bonded polymer structure has strong support from both x-

FIG. 2. Raman spectra excited with an argon-ion laser~514.5
nm! for ~a! pure tetragonal C60, ~b! Na4C60, and~c! K3C60. Thick
lines at the top show the positions of the ten Raman active mode
pristine C60.
1-3
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TABLE I. Observed Raman mode frequencies and their assignment for Na4C60 and tetragonal C60.

Na4C60 Tetragonal C60

Assignment
Na4C60T C60 Na4C60 Tetragonal C60

Assignment
Na4C60T C60

113 cm21 ~w! intermolecular
n stretch mode

698 cm21 ~w! 701 ~w! Hg(3) parent mode

137 cm21 ~w! 153 ~w! intermol. mode
dx bend. mode

708 cm21 ~m! 709 ~w! Hg(3) parent mode

169 cm21 ~w! 171 ~w! intermol. mode
dy bend. mode

715 cm21 ~m! Hg(3) parent mode

265 cm21 ~m! 255 ~w! Hg(1) parent mode 724 cm21 ~s! Hg(3) parent mode
273 cm21 ~s! 280 ~m! Hg(1) parent mode 728 cm21 ~s! Hg(3) parent mode
294 cm21 ~m! 361 ~w! Hg(1)/F2u(1) parent

mode
741 cm21 ~m! 748 ~m! Hg(4) parent mode

406 cm21 ~m! Hg(2) parent mode 765 cm21 ~w! 771 ~w! Hg(4) parent mode
421 cm21 ~s! 415 ~w! Hg(2) parent mode 784 cm21 ~w! 862 ~w! Hg(4)/F2g(2)

parent mode
428 cm21 ~m! 430 ~s! Hg(2) parent mode 966 cm21 ~m! 946 ~s! bridge bond
451 cm21 ~w! 450 ~m! Hg(2) parent mode 980 cm21 ~m! 974 ~m! bridge bond
459 cm21 ~w! Hg(2) parent mode 1059 cm21 ~m! 1015 ~w! Hg(5)/F2u(3)

parent mode
473 cm21 ~m! 485 ~m! Hg(2)/Ag(1) parent

mode
1066 cm21 ~m! 1038 ~m! Hg(5)/F2u(3)

parent mode
500 cm21 ~s! Ag(1) parent mode 1084 cm21 ~m! 1090 ~w! Hg(5) parent mode
513 cm21 ~w! 512 ~w! F1g(1) parent mode 1101 cm21 ~m! Hg(5) parent mode
535 cm21 ~m! 534 ~m! F2g(1) parent mode 1112 cm21 ~m! 1108 ~m! Hg(5) parent mode
542 cm21 ~w! F1u(1) parent mode 1193 cm21 ~w! 1174 ~w! Hg(6) parent mode
549 cm21 ~w! F1u(1) parent mode 1215 cm21 ~w! 1208 ~m! Hg(6) parent mode
565 cm21 ~w! 563 ~w! F2g(1) parent mode 1232 cm21 ~m! Hg(6) parent mode
579 cm21 ~w! 585 ~s! F1u(2)/F2g(1) parent

mode
1302 cm21 ~w! 1301 ~w! Gu(5) parent mode

596 cm21 ~w! F1u(2) parent mode 1343 cm21 ~w! 1327 ~w! Gg(5)/G1g(3)
parent mode

605 cm21 ~w! F1u(2) parent mode 1369 cm21 ~m! 1352 ~w! Gg(5)/F1g(3)
parent mode

615 cm21 ~w! Gg(2) parent mode 1386 cm21 ~m! 1378 ~w! Hg(7) parent mode
629 cm21 ~w! Gg(2) parent mode 1416 cm21 ~m! 1432 ~s! Hg(7) parent mode
638 cm21 ~w! Gg(2) parent mode 1440 cm21 ~s! 1447 ~s! Ag(2) parent

mode
653 cm21 ~m! Gg(2) parent mode 1464~s! dimer phase
667 cm21 ~m! 665 ~m! Hg(3) parent mode 1489 cm21 ~w! 1541 ~s! Hg(8) parent mode
683 cm21 ~m! 683 ~s! Hg(3) parent mode 1525 cm21 ~w! 1564 ~w! Hg(8) parent mode
689 cm21 ~m! F2u(2) parent mode 1543 cm21 ~w! 1572 ~m! Hg(8) parent mode
y
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diffraction9 and differential scanning calorimetr
experiments,31 as well as from both inelastic neutron
scattering measurements and theoretical calculations.14 The
first explanation should therefore be more likely.

In pristine C60 the most frequently studied Raman mode
the Ag(2) pentagonal pinch mode at 1469 cm21. This mode
shows a strong shift to lower wave numbers when C60 is
doped with alkali metals or when it is polymerized to diffe
ent structures. The shift has been shown to depend line
on the charge transferred from alkali atoms to the C60 mol-
ecule, with a downshift of;26 cm21/electron charge.32 The
shift has also been shown to depend almost linearly on
number of intermolecular bonds per molecule, such that
15542
rly

e
e

mode shifts;25.5 cm21/intermolecular bond.25,33 Our re-
sults are in excellent agreement with this empirical model
the tetragonal polymer@Fig. 2~a!#, with four polymer bonds
per molecule, and the unpolymerized K3C60 phase @Fig.
2~c!#, with a charge transfer of three electrons per molecu
Using this model for the Na4C60 phase is somewhat mor
questionable. For the linear doped polymers RbC60 and
KC60, it has been shown that the two shifts are additive.34 If
one takes into account that the Na4C60 polymer has four
single intermolecular bonds/molecule, a shift of the penta
nal pinch mode to 1441 cm21 indicates a charge transfer o
approximately three electrons per C60 molecule. This is a
surprisingly small value, considering that alkali-metal inte
1-4
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calation usually leads to a full charge transfer. Kubozo
et al.10 find a shift to 1438 cm21 and calculate a charge tran
fer of a full four electrons per molecule, taking no account
the effects of intermolecular bonds. However, since all p
vious studies show that the formation of such bonds is
flected in a mode shift, our feeling is that such effects m
be taken into account. Armbrusteret al.35 have studied the
electronic structure of very thin films of NaxC60. For a
sample with nominal compositionx54, but an unspecified
structure, they find full charge transfer, but for heavily dop
samples (x.8) the charge transfer is incomplete. An incom
plete charge transfer has also been observed for LixCsC60
compounds.36 It thus seems that the light alkali metals Li an
Na do not conform to the common assumption that alk
metal doping of fullerenes leads to a complete charge tra
fer.

From Fig. 2 it is also clear that the splitting of theHg
modes is much more pronounced for Na4C60 than for tetrag-
onal C60, probably because of the low symmetry and int
actions between sodium atoms and fullerene molecules.
low-frequencyHg modes of Na4C60 are especially broad
resembling those of metallic K3C60 and very different from
the sharp modes seen for the tetragonal phase. For both
terials this broadening is assigned to electron-phonon c
pling between the phonons on the C60 molecules and the
band electrons derived from alkali-metal ions. It might
expected that the low-frequencyHg modes should be mor
broadened than the high-frequency modes since the for
have a more radial character.

Because superconductivity has been reported in a pha13

closely related to Na4C60 it is of some interest to analyze th
electron-phonon coupling strength in Na4C60 to see whether
it is sufficient to explain such an effect. If so, Na4C60 might
be the first doped polymeric fullerene superconductor.

The broadening of phonon modes in the Raman spectr
as measured as the full width at half maximum~FWHM!,
comes from several different processes. For nonmetallic
tems, the measured linewidth can be increased by instrum
tal broadening, phonon-phonon interactions, and pho
scattering by lattice disorder. For systems with free carr
another process, called Landau damping, may contribut
the phonon linewidth. It occurs ifDk, the wave-vector trans
fer between the photons and optic phonons, is sufficie
large to cause intraband electron scattering.37 For ordered
systems this requires moderate Fermi velocities and la
Dk, which basically means that low-frequency modes
gether with a high energy of the probing laser have a lar
chance to be candidates for Landau damping, but if suffic
disorder exists this can also occur without any constraint
Dk.37 The relation between phonon linewidth and electro
phonon coupling constants for a single-particle excitati
Allen’s formula, may be used in the form38

g i5
2p

gi
N~0!l ivbi

2 , ~1!

whereg is the FWHM of a specific mode,gi is the mode
degeneracy~5 for Hg modes!, N(0) is the density of state
per spin and molecule at the Fermi level, andl is the dimen-
15542
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sionless electron-phonon coupling constant. Forv one
should use the bare phonon frequency for the vibration
fore any coupling to the electrons. For doped unpolymeriz
systems, the phonon frequency in pristine C60 is normally
used as the bare frequency. In our system this procedu
complicated by the fact that the modes might be influen
by the intermolecular bonds. However, at least for tetrago
C60 the shift and splitting of the low-frequencyHg modes are
small, and since the overall electron-phonon coupling c
stant is almost completely dominated by the first twoHg
modes, it should be possible to use the frequencies for p
tine C60 as bare frequencies without introducing a large err

For alkali-metal intercalated fullerene compounds it is n
obvious that Allen’s formula is applicable. However, th
broadening of theHg modes was one of the most importa
indications that the BCS model could be applied to fulleri
systems,39–41and the Raman method has been used to finl
in many fullerene materials. Zhouet al.42 obtained values for
l of 0.6 and 0.5 for K3C60 and Rb3C60, respectively, result-
ing in realistic values for the transition temperatures, wh
Wang et al.43 found a value of 0.1 for K4C70, explaining
why the latter is not a superconductor in contrast to the t
C60 compounds. Later, similar analyses have been carried
by Winter et al.24,34 on K3C60 and RbC60.

To find the total electron-phonon interaction constanl
we need to knowN(0). Following Winter and Kuzmany,24

we have tried to calculate an approximate value forN(0)
using a linear relation between the Raman shift, and the l
width g,

g52
p

2
N~0!vbDv, ~2!

where Dv is the difference between the bare phonon f
quency for pristine C60 and the observed position in Na4C60.
For K3C60 there is a striking difference between the appe
ances of theHg(1) andHg(2) modes and those of highe
modes, for which there is no relation between shift and l
broadening.24 We have assumed that we can use relation~2!
for at least the lowest frequency modeHg(1). A peak-fitting
program has been used to resolve the five components o
originally fivefold degenerateHg(1) mode and the phonon
linewidth ~FWHM! has been plotted against the observ
line shift in Fig. 3, using the bare phonon frequencyvb
5270 cm2150.034 eV. The electron density of states is pr
portional to the slope of the resulting line in Fig. 3 and w
deduce values ofN(0)54.5, 7.2, and 8.4 eV21 for the diode,
the He-Ne, and the argon-ion laser, respectively. The disc
ancies between the results for different lasers might m
that Allen’s theory is not applicable to our system. Howev
it might also arise from other effects, such as differe
sample heating for different lasers, or from the error int
duced when using the bare phonon frequency of pristine C60,
since we do not know the Raman spectrum for an undo
single bondedtwo-dimensional polymer system. The avera
value forN(0), 6.7 eV21, is reasonable if we compare wit
the value 12 eV21 reported for K3C60 obtained with the same
method,24 since the smaller intermolecular distance in t
polymer should lead to a broadening of the bands. On
other hand, Kubozonoet al.10 deduced a much smaller valu
1-5
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of 2 eV21 from electron spin resonance~ESR! studies. How-
ever, different methods very often give widely different va
ues forN(0) in doped fullerenes.40,42

The value N(0)56.7 eV21 can now be used togethe
with Eq. ~1! to calculate both the total overall electro
phonon interaction factorl and the contributions from the
individual Hg modes, with the results shown in Table II. F
Na4C60 we find a surprisingly large valuel50.3. This value
is similar in magnitude to the values forl in K3C60 given by
Zhou et al.42 (l50.6) and by Winter and Kuzmany24 (l

FIG. 3. Plot of linewidth~FWHM! versus observed frequenc
shift, v-vb , for the components of theHg(1) mode. Squares show
results for the diode laser~782 nm!, triangles for the He-Ne lase
~632 nm!, and circles show the results for the argon-ion laser~514
nm!.

TABLE II. Mode positions, linewidths~FWHM!, and electron-
phonon coupling constants for the eight fivefold degenerateHg

modes. The values for the linewidths are given for the argon-
laser~514 nm!. The values for K3C60 are corrected from the origina
paper~Ref. 34! by a factor 4.

Mode vb ~cm21! g ~cm21!

l

This work
Na4C60

K3C60 ~Ref. 24!

Hg(1) 270 14 0.18 0.15
Hg(2) 430 10 0.052 0.06
Hg(3) 709 7 0.013 0.006
Hg(4) 773 9 0.014 0.009
Hg(5) 1101 15 0.012 0.003
Hg(6) 1248 14 0.009 0.003
Hg(7) 1426 12 0.006 0.013
Hg(8) 1573 15 0.006 0.009

S 0.296 0.25
15542
50.25), and to data for Rb3C60 given by Zhouet al.42 (l
50.5). ~The data from Winter and Kuzmany are correct
from the original paper34 by a factor of 4.! For Na4C60,
K3C60, and Rb3C60

24,42 experiments indicate that the ma
contributions tol come from the low-frequencyHg modes,
while theoretical calculations often show strong contrib
tions also from higher modes.39,40 However, while a domi-
nant contribution tol from Hg(1) is found here and by
Winter and Kuzmany, Zhouet al. find that theHg(2) mode
dominates. We note also that although the highest and low
frequency modes show larger line broadening than the in
mediate frequency modes, the difference is not as large
Na4C60 as that observed by Winter and Kuzmany for K3C60.

We were surprised to find a totall for Na4C60 which is
similar in magnitude to those of K3C60 and Rb3C60 and sig-
nificantly larger than that of RbC60.34 While RbC60 is a non-
superconducting phase, both K3C60 and Rb3C60 are well
known to be superconducting at quite high temperatures
test our sample for superconductivity we carried out a m
surement of the magnetic susceptibility from room tempe
ture down to 2 K. These measurements showed no signifi
diamagnetic signals, ruling out superconductivity in our m
terial. Still, the measured value ofl is high enough that
recent reports on superconductivity in a closely rela
material13 cannot be ruled out. Our value forl is, in fact,
higher than the value 0.25 found for K3C60 by Winter and
Kuzmany.24 The latter measurement was carried out at 80
while our study was carried out at room temperature. T
might lead to a slightly larger broadening of our modes b
we estimate that this temperature effect should only acco
for at most 10% of our total observed electron-phonon c
pling constant. Another possible reason for the high valu
that the value used for the density of states is too low. T
total l is proportional to 1/N(0), and a lowvalue forN(0)
would give a high value forl. We have tried to estimate
N(0) from experiments because the density of states in p
meric Na4C60 is difficult to estimate theoretically.N(0) de-
pends on the charge transfer, and the band structure of C60 is
modified by the presence of intermolecular bonds. Using
steadN(0)512– 15 eV21, as for theA3C60 compounds,24,42

would reduce the value for the electron-phonon interact
parameter tol50.13– 0.16 which is similar to that o
K4C70,43 and low enough to explain the absence of sup
conductivity in our sample. However, such low values forl
are probably not realistic because the significantly sma
lattice parameter of Na4C60 as compared to theA3C60 com-
pounds should lead to a smaller density of states.

To summarize, we have presented a detailed Raman
vestigation of polymeric Na4C60. The vibrational Raman
spectra depend on the probing laser wavelength, makin
hard to observe high wave-number modes with low-ene
laser excitation. The Raman spectrum for Na4C60 is very
rich, with a pronounced splitting of theHg parent modes and
a large number of new modes. A number of modes at l
wave numbers supports the presence of intercage bond
the structure and the characteristic line broadening for
Hg modes is typical for metallic fullerene systems. From t
shift of the pentagonal pinch mode we deduce that the cha

n
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transfer is no larger than three electrons per C60 molecule, if
we take intermolecular bonds into account. The presence
distinct mode around 980 cm21 throws doubt on earlier as
sumptions that this mode is connected to the vibration in
four-member carbon rings found in double bonded polyme
The line broadening of theHg modes indicate a fairly low
density of states and an electron-phonon coupling constal
al
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which is comparable to that in K3C60. However, no super-
conductivity was observed down to 2 K in Na4C60.
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