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We present a Raman investigation of the monoclinic two-dimensionally polymerized phaSg,ldad a
comparison with the pure tetragonajg@olymer and the doped 4Cq, Structure. The Raman spectrum of
Na,Cgq, depends on the probing laser wavelength, and high wave-number modes are hard to observe with a
low-energy laser excitation. The spectrum for,Bg, is very rich with a pronounced splitting of the original
Hy 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-frequdgayodes 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 electronsggen@ecule. The presence of a distinct
mode around 980 cit throws doubts on earlier assumptions that modes in this range are connected to
vibrations in the intermolecular cyclobutane rings found jg @lymers. No superconductivity is observed in
Na,Cqp, although the electron-phonon interaction derived from the Raman spectrum is similar to that in
K3Ceo-
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INTRODUCTION metal® Also, samples with a nominal composition @,
_ _ but possibly containing an unknown amount of nitrogen or

After the discovery of a new class of carbon materials, thesther impurities have been reported to be superconducting
fullerenes, by Krotoet al” in 1985, carbon research has yjth transition temperatures up to 15'K.
evolved in several new directions because of the many inter- Many properties of N&Cgo, including details of the pho-
esting properties of the most stable fullerengy.GAs one o gpectrurtf!® have already been studied in detail. How-
example, on intercalation with alkali metalgq®ften trans- oo, although several Raman spectra have been
forms into a metallic, superconducting state, with a criticalpres’entedo,m,w they have never been discussed in detail

te;}mpe.ra}u(;e as high as SO tK fo][ 3@7306 .Etven without Since Raman spectroscopy is a very powerful tool to char-
chemical doping, g can be transformed into a supercon- acterize other polymeric and/or doped phasesggf @ large

ductor by field-effect doping in a field-effect transist6ET) amount of information can potentially be obtained by com-

geometry’ and by additionally expanding the lattice through = X
chemical doping an extremely high transition temperature S the Raman Spectrum of May Wlth_those_ of othgr
117 K has recently been reachblnother interesting fact is d°Ped or polymerized phases of(C Of particular interest is

that G, can easily be transformed from the original cubic tNen the two-dimensionally polymerized tetragonal phase of
van der Waals bonded structure into one-, two-, and evefyso- Each G, molecule in this phase is covalently bonded to
three-dimensionally connected polym&ré.In the quasi- four neighbors, as in N&go, but the tetragonal phase has
two-dimensional rhombohedral polymeric phase, weak ferrothe cycloadduct type of intermolecular borld$:*"We have
magnetism with a Curie temperature near 500 K has recentlfecently studied the structure and Raman spectrum of the
been observed. tetragonal phase in detafl;!® using both polycrystalline and
Since doped and polymeric fullerenes show such interestsingle-crystal Gy as starting materials for the polymerization
ing properties, it is obviously of interest to investigate reaction. Our studies showed that this phase Haé.ammc
fullerene materials which arboth doped and polymerized. symmetry with successive polymer layers rotated by 90°
The only well characterized quasi-two-dimensional dopedabout the stacking axis.
fullerene polymer is Ng&Cgy, which is reported to have a We have now measured the Raman spectrum ofCla
body-centered monoclinic structure with space griim at  using three different excitation lasers and compared the re-
temperatures below 550 %° While pure G, usually poly-  sulting spectra with those for tetragoriablymerig Cgo and
merizes by & 2+ 2]-cycloaddition reaction, which creates (doped, metallit K;Cqy. The Raman spectrum of Nag,
two C-C bonds, forming a four-atom cyclobutane carbonshows many interesting features. Some of them are typical
ring, between each pair of molecules, /83, has been re- for fullerene polymers while others can be traced to doping
ported to have single C-C bonds between molecules. Suckiffects. One particularly interesting feature is the appearance
single-bonded structures have also been reported for songé a strong Raman band just below 1000 ¢mFeatures in
alkali-metal doped linear-chain polymers, such asthis frequency range are usually attributed to vibrations in
Na,RbCq,** and forACg, dimers'? Sodium intercalated g  the intermolecular cyclobutane rings in polymeric phases of
compounds behave in many ways different from compoundgure Gy, but with the assumed structure of )G, no such
containing heavier alkali metals because of the small size dieature would be expected. The; modes in NaCe, also
the Na ions. For example, while mo&LCg, compounds are show a strong broadening which might arise from electron-
nonmetallic, NaCq, is believed to be a strongly correlated phonon interactions. In view of the possible observation of
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superconductivity in a closely related mateffaive have : I '| | — |' — , : | '|| l

tried to derive the strength of the electron-phonon coupling H() HO AMHG H@®  HS) HO) 11| A @ H®)
from the Raman data, a method previously applied to both :
metallic and nonmetallic fullerene compounds. L

A “

ANY

EXPERIMENTAL METHODS

b.units)

The pressure polymerized tetragonal sample was pro:
duced by treating polycrystalline g powder® at 2.5 GPa
and 830 K for six hours in a piston-cylinder device with a
Teflon pressure cell containing a helical internal heater. To:
maximize phase purity we used a pressure-temperature tre
jectory similar to that used by Moret all’ The sample was
encased in a thin-walled stainless-steel cylinder inserted intc 783 nm
the heater. As pressure medium we used a mixture of talc an
glass beads. The talc has been shown to give a quasihydrc
static pressure and the glass beads are used as thermal ins : I : S : :
lation at the walls of the Teflon celf. The pressure polymer- 200 400 600 800 1000 1200 1400 1600 1800
ized sample was handled in air but stored in an evacuatet
chamber between measurements.

The Na,Cgp and K;Cqo samples were produced by mixing  FIG. 1. Raman spectra for &g, after elimination of back-
stochiometric amounts ofggand alkali metals under Ar gas grounds, excited with the wavelengths shown. Thick lines at the top
in a glove box with oxygen and water levels below 1 ppm_ShOW the positions of the ten Raman active modes in pristige C
The samples were then placed in glass tubes and heated for
two weeks at 630 and 520 K for the Nz, and KsCq,  Very stable under high-pressure conditions, not only at low
sample, respectively. During this period the samples weréemperatur® but also well above room temperature.
ground twice, to increase the homogeneity. After the heat As mentioned above, the vibrational spectra of both mo-
treatment the temperature was slowly decreased to roomomeric and polymeric N&gq have already been studied by
temperature and the samples were sealed in Lindemann caipelastic neutron scatterid.Neutron scattering is not lim-
illaries without any exposure to ambient atmosphere. ited by selection rules and because of the very large number

The Raman studies were performed using a Renishawf degrees of freedom in both pristine, doped, and polymer-
1000 grating spectrometer with a notch filter to remove thdzed G, it is difficult to obtain detailed information on indi-
Rayleigh line and a Peltier cooled charge-coupled deviceidual modes by this method. However, the low-frequency
(CCD) detector. As probing lasers we used three differentacoustic and librational modes are very strongly modified by
wavelengths, an argon-ion lasérl4.5 nm), a He-Ne laser polymerization, as might be expected. Below 25 meV the
(632.5 nm, and a diode las€i782 nn). The power densities generalized density of states for the quasi-two-dimensional
of the lasers on the sample were smaller than 10 \R/d@ime  polymer NaCg, differs greatly from those for pristineg,
low power density was used to ensure that no additionalinear-chain G, compounds, or the monomeric high-
photoinduced polymerization occurred in the samples and ttemperature form of N&Cgy. On the other hand, a compari-
avoid sample heating. The resolution of the Raman spectrson with inelastic neutron-scattering data for the tetragonal
was about 2 cm®. The x-ray powder-diffraction experiment phase of G, (Refs. 15 and 2Pshows large similarities in the
was carried out using the @&, line and a Philips powder- energy dependence as might be expected for two topologi-
diffraction system with a PW1820 goniometer. We also meacally similar phases. However, the phonons of,Gg are
sured the magnetic susceptibility of our sample using a Mag“softer,” with a maximum in the density of states near 14
Lab System 2000 from Oxford Instruments. meV (versus 20 meV for the tetragonal phgsgrobably be-
cause of the smaller number of intermolecular bonds.

Raman spectroscopy, on the other hand, is governed by
strict selection rules. The free isolategy@olecule exhibits

The x-ray data on N&g (not shown herewere in ex-  ten(two Ay+eightH,) Raman allowed modes. At room tem-
cellent agreement with literature data on this phagé thus  perature the crystal-field effects due to ffig, space group
assume that the material has a body-centered monocliniare very small and therefore the room-temperature Raman
structure with space grod2/m and single C-C intermolecu- spectrum of Gy also contains the same ten modes. The po-
lar bonds, as reported in the literature. sitions of these are shown as thick vertical lines at the top of

One sample was annealed under high pressure and terRig. 1, which shows Raman spectra of,8g, obtained using
perature, near 2.5 GPa and 800 Kr & h to see ifthis  the three different excitation wavelengths given above. When
treatment would change the structure or other propertiegshe highly symmetric pristine & material is doped to the
However, as reported elsewhéfehis treatment only sharp- monoclinic NaCg, structure with space group2/m and
ened the original x-ray diffraction and Raman lines, indicat-single polymer bonds, the symmetry is lowered significantly.
ing that the structural purity was improved. )G, is thus ~ This leads to a splitting of the fivefold degenerbtg modes

514 nm

633 nm

Raman intensity (arl

-1
Wavenumbers (cm )
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and the appearance of many modes that were optically silen : | ‘| | : ‘ |' : | : T : ) |'
earlier. In addition to this, vibrational modes, characteristic
for the new structure, are created. Examples of these are th
intermolecular modes at low wave numbers seen at 113, 137
and 1169 cm! and the wide band between 950 and 1000
cm -

Leaving the discussion of individual modes until later, we &
begin by observing that there are large differences betweers 1441 em’”
Raman spectra obtained for different probing laser wave-2
lengths. It is known from several earlier studies that the Ra-
man response of many fullerene based materials depend
strongly on the probing wavelength. Nanotubes, which cang 1
be seen as elongated fullerenes, exhibit a strong resonance & 1447 em”
the “red” frequency range due to van Hove singularities in
their densities of statés,and for doped metallic fullerenes a)
strong enhancements may occur depending on both the
strength of the electron-phonon coupling and the probing e ————
laser wavelength? For some polymeric phases of purg,C 200 400 600 800 1000 1200 1400 1600
the vibrational modes are difficult to observe when excited
with low-energy lasers due to a very high background prob-
ably coming from broadband luminescerfcé® Still, al- FIG. 2. Raman spectra excited with an argon-ion 155a#.5
though the spectra in Fig. 1 are visually very different, closemm) for (&) pure tetragonal £, (b) Na,Cgo, and(c) K3Cgo. Thick
scrutiny shows that they are really very similar except atines at the top show the positions of the ten Raman active modes in
“high” wave numbers, above about 1200 ¢ All vibra-  Pristine Gp.
tions are found at the same positions for different excitation
wavelengths and only the intensities of the modes varnylisted the observed Raman frequencies and their probable
Some differences should, however, be noted. At low wavessignment for Ng&Cgq and tetragonal £ in Table I. A simi-
numbers, the intermolecular modes are much easier to oltar list for several pressure polymerizegy@hases has been
serve for the diode laser, and for the same laser the lowpresented by Davydost al?® Starting in the range below the
frequencyHy modes, especially thélg(2) mode, show a lowestHy(1) mode of pristine g, we find new modes at
slightly stronger broadening. However, larger differences be113, 137, and 169 ciit for Na,Cqo and at 153 and 171 cm
tween the spectra are seen at wave numbers over 1208 cm for tetragonal @,. Such low-frequency intermolecular Ra-
For the diode laser the uppely, modes and thé,(2) mode man modes are also found in the lineag, Polymers’ and
are completely smeared out, making it impossible to identifycan be assigned to stretching and bending modes in the poly-
individual vibrational modes. The spectra obtained with themer network. A particularly interesting set of new modes in
He-Ne laser and the argon-ion laser are more similar and athe spectra can be seen at 946 and 974 'crand 966 and
components of the splii4(7) and theHy(8) modes can be 980 cm  for the tetragonal and N&g, phases, respectively.
seen in both spectra. A very striking detail is that the pen-Such modes are observed in all polymers connected by four-
tagonal pinch mode at 1441 crhis invisible with the diode membered carbon rings, although at slightly different posi-
laser, almost absent for the He-Ne laser excitation but th&ons. Since the carbon ring stretch mode for cyclobutane is
strongest mode when excited with the argon-ion laser. also found around 1000 cm?® this mode has long been

To enable a comparison between pristine and tetragonassigned to vibrations in the four-carbon ring itself. Calcula-
Ceo, NayCgo, and doped KCqy, we show in Fig. 2 the Ra- tions of the Raman spectrum of polymerigg@lso show that
man spectra of the last three of these, again with the ten lines mode at 967 cim' is to 85% connected to the displacement
of pristine G, shown at the top of the figure. As a first of the four atoms participating in the four-carbon ridt is
general comment, we note that doping in itself (g, does therefore very surprising to find a mode at virtually the same
not necessarily change the symmetry significantly and doegosition for the presumablginglebonded NaCgqo polymer.
not increase the number of lines very much. Conversion tddowever, earlier studies by Renket al!*® show similar
the tetragonal structure, with covalent cyclobutane-type infeatures. For other single-bonded polymers studied with Ra-
termolecular bonds between each molecule and its four neaman spectroscopy, such as the quenched gRbfimer
est neighbors, significantly increases the number of Ramaphase’® no such mode has been reported and we find no
lines, and doping to the N&gq structure, with its even lower Raman data in the literature for the single-bonded linear
monoclinic symmetry, gives a further increase. This is parpolymers. There are two possible interpretations for the ap-
ticularly obvious in the range 500—700 cf Most of these  pearance of these modes in/0g,: either the modes do not
“new” lines are existing modes which were previously opti- represent ring stretch vibrations in a four-carbon ring, but
cally silent or forbidden in the original, symmetry, but some other vibration associated with alp*-type intermo-
some are also connected with the formation of the polymerlecular bonds, or the assumed structure with single C-C
ized structure and the introduction of the dopant ions. bonds between the molecules is not correct. The single-

To facilitate the comparison of individual modes we havebonded polymer structure has strong support from both x-ray
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TABLE |. Observed Raman mode frequencies and their assignment f@¢Nand tetragonal £ .

Assignment Assignment
Na,Ceg Tetragonal G Na,CeoT Cgo Na,Cgo Tetragonal G Na,CeoT Cgo
113 cm t (w) intermolecular 698 cm * (w) 701 (W) Hg(3) parent mode
v stretch mode
137 cm * (w) 153 (W) intermol. mode 708 cm * (m) 709 (W) Hq(3) parent mode
6, bend. mode
169 cm * (w) 171 (w) intermol. mode 715 cmt (m) H,(3) parent mode
o, bend. mode
265 cm* (m) 255 (W) Hy(1) parent mode 724 cit (9) Hq(3) parent mode
273 cmit (s) 280 (M) Hq(1) parent mode 728 cnt (s) H,(3) parent mode
294 cm 't (m) 361 (W) Hg(1)/F,,(1) parent 741 cm 't (m) 748 (m) Hg(4) parent mode
mode
406 cmi t (m) Hy(2) parent mode 765 cnt (w) 771 (w) Hy(4) parent mode
421 cmit (9 415 (w) Hgy(2) parent mode 784 cnt (w) 862 (W) Hy(4)/F 24(2)
parent mode
428 cm t (m) 430(9) Hq(2) parent mode 966 cnt (m) 946 (s) bridge bond
451 cm t (w) 450 (m) Hq(2) parent mode 980 cnt (m) 974 (m) bridge bond
459 cmt (w) Hq(2) parent mode 1059 cr (m) 1015 (w) Hg(5)/Faue3)
parent mode
473 cmt (m) 485 (m) Hy(2)/A4(1) parent 1066 cm * (m) 1038 (m) Hg(5)/F24(3)
mode parent mode
500 cmit () A4(1) parent mode 1084 cm (m) 1090 (w) Hq(5) parent mode
513 cnt (w) 512 (w) F14(1) parent mode 1101 cnd (m) Hq(5) parent mode
535 cmit (m) 534 (m) Fg(1) parent mode 1112 cm (m) 1108 (m) Hq(5) parent mode
542 cm* (w) F,(1) parent mode 1193 crd (w) 1174 (w) H,(6) parent mode
549 cm * (w) F1,(1) parent mode 1215 cnt (w) 1208 (m) H,(6) parent mode
565 cm * (w) 563 (W) Faq(1) parent mode 1232 cm (m) H,y(6) parent mode
579 cm* (w) 585 (s) F1u(2)/F54(1) parent 1302 cm* (w) 1301 (w) G,(5) parent mode
mode
596 cn * (w) F1.(2) parent mode 1343 cnt (w) 1327 (w) Gy(5)/G14(3)
parent mode
605 cm * (w) F1.(2) parent mode 1369 cm (m) 1352 (w) Gy(5)/F14(3)
parent mode
615 cm * (w) G4(2) parent mode 1386 cm (m) 1378(w) Hy(7) parent mode
629 cnit (w) Gy4(2) parent mode 1416 cmt (m) 1432(s) Hq(7) parent mode
638 cn't (w) G,4(2) parent mode 1440 ¢t (9) 1447 (s) Ag(2) parent
mode
653 cm t (m) Gg4(2) parent mode 1466) dimer phase
667 cm t (m) 665 (M) H,(3) parent mode 1489 cnt (w) 1541 (s) H,(8) parent mode
683 cmt (m) 683(s) Hgy(3) parent mode 1525 cnt (w) 1564 (w) H,(8) parent mode
689 cm ! (m) F,u(2) parent mode 1543 cnt (w) 1572 (m) H,(8) parent mode
diffraction® and differential scanning  calorimetry mode shifts~—5.5 cm Yintermolecular bond>®3 Our re-

experiments® as well as from both inelastic neutron- sults are in excellent agreement with this empirical model for
scattering measurements and theoretical calculatbfise  the tetragonal polymdiFig. 2(a)], with four polymer bonds
first explanation should therefore be more likely. per molecule, and the unpolymerized; &, phase[Fig.

In pristine G the most frequently studied Raman mode is2(c)], with a charge transfer of three electrons per molecule.
the A4(2) pentagonal pinch mode at 1469 ©nThis mode  Using this model for the NaCq, phase is somewhat more
shows a strong shift to lower wave numbers whefy §  questionable. For the linear doped polymers Rp@nd
doped with alkali metals or when it is polymerized to differ- KCq, it has been shown that the two shifts are additf.
ent structures. The shift has been shown to depend linearlgne takes into account that the JC3, polymer has four
on the charge transferred from alkali atoms to thg iB@ol-  single intermolecular bonds/molecule, a shift of the pentago-
ecule, with a downshift of-—6 cm Yelectron chargé? The  nal pinch mode to 1441 cni indicates a charge transfer of
shift has also been shown to depend almost linearly on thapproximately three electrons peggOmolecule. This is a
number of intermolecular bonds per molecule, such that theurprisingly small value, considering that alkali-metal inter-
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calation usually leads to a full charge transfer. Kubozoncsionless electron-phonon coupling constant. Forone

et al1%find a shift to 1438 cm' and calculate a charge trans- should use the bare phonon frequency for the vibration be-
fer of a full four electrons per molecule, taking no account tofore any coupling to the electrons. For doped unpolymerized
the effects of intermolecular bonds. However, since all presystems, the phonon frequency in pristing, @ normally
vious studies show that the formation of such bonds is retsed as the bare frequency. In our system this procedure is
flected in a mode shift, our feeling is that such effects musgomplicated by the fact that the modes might be influenced
be taken into account. Armbrustet al3® have studied the DPY the intermolecular bonds. However, at least for tetragonal
electronic structure of very thin films of NM@g. For a  Ceothe shift and splitting of the low-frequen¢y, modes are
sample with nominal compositior=4, but an unspecified Small, and since the overall electron-phonon coupling con-
structure, they find full charge transfer, but for heavily dopedStant is almost completely dominated by the first thig
samples x>8) the charge transfer is incomplete. An incom- Modes, it should be possible to use the frequencies for pris-
plete charge transfer has also been observed fgedGy, fine Ceoas b_are frequenmes without introducing alarg_e_error.
compounds? It thus seems that the light alkali metals Liand  For alkali-metal intercalated fullerene compounds it is not
Na do not conform to the common assumption that alkaliobvious that Allen’s formula is applicable. However, the

metal doping of fullerenes leads to a complete charge trandroadening of théd, modes was one of the most important
fer. indications that the BCS model could be applied to fulleride

From Fig. 2 it is also clear that the splitting of tii, systems?~*'and the Raman method has been used toXind

modes is much more pronounced forJ8g, than for tetrag-  in many fullerene materials. Zhaat al? obtained values for
onal G, probably because of the low symmetry and inter-A Of 0.6 and 0.5 for KCqo and RRCq, respectively, result-
actions between sodium atoms and fullerene molecules. THEY IN reahigc values for the transition temperatures, while
low-frequencyH, modes of NaCe, are especially broad, \Wang et al.™ found a value of 0.1 for KCsg, explaining
resembling those of metallic 4Cq, and very different from why the latter is not a sm_Jp_erconductor in contrast to th_e two
the sharp modes seen for the tetragonal phase. For both m&so cc.)mpoundsza Igfter, similar analyses have been carried out
terials this broadening is assigned to electron-phonon coldy Winter et al™*"on K3Cqo and RbGo. _

pling between the phonons on theyanolecules and the To find the total electron-p.honon. interaction constant
band electrons derived from alkali-metal ions. It might beWe need to knowN(0). Following Winter and Kuzmang/,
expected that the low-frequeney, modes should be more We have tried to calculate an approximate value K¢0)
broadened than the high-frequency modes since the formétsing a linear relation between the Raman shift, and the line-
have a more radial character. width v,

Because superconductivity has been reported in a phase -
closely related to NgCyg it is of some interest to analyze the v=—=N(0)wpAw, 2
electron-phonon coupling strength in )&, to see whether 2
it is sufficient to explain such an effect. If so, N&y, might  where Aw is the difference between the bare phonon fre-
be the first doped polymeric fullerene superconductor. quency for pristine g, and the observed position in Nag,.

The broadening of phonon modes in the Raman spectrunfor K;Cqg, there is a striking difference between the appear-
as measured as the full width at half maximyfPWHM),  ances of theH (1) andHy4(2) modes and those of higher
comes from several different processes. For nonmetallic sysnodes, for which there is no relation between shift and line
tems, the measured linewidth can be increased by instrumebfoadeningf_“ We have assumed that we can use relat®)n
tal broadening, phonon-phonon interactions, and phonofor at least the lowest frequency moHig(1). A peak-fitting
scattering by lattice disorder. For systems with free carrierprogram has been used to resolve the five components of the
another process, called Landau damping, may contribute teriginally fivefold degeneratéi,(1) mode and the phonon
the phonon linewidth. It occurs ikk, the wave-vector trans- linewidth (FWHM) has been plotted against the observed
fer between the photons and optic phonons, is sufficientlfine shift in Fig. 3, using the bare phonon frequeney
large to cause intraband electron scattefinor ordered =270 cni 1=0.034 eV. The electron density of states is pro-
systems this requires moderate Fermi velocities and larggortional to the slope of the resulting line in Fig. 3 and we
Ak, which basically means that low-frequency modes to-deduce values dfi(0)=4.5, 7.2, and 8.4 eV* for the diode,
gether with a high energy of the probing laser have a largethe He-Ne, and the argon-ion laser, respectively. The discrep-
chance to be candidates for Landau damping, but if sufficienfincies between the results for different lasers might mean
disorder exists this can also occur without any constraint orthat Allen’s theory is not applicable to our system. However,
Ak.®" The relation between phonon linewidth and electron-it might also arise from other effects, such as different
phonon coupling constants for a single-particle excitationsample heating for different lasers, or from the error intro-
Allen’s formula, may be used in the forth duced when using the bare phonon frequency of pristigg C
since we do not know the Raman spectrum for an undoped
single bondedwo-dimensional polymer system. The average
value forN(0), 6.7 eV %, is reasonable if we compare with
the value 12 eV* reported for KCq, Obtained with the same
where y is the FWHM of a specific modeg; is the mode method?®* since the smaller intermolecular distance in the
degeneracy5 for Hy mode$, N(0) is the density of states polymer should lead to a broadening of the bands. On the
per spin and molecule at the Fermi level, ani$ the dimen-  other hand, Kubozonet al1° deduced a much smaller value

2 )
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204

FIG. 3. Plot of linewidth(FWHM) versus observed frequency
shift, w-wy,, for the components of thd (1) mode. Squares show
results for the diode lasdi782 nn), triangles for the He-Ne laser
(632 nm), and circles show the results for the argon-ion 1g&a#

nm).

of 2 eV 1 from electron spin resonan¢ESR) studies. How-
ever, different methods very often give widely different val-

T
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ues forN(0) in doped fullerene®42
The valueN(0)=6.7 eV * can now be used together for at most 10% of our total observed electron-phonon cou-
with Eq. (1) to calculate both the total overall electron- pling constant. Another possible reason for the high value is
phonon interaction factox and the contributions from the that the value used for the density of states is too low. The
individual Hy modes, with the results shown in Table II. For total \ is proportional to I(0), and a lowvalue forN(0)

Na,Ceo We find a surprisingly large value=0.3. This value
is similar in magnitude to the values farin K3Cgq given by
Zhou et al*?* (A=0.6) and by Winter and Kuzmaff (\

TABLE II. Mode positions, linewidth§FWHM), and electron-
phonon coupling constants for the eight fivefold degenetaje

40
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=0.25), and to data for R4, given by Zhouet al*? (A
=0.5). (The data from Winter and Kuzmany are corrected
from the original papéf by a factor of 4. For Na,Cg,
K3Cqo, and RRCy2**? experiments indicate that the main
contributions to come from the low-frequencii, modes,
while theoretical calculations often show strong contribu-
tions also from higher modég:*° However, while a domi-
nant contribution tox from Hy(1) is found here and by
Winter and Kuzmany, Zhoet al. find that theHy(2) mode
dominates. We note also that although the highest and lowest
frequency modes show larger line broadening than the inter-
mediate frequency modes, the difference is not as large for
Na,Cqg as that observed by Winter and Kuzmany foyG¢,.

We were surprised to find a total for Na,Cgo Which is
similar in magnitude to those of 4Cqy and RRCqy and sig-
nificantly larger than that of Rhg.3* While RbGy, is a non-
superconducting phase, both;@, and RRCgy are well
known to be superconducting at quite high temperatures. To
test our sample for superconductivity we carried out a mea-
surement of the magnetic susceptibility from room tempera-
ture down to 2 K. These measurements showed no significant
diamagnetic signals, ruling out superconductivity in our ma-
terial. Still, the measured value of is high enough that
recent reports on superconductivity in a closely related
material® cannot be ruled out. Our value faris, in fact,
higher than the value 0.25 found for;&s, by Winter and
Kuzmany?* The latter measurement was carried out at 80 K,
while our study was carried out at room temperature. This
might lead to a slightly larger broadening of our modes but
we estimate that this temperature effect should only account

would give a high value fol. We have tried to estimate
N(0) from experiments because the density of states in poly-
meric NaCg is difficult to estimate theoreticallyN(0) de-
pends on the charge transfer, and the band structurgya$ C
modified by the presence of intermolecular bonds. Using in-
steadN(0)=12—-15 eV}, as for theA;Cq, compoundg$#42

modes. The values for the linewidths are given for the argon-ionwould reduce the value for the electron-phonon interaction

laser(514 nm). The values for KCg are corrected from the original

paper(Ref. 39 by a factor 4.

A
This work  K3Cgp (Ref. 29

Mode w, (cm Y y(em™)  NaCe

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

3 0.296 0.25

parameter toA=0.13-0.16 which is similar to that of
K4Cy0,% and low enough to explain the absence of super-
conductivity in our sample. However, such low values Xor
are probably not realistic because the significantly smaller
lattice parameter of N&gg as compared to thA;Cg, cOm-
pounds should lead to a smaller density of states.

To summarize, we have presented a detailed Raman in-
vestigation of polymeric Nglgy. The vibrational Raman
spectra depend on the probing laser wavelength, making it
hard to observe high wave-number modes with low-energy
laser excitation. The Raman spectrum for,8g is very
rich, with a pronounced splitting of the; parent modes and
a large number of new modes. A number of modes at low
wave numbers supports the presence of intercage bonds in
the structure and the characteristic line broadening for low
Hg modes is typical for metallic fullerene systems. From the
shift of the pentagonal pinch mode we deduce that the charge

155421-6
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transfer is no larger than three electrons pggi@olecule, if ~ Which is comparable to that in 4Cqo. However, no super-
we take intermolecular bonds into account. The presence of gonductivity was observed down 2 K in Na,Ce.

distinct mode around 980 crh throws doubt on earlier as-

sumptions that this mode is connected to the vibration in the ACKNOWLEDGMENT
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