
PHYSICAL REVIEW A, VOLUME 64, 025201
Electric polarizability of isolated C70 molecules
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We present the gas phase measurement of the static electric dipole polarizability of C70 fullerenes. The value
is 102614 Å3. The increase in polarizability from C60 to C70 is discussed and compared to different theoretical
predictions.
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The electric dipole polarizability is of primary importanc
in understanding electronic properties of molecules and c
ters @1–3#. In this respect, precise experimental measu
ments are crucial to test theoretical methods and calculati
For fullerenes, two main experimental approaches are p
sible. First, the measurements may be performed on mol
lar solids or fullerites. The molecular polarizability is ob
tained from the dielectric constant provided that local fie
corrections can be reliably estimated. In practice, people
the Clausius-Mossotti relation. Second, direct measurem
on isolated molecules are possible, for example, by mole
lar beam deviation experiments@4,5#. Both methods lead to
valuable results, but clearly the indirect approach is dep
dent on the bulk structure that must be perfectly known
each measurement. Moreover, approximations must be d
in the extraction process, in particular, deviations from
Clausius-Mossotti relation may occur. Measurements on
lated molecules do not suffer from these restrictions.

For C60, recent molecular beam experiments have led
precise values for the dc and ac electric polarizability@4,5#.
For C70, the only available values have been deduced fr
bulk samples@6,7#. As outlined in a recent review@3#, the
size evolution of fullerenes polarizability is of great impo
tance because fullerenes are cage molecules with elec
delocalized in a thin shell. The investigation of electric p
larizability of hollow objects is a new and interesting pro
lem both on theoretical and experimental sides. We repo
this paper the direct measurement of the electric polariza
ity of C70. The results are discussed and compared to dif
ent theoretical predictions.

The fullerene beam is produced with a pulsed laser vap
ization source. A commercial powder of fullerenes~90% C60,
10% C70 purchased by MER corporation! is pressed into a
rod. We use the third harmonic of a Nd 31:YAG ~yttrium
aluminum garnet! to vaporize the rod and neon or helium
carrier gas~the velocity of the beam depends on the carr
gas!. A low laser power is used in order to avoid any fra
mentation of the fullerenes. The clusters leave the sou
through a 5-cm long nozzle and the beam is collimated
two slits. It is deflected after the slits by an inhomogeneo
electric fieldE. The value of the electric field in the deflecto
is 1.53107 V/m for a voltage of 25 kV across the two cylin
drical poles. The clusters are ionized 1 m after the deflecto
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in the extraction region of a time-of-flight mass spectrome
Two different wavelengths were used for the ionization~193
and 213 nm!. The electric fields in the extraction and acce
eration regions of the time-of-flight mass spectrometer
adjusted so that the arrival time at the detector is sensitiv
the initial position of the molecule in the extraction regio
~position-sensitive time of flight@3#!. The profile of the beam
is directly obtained from the arrival time distribution at th
detector.

When the fullerene rod is vaporized, the only peaks o
served in the mass spectra correspond to C60 and C70. Figure
1 shows beam profiles of C60 and C70 molecules measured
with and without an electric field in the deflector using ne
as the carrier gas. The profiles measured with the elec
field are slightly shifted toward the high electric field regio
in the deflector. In Fig. 1, the deviation of the beam isd

FIG. 1. Beam profiles of C60 and C70 molecules measured with
out electric field in the deviator~0 kV! and with E51.5
3107 V/m in the deviator~25 kV!. The measurement was pe
formed at room temperature with neon as the carrier gas. The
locity of the beam was 593 m/s.
©2001 The American Physical Society01-1
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TABLE I. Experimental and theoretical results for the averaged static polarizability of C60 and C70. For
C60 and C70 films, the polarizability value is extracted from the experimental dielectric function by using
Clausius-Mossotti relation.

Method a(C60) ~Å2! a(C70) ~Å3! a(C70!/a~C60)

Experiment
Gas phase
Molecular beam deviationa 76.568 102614 1.3360.03
C60 and C70 films
Optical measurements: ellipsometry

and reflection/transmissionb
79.0 97.0 1.23

Electron energy-loss spectroscopyc 83.0 103.5 1.25

Theory
Iterative coupled Hartree-Fock~STO-3G basis set!d 45.6 57.0 1.25
Pariser-Parr-Pople Hamiltoniane 49.4 63.8 1.29
Atom monopole-dipole interactionf 60.8 73.8 1.21
Semiempirical calculation~MNDO/PM3!g 63.9 79.0 1.24
Ab initio SCF 6-3111G basis set!h 75.1 89.8 1.20
Tight binding linear responsei 77.0 91.6 1.19
Bond polarizability modelj 89.2 109.2 1.22
Valence effective Hamiltoniank 154.0 214.3 1.39

Model
Additivity model 1.17
Conducting shell model 1.22

aThis work.
bFrom Ref. @6#. In the Clausius-Mossotti relation, we used a lattice constanta514.17 Å for C60 and a
515.01 for C70.
cFrom Ref.@7#.
dFrom Ref.@11#.
eFrom Ref.@12#.
fFrom Ref.@10#.
gFrom Ref.@13#.
hFrom Ref.@16#.
iThis work. The static polarizability is obtained by applying the linear response theory within asp3s*
tight-binding model that reproduces accurately the valence bands and the lowest conduction bands
mond carbon@P. Vogel, H.P. Hjalmarson, and J.W. Dow, J. Phys. Chem. Solids 44, 365~1983!#. This last
feature is essential since the static polarizability depends implicitly on the electronic excitation spectru
dipole transition matrix elementd5^2sur u2p&'0.91 bohr has been calculated from the carbon Slater orb
tabulated in the literature. Screening effects are taken into account by self-consistently evaluating th
field and the induced charge and dipole modifications at each carbon site.
jFrom Ref.@14#.
kFrom Ref.@15#.
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50.19 mm for C60 andd50.215 mm for C70. The deviation
d is proportional to the averaged polarizabilitya of the mol-
ecule,

d5K
a

mv2 E¹E, ~1!

whereE and ¹E are the values of the electric field and i
gradient in the deviator,m andv are the mass and the velo
ity of the cluster, andK is a geometrical factor. The velocit
v is selected and measured with a mechanical chopper th
directly located in front of the first slit. The polarizability o
C70 was determined relative to the polarizability of C60,
02520
t is

aC70
/aC60

5@d(C70)/d(C60)#(70/60). Simultaneous mea
surements were performed at different beam velocities.
data analysis givesaC70

/aC60
51.33. The precision on the

ratio is 3%. The uncertainty is mainly due to the uncertain
of the deviation values. Using the value of the static polar
ability that was previously measured for C60 ~76.568 Å3

@4#!, the value of the polarizability of C70 is 102614 Å3.
As discussed at the beginning of this paper, the size e

lution of the polarizability of fullerenes is of particular inte
est. Different behaviors have been suggested in the litera
Simple additivity of atomic contributions would lead to
polarizability proportional to the number of atomsn and to a
ratio of a(C70) to a(C60) of 1.17. An opposite approach is t
1-2
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consider that the fullerene behaves as a conducting shell.
polarizability would then, in first approximation, increase
the volume of the cluster that for a cage scales asn3/2. For
C60, the outer radius of the conducting shell can be obtai
by adding the radius of the ionic frame~3.51 Å! and half the
thickness of the electron cloud~1.5 Å! @3#. This corresponds
to a shell with an outer radius of 4.26 Å and a polarizabil
equal to 77 Å3. This value is very close to the experiment
value. For larger fullerenes, it is reasonable to scale the
face of the ionic frame as a function of the number of ato
~the radius of the cage scales asn1/2! and to use the sam
thickness for the electron cloud. For C70, these crude ap
proximations lead to a radius equal to 4.54 Å and a pola
ability of 94 Å3. The calculated ratio ofa(C70) to a(C60) is
1.22. The same behavior is obtained when fullerenes
modeled as classical dielectric shells@8#.

Beyond these two extreme approaches, a discussion o
size evolution of fullerene polarizability based on sem
empirical models can be found in Refs.@9,10#. For C60 and
C70, several calculated values are available in the literat
Results of calculations that were performed on both sizes
given in Table I~a more extended set of calculations for C60
can be found in Ref.@3#!. The ab initio values of Jonsson
et al. @16# are in agreement with our experimental values
least for C60. Among semiempirical approaches, only t
bond polarizability and the tight-binding approaches lead
absolute values in agreement with experiment. Other mo
lead to values that clearly differ from experimental valu
Concerning the size evolution, most of the calculations p
dict a ratio ofa(C70) to a(C60) greater than 7/6 and close t
the ratio expected for a conducting shell.

The calculations slightly underestimate the experimen
behavior. We have no clear explanation for this differen
but a few leads might be developed. First, C70 has a lower
symmetry than C60 and its polarizability is not isotropic. In
beam deviation experiments, the main effect of anisotrop
to induce a broadening of the profile@17#. For C70, this effect
er
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can be fully neglected at room temperature. It is clear that
shape of the cage has also an influence on the value o
averaged polarizability. This effect is not taken into accou
in the crude conducting spherical shell model but it is inab
initio or semiempirical calculations. From the experimen
point of view, one cannot exclude the fact that the desorpt
laser induces some isomerization of fullerene molecules
different structures@18#. Preliminary results show that th
polarizability of carbon clusters obtained from graphite v
porization~Cn clusters with only even sizes andn>58 in the
mass spectrum! are significantly larger than those obtaine
from C60 and C70 fullerenes desorption@19#. The isomeriza-
tion of a small amount of C70 molecules into structures hav
ing a polarizability higher than that of theD5h isomer would
affect the experimental result. However, as previously o
lined, low laser power is used for the desorption, in partic
lar no fragmentation is observed in the mass spectrum.
nally, the finite temperature of the experiment is not tak
into account in the calculations. While temperature effe
are expected to be smaller than those for sodium clus
@20#, a temperature dependence different between C60 and
C70 may account for part of the discrepancy observed
tween calculations and experiments. Further experime
and theoretical investigations of the polarizability
fullerenes, in particular, measurements for fullerenes w
sizes larger than C70 or smaller than C60 @21#, are necessary
to conclude.

In summary, we have reported the gas phase measure
of the static polarizability of C70. The measured value i
102614 Å3. The increase in polarizability from C60 to C70 is
slightly larger than the increase that is expected for a c
ducting shell or predicted by more refined models.
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discussions. Financial support from CNRS and Univers
Lyon I is gratefully acknowledged.
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