
JOURNAL OF CHEMICAL PHYSICS VOLUME 113, NUMBER 14 8 OCTOBER 2000
Absolute measurement of the optical polarizability of C 60

A. Ballard, K. Bonin, and J. Louderback
Department of Physics, Wake Forest University, Winston-Salem, North Carolina 27109

~Received 8 May 2000; accepted 14 July 2000!

We report on a new optical technique that uses light forces and a time-of-flight spectrometer to
make absolute measurements of cluster polarizabilities. This is also the first accurate report of an ac
polarizability measurement of a condensable cluster in the gas phase. We have determined the
optical polarizability of C60 at the fundamental wavelength of a Nd:YAG laser~1.064mm! to be
a57964 Å3. © 2000 American Institute of Physics.@S0021-9606~00!01038-2#
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For the first time we report on a technique for measur
the ac polarizability of condensable clusters in the gas ph
As our first application, we have measured the polarizabi
of C60 and the resulting measurement is the most accurat
date of a cluster larger than a dimer. Robust methods
accurately measuring electronic and optical properties
important to serve as benchmarks for theory since calc
tions of such properties for large, many-particle systems
challenging. In addition, our technique is important in fo
ways: ~i! it provides anabsolute measurementof the polar-
izability of clusters in the gas-phase,~ii ! it is universal—the
detection scheme is independent of the particular prope
of the particle being measured,~iii ! it can be extended to find
tensor polarizabilities, and ~iv! it could be applied to mea
sure thepolarizability of ionsor ionic clusters. In this las
way, our method is unique.

Until now, all gas-phase measurements of cluster po
izabilities have been in static fields. This includes me
clusters,1–4 semiconductor clusters,5–7 and insulating
clusters.8,9 For the first time, we report a direct measureme
of the ac polarizability for a free cluster. Actually, an a
polarizability measurement of the C60 cluster in the gas
phase using Rayleigh scattering has been previo
published,10 but the reported value differs by a factor of 1
from our measured ac value, from the static value,8 and from
the mean of published theory values. Hence it is uncl
what physical condition or experimental artifact their r
ported measurement represents. All previous cluster m
surements have been relative measurements: for sodium
potassium clusters the atom was the reference;1 for alumi-
num clusters, lithium atoms were the reference;2 for semi-
conductor clusters the aluminum cluster measurements o
Heer2 were the reference;5 and for the lithium clusters~and
lithium–sodium compounds! either lithium or sodium atoms
were the reference.3,4 For the static measurements of C60 and
KC60, lithium atoms were used. Note that the static-fie
deflection technique to measure cluster polarizabilities is
relative by nature, but it is more accurate to measure
cluster polarizability relative to an atomic ‘‘calibration sta
dard’’ polarizability than to directly account for the electri
field pole geometry. An overview of polarizability physic
~including that for clusters! can be found in Ref. 11, while a
treatment of metal cluster physics can be found in the n
review by de Heer.12
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Since this is the first report of this system in the liter
ture, we will describe important aspects of the appara
There are three main experimental elements: a source
cold clusters, a cluster beam collimation tube that include
light force interaction region, and a linear time-of-flight ma
spectrometer—see Fig. 1. The cluster source is a dual-va
front laser-vaporization source similar to that of Smalley a
co-workers.13 Helium gas is rapidly injected into a mixing
chamber to cool the hot cluster plasma produced by la
ablating a thin-film target of C60. This source produces sig
nificantly colder clusters than those produced by the sing
valve, side laser-vaporization source we origina
constructed. A unique feature of this source is that front
lation produces larger beam fluxes than side ablation sour
However, this geometry gives rise to the problem of bringi
laser light down the vacuum-beam tube through a pair
collimating slits used to narrow the phase-space distribu
of the cluster beam. Since the slits are narrow~slit gap5200
mm!, light is severely diffracted when transmitted throug
the slits. As a result, we constructed a glass slit and a gl
metal slit to collimate our cluster beamand pass laser light.
To our knowledge, this is the first report of the success
use of glass/glass-metal slits to collimate a particle beam

The second element is the light force interaction regi
consisting of a dielectric mirror mounted on the second
assembly, but behind the second slit—see Fig. 2. A pul
Nd:YAG laser beam (l51.064mm! is retroreflected off the
mirror to produce a standing wave in a direction orthogo
to the cluster beam axis (z-axis!. A cluster in anoscillating
field that is detuned far from any resonances experience
time-averaged force that is conservative. The conserva
force only affects the motion along one dimension~the
propagation axis of the laser,x-axis!. The equation of motion
for a molecule experiencing such a force can be written14

d2x

dt2
5

dv
dt

5V~y,z! f ~ t !sin~2kx!, ~1!

where t is the time andk52p/l is the wave vector of the
light. The characteristic velocityV is

V~y,z!5
16p2

Mlc
F~y,z!azz, ~2!

whereM is the mass of the cluster,c is the speed of light, and
2 © 2000 American Institute of Physics
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F~y,z!5
c

8pE2`

`

E2~y,z,t !dt ~3!

is the fluence~energy/area! of the laser pulse. Here E(y,z,t)
is the electric-field vector length at position (y,z) at time t.
In Eq. ~1! f (t) is the slowly varying envelope of the lase
pulse. Physically, the characteristic velocity corresponds
the maximum kick that can be given to a cluster by the lig
force. Here, the light is assumed to be linearly polariz
along thez-axis. The polarizability in Eq.~2!, azz, corre-
sponds to a particular component of the polarizability ten
~see Ref. 11!. Since C60 is isotropic, its polarizabilitya is a
scalar. The clusters experience a light force proportiona
their polarizability at the laser frequency. The forces expe

FIG. 1. A sketch of the experimental apparatus.

FIG. 2. Velocity kicks given to the clusters in the standing wave beam
change their downstream spatial distribution. The kicks are orthogonal to
original cluster beam direction.
Downloaded 11 Apr 2003 to 152.17.73.12. Redistribution subject to AI
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enced by the clusters interacting with the light are orthogo
to their motion and so they get deflected in both directio
along the standing wave axis. The result is a redistribution
the clusters in phase space—see Fig. 2. The clusters rec
velocity kicks whose magnitude depends on cluster posi
within the standing-wave beam. The Nd:YAG pulse is
short ~it has a Gaussian temporal profile whose FWHM
t57 ns! that each cluster stays nearly in the same posit
during the laser pulse. This assumption that the particles
not move a significant amount during the laser pulse is ca
the sudden impulse approximation. If, during the laser pu
a particle moved over a significant region of space~sayl),
then the light force would average out and only a small
velocity kick would result. Extensive calculations14,15 have
shown that if each cluster moves less thanl/10 during the
laser pulse~arbitrarily chosen!, then the sudden impulse ap
proximation is excellent. For our experiment we estimate
motion during a pulse to bel/20. The velocity kicks will,
with the passage of time, manifest themselves as a sp
redistribution of the clusters in the direction orthogonal
the beam direction. This spatial redistribution occurs dow
stream of the light-force region. The theory of the light forc
including a description of the phase space redistribution
some limiting cases, has been discussed earlier.14 This refer-
ence and references therein15 discuss in detail the applicabil
ity of the light-force interaction to the measurement of p
ticle polarizabilities. Specifically, these references disc
the dependence of spatial and velocity distributions on lig
force fluence, their dependence on detuning from resonan
how the laser pulse duration and laser polarization affect
interaction and distributions, and how the directions of t
two intersecting light-force laser beams~to form a standing
wave! affect the interaction.

The third experimental element is the ion chamber a
linear time-of-flight mass spectrometer~TOFMS! that we
built to separate and detect different cluster masses.
time-of-flight axis is perpendicular to the original clust
beam axis. Our TOFMS is a modified version of one d
signed by de Heer and co-workers.16 We operate the TOFMS
in a position-sensitive mode, where an ion’s time-of-flig
depends on its initial position at the time of ionization. T
time-of-arrival curve produced by ions at the detector th
corresponds to a spatial image of the clusters along the ti
of-flight axis. This one-dimensional spatial distribution w
change if the light force is applied, so the basic measurem
consists of recording two different cluster ion versus tim
data sets. One set is the no light-force distribution and
other set is the light-force distribution. Clusters are ioniz
in the middle of the TOFMS acceleration plates ArF las
light at l5193 Å. The light is focused with a fused quar
lens (f 521 cm atl5193 Å!. However, the clusters intersec
the laser beam at a distance off /3 from the focal point. The
estimated fluence of the ArF light in the ionization region
f.20 mJ/cm2. The ions were detected by an MCP arra
The resulting signal was recorded by a fast digital oscil
scope and stored in files for later analysis. The experim
will be described in more detail in a longer paper.
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To understand the data analysis needed to extract
polarizability, consider Fig. 3 which shows the number
cluster ions vs. time in the case of no light force. The clus
distribution consists of a group of C60 isotopes with the fol-
lowing probabilities: 720 amu—52.5%, 721 amu—34.1
722 amu—10.8%, 723 amu—2.20%, 724 amu—0.31%.
the position- sensitive mode, the TOFMS has its mass re
lution significantly degraded from its peak, but it still retai
the basic feature that different masses arrive at the detect
different times. However, the various C60 isotopes are no
individually resolved in this mode, but are smeared out d
to the inherent loss of time resolution in the position sen
tive mode. This results in a C60 signal that is broadene
compared to the case of only a single isotope. Hence
fitted curve in Fig. 3 represents the sum of five basic cur
~one for each isotope! with weights that correspond to th
probabilities of the different isotopes. The time that separa
the curve for each isotope is determined from an ion op
program. We input our TOFMS plate geometry and the p
gram calculates the mass dispersion (Dt/Dm). The time-of-
flight calculated with this program agrees to within 1.5%
our experimental observations. The resulting mass disper
for our plate geometry and voltages is 42 ns/amu. This
rameter is fixed in the fit to the experimental data. Also fix
in the fit is a broadening parameterG laser, which accounts for
the finite pulse length~FWHM514 ns! of the excimer laser.
Since ionization is a two-photon process here, we convo
the square of the temporally varying intensity of the excim
pulse with the basic cluster spatial distribution. In fact, t
only parameters that are varied in generating the fit in Fig
are the zero of time, i.e., the time shift of the fit relative
the experimental data and an additional broadening par
eter which we labelGbroad. We believe that the dominan
contributor toGbroad is a broadening of the spatial distribu
tion due to scatter of the clusters off of background gas in
vacuum. The vacuum in the region between the slits i
31027 Torr with source off and about 931027 Torr with
source on. The vacuum in the TOFMS is 331027 Torr.
However, the total cluster path is about 3 m, which is qu
long. Additional contributing effects to broadening are sc

FIG. 3. Spatial distribution of C60 clusters when no light force is applied
The smooth curve is a theoretical fit to the experimental data.
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ter off slit walls, perhaps a small amount of delayed ioniz
tion, and inhomogeneities in the fields in the TOFMS.
illustrate the size of the broadening parameterGbroad to the
overall width, we note that the data in Fig. 3 exhibit
FWHM of GFWHM5160 ns. The best fit givesGbroad570 ns,
and so the actual width in the absence of theGbroadbroaden-
ing is AGFWHM

2 2Gbroad
2 5144 ns. Hence, theGbroad broaden-

ing amounts to about a 10% effect.
To analyze the light-force data, consider Fig. 4. This

one of three curves that are simultaneously fit to determ
the polarizability. When the light force is applied it is impo
tant to know which ‘‘slice’’ of the cluster beam is affected
Then, ideally, you would just ionize that slice of clusters. T
understand these statements more clearly, note that the l
force laser beam~moving along thex-axis! is at right angles
to the cluster beam~moving along thez-axis!—see Fig. 2.
The length of the cluster beam along thez-axis is 14 cm
~FWHM! while the intersecting YAG light-force laser bea
has a width~along z! of 7 mm. Hence the YAG will only
affect a 7 mm‘‘slice’’ of the cluster beam. We can decid
which fraction of this 7 mm slice of the cluster beam
observe by adjusting the timing between the light-force la
and the ionization laser. Due to the structure on the lig
force laser beam profile, different sections of the selec
cluster beam ‘‘slice’’ are exposed to different laser fluenc
To account for this, we measured the laser profile with
windowless CCD camera. We took three consecutive set
data with different time intervals between the light-force
ser pulse and ionization laser pulse. The precise differenc
time between adjacent data sets was 50060.01 ns. Since we
know the speed of our clusters to better than 0.5%, we kn

FIG. 4. Spatial distribution of C60 clusters when the light force is applied
The smooth curve is a fit to the experimental data.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the spatial gap between the adjacent cluster slices. The t
data curves that result are then fit to the theoretical cur
using the fluence information from the camera. The fit p
rameters are the origin in time~time shift of theory curves
relative to data curves! and the polarizability. The overal
energy hitting the camera was measured using an en
meter. Since the size of a camera pixel is accurately kno
the fluence on each pixel could then be calculated.

Our fits result in a C60 polarizability value ofa579
64 Å3. Several factors contribute to the error estima
First, the calibration accuracy of the energy meter is 4
Second, two fit parameters introduce error: the widthGbroad

from the no light-force data has an uncertainty of62.7%;
the polarizability from the light-force data has an uncertai
of 2.1%. Finally, the uncertainty in the TOFMS for the is
tope spacing is 1.5%. Combined in quadrature these un
tainties produce an overall error of 5%.

There has been a keen interest in the polarizability of60

due to the fact that this specie is at the crossroads betw
molecular and nanostructure science. As a result, a sub
tial variety of theoretical techniques, including condens
matter methods, molecular structure calculations,
nuclear physics techniques, have been used to find value
the static C60 polarizability. Although theoretical values fo
the static polarizability range from 36 to 154 Å3, they aver-
age and cluster in the 80–85 Å3 range—see Ref. 11 for a
summary. The static measurement in the gas phase is8 76.5
68 Å3 and the thin-film results are in the 83–93 Å3 range—
again see Ref. 11. Although no theoretical calculations
the dynamical polarizability of free C60 have been published
it is relevant to discuss what frequency dependence we
pect the polarizability to have. Perhaps the best guide
what to expect for the frequency dependence ofa comes
from published measurements of the dielectric functione(v)
for solid C60.17 The frequency-dependent dielectric functio
was measured using UV-visible-IR reflection-transmiss
spectroscopy and ellipsometry. Here the polarizability is
tracted from the dielectric functione(v) of solid fullerite
films using the Clausius–Mossotti relation

a~v!5
3

4pn S e~v!21

e~v!12D , ~4!

wheren54/a3 is the number density of C60 molecules in the
face-centered cubic unit cell with a lattice constanta
514.17 Å. The extracted polarizabilitya(v) is plotted for
\v in the range 0–5 eV. The YAG wavelength (l51.064
mm! corresponds to 1.16 eV. Their plot gives a calcula
value for the C60 polarizability at our YAG wavelength o
a(\v51.16 eV! .82 Å3. Interestingly, their plot ofa(v)
for the thin film indicates that the C60 polarizability drops
slightly below its static value ofa(\v50 eV!.83 Å3—this
is the electronic contribution only, an additional contributi
of 2 Å3 is due to the lattice. From their plota(v) reaches a
minimum at\v51.2 eV. The depth of the dip is about
Å 3. Obviously, the agreement between their thin-film va
Downloaded 11 Apr 2003 to 152.17.73.12. Redistribution subject to AI
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and our value is quite good, although according to the re
tive values in their curve, our ac value should be sligh
lower than the measured dc value. However, the meas
static value for free C60, our measured ac value for free C60,
and the values they extract from the dielectric function ag
within error. We would expecta(v).a(dc) for the free
C60 cluster, since the main resonances for free C60 begin in
the blue at about 420 nm and the resonances grow stro
as \v increases. The closest IR active vibronic resonan
occur at about 0.15 eV, and they seem too far away and
weak to significantly affect the polarizability at 1.2 eV. Pe
haps a theoretical calculation of free C60 would show a
slightly higher polarizability value atl51.06 mm than the
dc value.

To summarize, we have developed a new technique
making absolute measurements of cluster polarizabilities
is the first measurement of the ac polarizability of a conde
able cluster in the gas phase and it is the most accurate m
surement to date of the polarizability of a cluster larger th
a dimer. We hope to apply it to other interesting clusters
the near future.
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