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Electran emission from an individual, supported Ceo molecule
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The electron emission properties of a single C6O molecule supported on a %' Beld-emission tip
are reported. Using standard models, values for the size, effective work function, and desorption
temperature of C60 were obtained. Energy distributions of electrons emitted from C6o exhibit a
narrow two-peaked spectrum and indicate a splitting of the highest occupied molecular-orbital level.

I. INTRODUCTION

C6O molecules, detected by Kroto and co-workers, ~

have been the subject of intense interest since the suc-
cess in purifying Ceo/C7e from carbon soot produced us-
ing the Kratschmer-Huffman technique has made it
possible to obtain suKcient material for detailed stud-
ies of this highly symmetric, self-assembled collection of
60 carbon atoms. Calculations of the properties of C6o
have appeared4 and the spectroscopic features of C6o
are being rapidly reported.

The stability, symmetric shape, and small diameter of
the C6o molecule make it a potentially interesting elec-
tron emission source. Due to its small diameter, elec-
trons emitted from an individual supported C60 would
form a bright source and produce an electron beam with
small angular spread that would be useful in electron
microscopy, holography, and interferometry. Prior
studies of electron emission from ultrasharp teton tips
have demonstrated that the properties of the Beld emit-
ted electron beam differ remarkedly from those of beams
emitted from conventional electron emission sources.
The small radius of curvature of C6o suggests that a large
electric-field enhancement can be achieved at the surface
of the molecule, implying that electron emission through
a supported C60 can be obtained without a measurable
current from the surrounding substrate. The inert char-
acter of C6o also makes it an ideal candidate for a stable
electron emission source since it will not become con-
taminated by adsorbed gas atoms. By placing the C6o
molecule on the end of a Beld-emission tip, a particularly
well-characterized scanning tunneling microscope (STM)
tip could be fabricated. Such tips may ultimately find
use as "standard tips" for intercomparison of STM data

between different laboratories. For all the reasons cited
above, electron emission from an individual supported
C6O is interesting. To perform such an experiment, how-
ever, techniques must be developed to capture a single
C6p molecule and then study its electron emission prop-
erties.

Such an experiment is possible due to recent advances
in the study of supported metal clusters. There has been
considerable effort to learn more about the electronic
and structural properties of supported clusters contain-
ing only a few hundred atoms since the properties of such
clusters are expected to show a size dependence related to
the conBnement of electrons in a small three-dimensional
structure. Historically, a fundamental limitation in many
supported-cluster studies is the unknown distribution of
particle sizes that inevitably occur in experimentally pre-
pared cluster samples. This distribution in sizes, as well
as the distribution in local environments, often obscures
the essential size-dependent physics of interest. One way
to circumvent this difficulty is to develop techniques sen-
sitive to the properties of an individual cluster. In this
way, any unwanted convolution produced by a spread in
sizes can a priori be eliminated and the essential proper-
ties of the cluster under study can be probed. A number
of experiments emphasizing this "individual cluster" ap-
proach has recently been reported. 3

The present paper, utilizing these techniques devel-
oped for the study of individual nanometer-size sup-
ported metallic clusters, reports the electron emission
properties of a single C60 supported on a W substrate.
The remainder of this paper is organized in the follow-
ing way. Following a short review of the experimental
techniques used in this study, a brief theoretical section
reviews the important concepts required to understand
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the experimental results. Data on the electron emission
characteristics of individual Css are reported and inter-
preted using standard models of electron emission. Fi-
nally, a discussion of the significance of our results is
provided.

Qv

Single Crystal
Tungsten tip

II. EXPERIMENTAL CONSIDERATIONS

The HufFman-Kratschrner techniques was used to pro-
duce Cso/C7o dust containing 95% Csii which proved
to be a suitable starting material for our purposes. The
Cso/C70 powder was loaded into a small quartz tube 13
mm long with a 2 mm inner diameter. This tube was in-
serted into a boron-nitride cylinder which was wrapped
with two 0.25 mm diameter tungsten wires to form an
oven. The temperature of the oven as a function of power
delivered to the oven was calibrated to an accuracy of a
few degrees beforehand in a separate vacuum chamber.

The oven was then mounted into an ultrahigh vacuum
(UHV) chamber equipped with a 200 t/s difFerential ion
pump and a titanium sublimator. 2s The oven was tilted

15' with respect to a horizontal line and was posi-
tioned roughly 3 cm away from a tungsten tip formed by
electrochemical etching W wire in a 1N NaOH solution.
The tip was spot-welded onto a support loop fabricated
from W wire. By passing current through the support
loop, the tip could be raised to a given temperature in
a controlled way. The tip assembly was then mounted
on a Hange equipped with a W/W-26Fo Re thermocouple
(attached to the tip support loop) and an adjustable bel-
lows to permit small three-dimensional movements of the
tip. After the tip and oven were carefully aligned, stan-
dard UHV procedures were followed until the pressure in
the chamber was reduced below 1.3 x 10 Pa (1 x 10
Torr).

It is well established that individual metallic clusters
can be placed on a field emission tip and that they ex-
hibit long-term stability in an UHV environment. ' We
found that in order to successfully deposit a C6o molecule
on the apex of a W tip, the W tip must be held at a pos-
itive bias voltage with respect to ground potential. Re-
peated experiments showed that when the temperature
of the C60 oven had reached 420'C for several min-
utes, at least one Cso could be successfully deposited on
the tip provided the tip was biased at a positive voltage.
On the contrary, if no voltage or a negative voltage was
applied to a tip, no C6o could be captured. .Instead, it
appeared that the C6p were reflected off the tungsten tip,
resulting in flashes emanating from a nearby fluorescent
screen held at ground potential.

After a Cso was captured on the tip, a few thousand
volts between the tip and the fluorescent screen produced
a sufficient electric field to cause electrons to be drawn
from the C60 molecule. These electrons were acceler-
ated toward the 10 cm diameter screen and were visually
observed as bright, circularly symmetric dots appearing
on the screen. An idealized schematic of this process is
shown in Fig. l. After deposition, the tip was typically
covered with between 1 and 5 C60 molecules. Normally,
the required voltage to image Cso was about 3/4 to 4/5
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FIG. 1. A schematic of a C60 deposited on the end of a
well-annealed tungsten field-emission tip. Electrons emitted
from the C60 molecule strike a Buorescent screen and provide
a highly magnified image of C6o . By steering the electrons
into a probe hole, the distribution in energy of the emitted
electron beam can be determined.

that required to image the clean W tip, a result consis-
tent with the electric-field enhancement expected around
a Csp cluster due to its small radius of curvature. Af-

ter deposition, the supported C60 molecules were always
found on the atomically rough surfaces of the tip rather
than on the atomically flat facets that naturally develop
on a well-annealed tip.

The magnitude of the emission current from a sin-

gle C6o as a function of applied voltage was mea-
sured through an electrical feedthrough connected to the
screen. Outside the chamber, a low light-level camera
was positioned to observe the screen and was linked to a
monitor and a video cassette recorder (VCR). Any light
pattern produced by electrons striking the screen could
be viewed on the monitor. In addition, the pattern could
be recorded on tape using the VCR or digitized by a
frame grabber for more quantitative analysis at a later
time.

In the second phase of the study, a similar oven to
that described above was placed inside a second vacuum
chamber, operating at a pressure of less than 1.3 x 10
Pa (1 x 10 io Torr). This chamber housed a field-

emission electron-energy analyzer capable of resolving
the distribution in energy of electrons emitted from an
individual C60. By depositing C6o clusters directly on

the end of a W emitter as described above, electrons field
emitted from an individual cluster could be collected and
energy analyzed by a dispersive 127' analyzer known to
have an energy resolution of 0.07 eV. The details of this
particular apparatus have been described elsewhere. 3

In this way, the energy spectra of electrons emitted could
be measured as a function of an applied electric field.
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III. THEORETICAL CONSIDERATIONS

The basic theory of field emission is based on the cal-
culation ofj (E), the number of electrons of mass m emit-
ted per unit area per unit time with energy between E
and E + dE, due to an electric field F applied in the z
direction. 34 The calculation of the distribution of emitted
electrons requires an integration over all possible energies
E and wave vectors k = (k„k~~):

~+"~ (1 aE d'A:j (E)dE = 2f(E) ~

— „~T(k„E)~

Eq. (1), ~T(k~, E)~, the transmission probability
through the surface potential barrier, is usually evalu-
ated for a metal with a Fermi level E~ and work func-
tion P. The distribution of electrons is determined by the
Fermi-Dirac function f(E) The .metal-vacuum interface
is described in one dimension by an image rounded bar-
rier given by

e2
V(z) = E~ + P ———eFz for z ) z„

4z=0 for z(z„

j (E)dE = f(E)
IT(E k~~)i'

[1+A(E, k(() [

(4)
The transmission probability for electrons with a specific

surface. Use of this equation has provided much of the
systematic information now available on the work func-
tions of the various faces of pure metals.

Now consider the case of electrons field emitted from
an individual C60. The expression for the emitted en-
ergy distribution will of course depend on the coupling
of the C60 electronic wave functions to vacuum states
propagating away from the C6o molecule. To solve this
problem exactly is diKcult, but a qualitative discussion
suitable for our purposes can be presented within the
framework outlined above. The major modification re-
quired is a proper account of the C60 electrons with a
specific kII, a consequence of the hollow-shell geometry
of the C6o molecule.

Under these circumstances, the variable of integration
in Eq. (1) must be modified to permit summation over
states with a fixed k~I and can be written as

where z, is determined by V(z, ) = 0. Using the WKB
approximation to estimate T(k„E), the well-known free-
electron result is obtained:

W tip Vacuum

where

md@ f(E) 4(~ ) k &~+s~ -s&
~(y)

2%2 Q

EF

W

l(

~(y)
1 2m ~ (P+ E~ —E)&

eF

J(F) =e jp(E)dE

—~'F2e (&'0~ II"), —

where A' and B' are known constants. 6 This result,
known as the Fowler-Nordheim (F-N) equation, predicts
a plot of ln[j(F) /F2] vs 1/F will give a straight line with
a slope related to the work function P of the emitting

and v(y), t(y) are slowly varying, tabulated functions
of y = (esF) ~/(P). The shape and location of the field-
emission energy distribution is shown in Fig. 2(a). The
shape of jp(E) is roughly governed by the temperature
of the emitter for E ) E~ and the transmission prob-
ability through the metal-vacuum barrier for E & E~.
An experimental measurement of this energy distribu-
tion involves further convolution of Eq. (2) with a sym-
metric Gaussian window function that accounts for the
finite energy resolution of the energy analyzer. It is an
experimental fact that Eq. (2) well describes the over-
all shape of the distribution of electrons emitted from
field-emission tips fabricated from a variety of refractory
metals.

Equation (2) can be further integrated to give the total
current
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FIG. 2. (a) The image-rounded potential energy barrier
and resulting energy distribution of electrons emitted from a
tungsten tip. The work function P and Fermi energy E& of the
metal substrate are indicated. (b) The modifications required
for emission from C60 . The electric-field enhancement due
to the small radius of the C60 molecule is indicated. The
diagram shows a sequence of localized states with high A:~~.

The height of the tunnel barrier must be increased by e~~ as
discussed in the text. In the example shown, the the highest
occupied state dominates the emission current.
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k~~ can be approximated by s

xe

where

f2m'n=
I . ~j& ~+~ ~+ "Pi

the field-induced emission from a supported C6p in terms
of the standard model represented by Eqs. (2) and (3).
Finally, it is worth pointing out that the above analysis
assumes that A:ll is a good quantum number and hence is
conserved during the emission process. Given the small
diameter of the C6p molecule, this assumption may not
hold true with the consequence that the one-dimensional
approximation to the potential barrier may require revi-
sion.

and IV. RESULTS

A. Electron emission fram a single Coo

The quantity p(E, k~~) in Eq. (4) is the average density of
electrons at the surface of the C6p molecule with energy
E and parallel momentum kll.

Even though the expression for the transmission coef-
ficient contains kll in a complicated way, the argument
of the exponent, which essentially controls the tunnel-
ing current, can be simplified by combining the parallel
component of the electron's wave vector with the work
function P to yield an expression similar to Eq. (2) with
the important exception that P —+ P+ e~~ where

h, 'k'
ll (5)

2m

It follows that Eq. (3) must also be modified in a sim-
ilar way. It can be concluded from this discussion that
expressions similar to those commonly used to describe
electron emission from field-emission tips can be used
to discuss electron emission from C6p, with the impor-
tant exception that the value of P obtained from a field-
emission study of a single C6p must be interpreted as
an "effective" work function. This modification is shown
schematically in Fig. 2(b). Essentially, when discussing
field emission for electron states with large k~~ using a
one-dimensional model, the barrier height must be in-
creased.

A second consideration appropriate for emission from
C6p is the likelihood that the occupied kll closest to E~ of
the substrate will dominate the emission current. Under
these conditions, the integral in Eq. (4) can be replaced
by a discrete sum. As a consequence, the observed en-
ergy distribution may contain discrete peaks (broadened
by the energy resolution of the analyzer) located in the
vicinity of the substrate E~ rather than a single contin-
uous distribution of emitted electrons.

Another consideration appropriate for emission from
a supported C6p is the evaluation of the electric Beld,
F', at the surface of the C6p . In principle, F' will be
larger than the field, F, at the W substrate because of the
smaller radius of curvature of the C6p molecule. In what
follows, we assume F' can be related to F by geometrical
considerations resulting from classical electrostatics, i.e. ,F' = XF.

By way of conclusion, after taking into account the
modifications discussed above, it is possible to interpret

In a typical experiment, a sharp tungsten tip was first
prepared in the usual way. After passing a sufFicient cur-
rent through the support loop to desorb gas from the
tip, the well-known~7 twofold symmetric W field-emission
pattern was observed when the tip was biased at —1900 V
with respect to ground potential. During a successful C6p
deposition, the voltage on the tip was set at +900 V while
the oven temperature was maintained at 420 C for 5
min. The successful deposition of a C6p cluster could be
confirmed by examining the field-emission pattern that
resulted after the oven temperature was reduced to am-
bient. The success of a given deposition was sensitive
to the tip's position relative to the oven, a result consis-
tent with the collimated incoming flux of the C6p beam.
Observations of cluster coverage vs deposition flux and
of the size of the field-emission images provide good ev-
idence that the individual objects captured on the field
emitter are likely to be single C6p molecules rather than
agglomerates comprised of many C6p molecules.

Electron emission from each supported C6p produced a
bright spot on the fluorescent screen, a pattern quite dis-
tinct from the twofold symmetric pattern observed from a
clean W tip. Emission from the C6p clusters consistently
appeared at —1500 6 100 V. Electron emission currents
were measured as a function of applied voltage and cur-
rents 1xl0 s A could be readily drawn from a single
C6p cluster.

The field-emission pattern from C6p is highly symmet-
ric as shown in Fig. 3 which is a digitized image of the
intensity of light emanating from the fluorescent screen
due to electrons emitted from an individual C6p. The
electron current from a supported C6p was observed for
time intervals up to a few hours, indicating a reason-
ably stable bonding configuration between C6p and the
W substrate.

Internal structure above the background noise level is
observed in these field-emission patterns. Careful ex-
amination revealed approximately 18 local peaks. It is
tempting to associate these peaks with the location of
atoms in the C6p structure, possibly enhanced by a
charge transfer from the substrate to C6p as suggested by
Chen et at.3 Historically, it has been assumed that the
resolution of a Beld-emission microscope is incapable of
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FIG.. 3. A digitized image of the Geld emission pattern
from C60 supported on a tungsten tip taken at —1600 V po-
tential. The height of the emission pattern is related to the
current density striking the fluorescent screen. The electron
emission pattern is circular and characterized by a number of
small secondary maxima.
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imaging individual atoms. However, recent work by Binh
et at. 3 using atomically sharp W microtips has demon-
strated that atomic resolution from field emission may
be possible. Although it is not clear what is the cause
of the internal structure evident in Fig. 3, the possibil-
ity that we are imaging the individual carbon atoms or
the covalent bonds between carbon atoms should not be
dismissed at this time.

FIG. 4. Fowler-Nordheim plots of the electron emission
current at ambient temperature from an individual C
th h

vi ua 6o
at has experienced di8'erent annealing temperatures. The

Fowler-Nordheim plot for the W tip without a C60 molecule
is also shown.

is for an isolated C6o supported on a W substrate, and
may not be applicable to high coverage of C6o on W
substr ates.

B. Desorption temperature of C6o

The ability of a C6o to bind to a substrate is a question
of interest, and the observations performed during the
course of these experiments give some information about
the strength of this binding. In general, the binding of the
C6o to W is relatively weak as compared to Au clusters
on W tips. An individual Cso did not stay on a W tip
for more than 24 h while Au clusters can be studied for
weeks at a time.

In Fig. 4, a typical sequence of F-N plots for an in-
dividual C6o as a function of substrate temperature is
presented. Below 150'C no difFusion of the C6o over the
W substrate was observed. When the substrate temper-
ature was between 150 C and 200 C, the C6o rapidly
desorbed as evidenced by the disappearance of the char-
acteristic field-emission pattern from the molecule. As
seen from Fig. 4, if the tip temperature was kept below
150'C, the field-emission I Vcharacteristics o-f Cso were
stable and the slopes of subsequent F-N plots are roughly
equal. Upon heating above 200'C, the C6o desorbed and
the I-V characteristics represent the W tip. From this
observation, it can be estimated that the binding energ
between C6o and tungsten is of order k~T, i.e. , roughly

energy

equal to 35 meV. It should be realized that this estimate

C. Size of Ceo

Direct evidence that we are observing electron emission
from an individual C6O can be obtained from an estimate
of the diameter of the object that produces the electron
current. The electric-field strength at the W substrate, F
is related to the voltage V applied to the tip by F = PV
where P is a geometrical factor related to the tip radius
rp by

(6)

From Fowler-Nordheim plots of the clean W tip, the
geometrical factor, P of the tip can be estimated from
Eq. (3) if an average work function for W of 4.5 eV is
assumed. This yields a value of P of approximately 1.85 x

4 —110 cm, and from Eq. (6) an estimate of the tip radius
of 108 nm is obtained.

The size of the emitting C6o can now be approxi-
mately estimated from the diameter of its field emiss'o

28
emission

image . Since there is a 10 cm separation between tilp
and screen, the magnification (Mo) of the microscope is
roughly 9.2 x 105 from geometrical considerations alone.
For electron emission from a small object on a field-
emission tip, a magnification enhancement due to the
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radius of curvature of the object must also be taken into
account. The magnification (M) of the image of a small
object must be modified such that25'4P

M 1.1(—) i Mo,
~C

105

1O4

y$.J~p
y) 0

O
c5

yP O

;-pP 103

where r~ is the radius of the emitting object. Measuring
the radius of the Cso image on the fluorescent screen
and substituting the radius into Eq. (7), the diameter of
the emitting Cso is estimated to be 0.9 + 0.4 nm. This
rough estimate is consistent with both the diameter of a
Cso cage which is 0.7 nm and the van der Waals diameter
of the Cso molecule which is 1.0 nm. At the present
time, it is not clear which diameter is most appropriate
to compare with our data and further clarification of this
issue may hold the key to precise calibration of field-
emission images in the future.
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D. EfFective work function of Cqo

From the F-N plots of Fig. 4, the eEective work func-
tion of Csc can also be estimated2 . From Eq. (2), it
follows that

~s/2

KPrnq„Prnw '

where m~ and mg„are the F-N slopes for the clean
W tip and from the Cso cluster, respectively, and K is
the electric-field enhancement factor related to the finite
radius of Cso. Assuming the structure of Cso to be spher-
ical, a reasonable value of K = 3 can be calculated from
classical electrostatic arguments. Using the F-N slopes
obtained from Fig. 4 and this value for K, the efFective
work function of C6p is found to be 11.7 6 0.5 eV. This
value of P is quite high, since work functions for most re-
fractory metals range between 4.5 and 5.5 eV. The large
value of P obtained in this manner is thought to result
from the large parallel component of the electron's wave
function as described in Sec. III above.

It should be noted that the value of P obtained above is
close to the efFective potential barrier commonly used in
STM studies of highly oriented pyrolitic graphite4~ that is
comprised of two-dimensional carbon planes. Also, even
though the second ionization energy of Cso is around 12
eV, the electrons we measure are not emitted from a pos-
itively charged C6p since electron emission through the
resulting Coulomb barrier is not possible under the con-
ditions of our experiment.

E. Energy distribution of electrons emitted
from Ceo

Using the energy analyzer described in Sec. II above,
the energy distribution of electrons emitted from a single
C6p was also measured. The results are shown in Fig. 5
which is a logarithmic plot of the number of electrons
emitted from C6p as a function of energy. For the pur-
poses of comparison, the energy distribution of electrons
emitted from a clean W substrate (this data was taken

FIG. 5. The energy distribution from an individual C6O

plotted on a logarithmic scale. The vertical arrows mark the
position in energy of the two peaks observed in the C60 en-

ergy distribution. The energy distribution from a clean W tip
obtained after desorbing the C60 molecule is also shown.

after the Cso molecule was desorbed) is also shown. The
data from Cso shows a substantially narrower energy
distribution with a full width at half inaximum (FWHM)

0.18 eV, about a factor of 2 smaller than observed for
clean W. Surprisingly, the peak in the C6p distribution
is shifted 0.13 eV above E~ of the W substrate and in-
dicates that the electronic states responsible for electron
emission are not pinned to the substrate Fermi level.

In addition to the major peak, a second minor peak is
observed at an energy of 0.3 eV below the substrate
E~. Figure 6 shows how the shape of the electron-energy
distribution evolves as the electric field is increased. A
gradual broadening is observed that is consistent with a
decrease in the barrier width with increasing electric field,
resulting in an increased transmission probability. The
rapid decrease in the transmission probability with de-
creasing energy only permits studies of the highest filled
states using the field-emission technique.

A slight shift ( 0.4 meV/V ) of the major peak po-
sition to lower energy with increasing applied voltage is
also observed. This result is characteristic of electron
emission from small structures and is qualitatively con-
sistent with the observation that peaks in the energy dis-
tribution of electrons emitted from nanometer-size Au
clusters also shift to lower energies with increasing elec-
tric field. 4z 4s At the present time, this shift can be stud-
ied only over a small range of applied voltages due to
the exponential increase in field emission current with
applied voltage.

The 0.43 eV splitting in the electron-energy distribu-
tion measured by field emission in this study is difFerent
from the splitting observed in UV photoemission studies
of C6p thin films reported by Lichtenberger et al.
or with the synchrotron photoemission data obtained by
Weaver et al. An important difference between these
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two studies and the one reported here is substrate cover-
age. The photoemission studies involve electron emission
from films of Cso adsorbed onto substrates while the data
reported here result from only one Cs& . Also, in the case
of the synchrotron photoemission study, the energy reso-
lution was 0.2 eV, making it dificult to resolve the size
of the splitting observed here. A quantitative explana-
tion for the splitting observed in this study may require
a proper account of the applied electric field (typicallyI" —5 x 10s V/m ) which may be strong enough to
break the degeneracy of the highest occupied molecular-
orbital (HOMO) Ii„ level. This high electric field is re-
quired to produce Geld emission, but it also could break
the symmetry of the h„energy level which is fivefold de-
generate. Further calculation of the magnitude of this
splitting is required in order to determine if this effect
offers a possible explanation of our data. Another possi-
bility is that the C60-W interaction results in a distortion
of the molecule, which produces an additional splitting
of the highest filled states.

The emission of electrons from a state located 0.13
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FIG. 6. The electric-field dependence of the energy distri-
bution from a single C60 molecule. The distributions show a
broadening as the electric field increases, a consequence of the
decrease in the width of the potential barrier with increasing
electric field.

eV above E~ of the substrate is surprising and may in-
dicate a thermal broadening mechanism for electrons in-
jected from the tip into the C60 molecule. Since the tip
is at room temperature, the expected thermal broaden-
ing of the Fermi-Dirac distribution function can provide
a supply of electrons at energies a few k~T above EF.
These electrons could in turn resonantly tunnel through
C6p states a few k~T above the Fermi level of the tip with
a significantly higher transmission probability because of
the exponential dependence of transmission with energy.
Alternatively, heating of the cluster by injection of elec-
trons from the tip is also possible. Such a thermoelectric
effect has recently been discussed in conjunction with the
heating of small tunnel junctions and may cause a sig-
nificant increase in the temperature of the C60 molecule
above ambient. 6

V. DISCUSSION AND CONCLUSIONS

The electron emission properties of an individual C60
molecule supported on a W substrate have been studied
using field-emission techniques. Electrons emitted from
C60 are found to produce a highly symmetric Geld emis-
sion pattern that contains secondary structure that may
be related to enhanced electron emission from specific re-
gions on the surface of the Cse molecule. The electron
emission is stable over long periods of time and little or
no change in position of the C60 molecule is observed,
indicating a reasonably stable bond between a single C60
and an atomically clean W substrate. Desorption mea-
surements show that the Cso is rapidly desorbed from
the W tip at temperatures above 150'C. A study of the
electric-Geld dependence of the field-emission current re-
veals an anomalously high value for the C60 work func-
tion, a result that is tentatively explained by the two-
dimensional nature of the electron states of C60. Finally,
energy distributions of the electrons emitted from an in-
dividual Cso are reported. These reveal a narrow distri-
bution of emitted electrons, and show two features that
are thought to be related to the electric-field splitting of
the HOMO h„ level in C60.

The most important conclusion obtained from this ini-
tial study is that in an electric field of 3 x 10s V/m, a
single C60 emits an intense beam of electrons having a
narrow energy distribution. This fact, coupled with the
positional stability of the C60 molecule on the W tip, in-
dicates that a suitably doped C60 may ultimately prove
to be an easily fabricated, stable, subnanometer electron
emission source.
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