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Rates of Electron Emission from Negatively
Charged, Impact-Heated Fullerenes

Chahan Yeretzian, Klavs Hansen, Robert L. Whetten

Thermal emission of electrons is ordinarily considered to be exclusively a property of
macroscopic condensed matter. Slow electron emission occurs for certain small metal
clusters as well as for silicon and carbon clusters, but the nature of this process has not
been established. Electron emission rates have been obtained and analyzed from exten-
sive real-time measurements on negatively charged fullerenes for several sizes and over
awide, continuous range of energies. These results confirm that delayed electron emission
is a simple activated process that depends strongly on the internal energy and size of the
cluster and that it has a common underlying mechanism, independent of size. However,
the Arrhenius form deduced is inconsistent with the emission rate theory used for bulk
surfaces. These results allow the question of the correct microscopic description of this
newly observed electron emission process to be assessed.

Electron emission from an excited atom or
molecule is considered a prompt process,
occurring on an electronic time scale
(10716 5), except where particular auto-
ionizing resonances are involved (I). On
the other hand, condensed matter—for ex-
ample, a tungsten filament—may exhibit
thermal emission, characterized by activat-
ed rates that increase smoothly with exci-
tation energy or temperature; the statistical
rate theory of thermionic emission gives a
successful microscopic description of this
process (2). Several recent reports have
documented observations of slow electron
emission from strongly bound atomic clus-
ters including tungsten (3), carbon (4, 5),
and silicon (6); this discovery is considered
promising in terms of attempts to develop a
thermometry of clusters and is thought to
reflect the emergence of bulk-like electron-
ic structure. The recent examples of slow
electron emission from large molecules and
clusters are suggestive of a nonprompt emis-
sion mechanism, similar to emission from
conducting surfaces. When strongly excit-
ed, by subthreshold radiation or by surface
impact or atom bombardment, the neutral
clusters of these elements cool through
emission of an electron, either in competi-
tion with fragmentation or in its place. In
an extreme case, irradiation of giant posi-
tively charged fullerenes, C,* (n > 200),
suspended in a magnetic trap, generates
doubly charged molecules (C 2*), evident-
ly by slow electron emission (7).

In the case of negatively charged clusters
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and negative molecular ions, it is less un-
usual that electrons are emitted preferen-
tially to fragmentation, given that electron
affinities often lie well below the fragmen-
tation thresholds (8). Smalley and co-work-
ers (9), in attempted photoelectron spec-
trum measurements, found that hot or mul-
tiphoton-excited Cg,~ gives very broad
time-of-flight (TOF) profiles limited only
by the ion transit through the instrument.
At the same time, it was reported that the
electron emission peak arising from surface
scattering of Cg,~ (10), small carbon
(C,7), or small silicon (Si,~) clusters (6) is
strongly broadened at the threshold impact
energy for electron ejection.

These reports raise unresolved questions
regarding the nature of delayed emission in
larger negatively charged atomic clusters,
including whether a single rate can be
defined and whether the process is thermal-
ly activated and describable by rate expres-
sions already put forward. In particular, one
would like to know how the rate depends
on the cluster energy content and on the
characteristics of the system, including
electron affinity, size, and the spectrum of
electronic excited states as well as the
electron-ion coupling. Since the early days
of activated rate theory, the precise mea-
surement of the preexponential factor and
the temperature dependence of the rate
constant of specific unimolecular reactions
have revealed the key information needed
to deduce the underlying mechanism. The
goal of our work has been to provide the
necessary experimental information and to
stimulate the development of appropriate
physical models.



In this report we describe a series of
experiments in which negatively charged
fullerenes are heated by impact with a solid
surface and the charged scatterers are de-
tected by TOF methods. This method of
heating has advantages over laser or fast-
atom excitation because the energy is cou-
pled directly into vibrations rather than
electronic excitations, the excitation ener-
gy is more narrowly defined, and the energy
can be varied continuously over a large
excitation range. The electrons generated
as a consequence of low-speed impact (<14
km/s) are emitted from the intact, negative-
ly charged cluster that has been scattered.
The time-of-emission is long and can be
observed in real time over a wide time
window. The mean emission time, or rate,
has been evaluated as a function of impact
energy for several sizes and is shown to
exhibit a sensitive dependence on both
energy and size. These results allow the
question of the correct statistical descrip-
tion of the electron emission process to be
assessed.

The experimental arrangement is
shown schematically in Fig. 1 (11). The
beam is formed by laser desorption of
fullerene films into a pulsed helium jet at
266 nm. lons are extracted normal to the
jet flow axis by a pulsed field and typically
have an energy spread of =6 eV for singly
charged clusters. A mass-selected packet
from the distribution is transmitted by a
pulsed-mass gate, shown at the left-hand
side of Fig. 1, and passes into the ultrahigh
vacuum chamber before being decelerated
to the desired impact energy at the sur-
face, a Si(111) wafer. The surface is pre-
pared by HF etching and is heated in
vacuum to drive off molecular adsorbates;
however, the scattering results reported
here are from the silicon-oxide passivation
layer. The reflected cluster beam, and

other particles of the same charge, are
accelerated toward the detector, which is
mounted at a fixed angle of 10° with
respect to the incident beam axis. The
angle is rotated to compensate for the loss
of parallel momentum in the collision so
that efficient collection occurs at the
6-cm? area detector. The results presented
below are recorded under conditions
where the normal component of the im-
pact energy is 50 eV or greater; with the
beam energy set to 1.8 keV, the parallel
component is typically near 40 eV. The
angle of impact is always less than 45°
from the surface normal and moves rapidly
toward normal with increasing impact en-
ergy. We follow convention below in re-
ferring to the normal component alone as
the impact energy.

Our results are illustrated by Fig. 2,
where typical TOF profiles are shown for
the scattering of mass-selected C,,~ from a
silicon surface. We identify three main
features from the apparatus calibration.
First, the C,,~ peak is at far right and
corresponds to the intact scattering channel
arriving at the detector some 10 ps after
collision, with only a small time shift asso-
ciated with the recoil velocity (10). Sec-
ond, there is a small peak of constant
intensity and location at far left, corre-
sponding to electrons emitted—and instan-
taneously detected (<1077 s)—by high-
energy impact of a small fraction of the
incoming beam with, the entrance grid of
the deceleration field. Third, there is a
signal that has an onset coinciding precisely
with the time-of-impact and whose profile
changes strongly with impact energy. This
signal corresponds to electrons emitted as a
result of the collision, rather than photons,
as it is sensitive to electric fields near the
detector. The profile is abruptly truncated
at 1.4 us after the impact, as measured from

Fig. 1. Diagram of the apparatus, with detail of the impact region. The ionized fullerene beam (a) is
generated by laser desorption (fourth harmonics of a Q-switched Nd:YAG laser; 266 nm) and swept
along in a pulsed helium flow through the skimmer and into the pulsed extraction region of a pulsed
reflectron TOF mass spectrometer. The negative ions are extracted perpendicular to the gas flow,
focus by a Einzel-lens, and mass-selected in a temporal mass-gate (b). After 20 cm of free flight, the
monodisperse ion beam enters a 1.4-cm retarding field (¢), where it is slowed down to the desired
momentum of impact before colliding with the surface (d). The scattered, charged particles are
accelerated in the same field toward the detector (f). The angle between incoming ion-beam and
acceleration is fixed at 10°, whereas the impact angle can be optimized by a mechanical drive (e)
for optimal collection efficiency of either the reflected or the scattered beam.
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the midpoint of the rise to the end of the
profile. This value is slightly less than the
calculated time-of-travel of C,o~ through
the field region at that acceleration poten-
tial, neglecting recoil velocity. Similar re-
sults have been obtained for a number of
different fullerenes (n = 58, 60, 70, 80, and
96).

A series for the cluster sizes n = 60, 70
(Fig. 2), and 96 have been measured in
detail. The most important feature of these
electron emission TOF profiles is their sen-
sitive dependence on the impact energy.
The profile width is given in all cases by the
ion residence time in the accelerating field,
from which it follows that electrons are
emitted from the scattered ions all through-
out their flight through this spatial region.
If the scattered C,~ ions survive their flight
through this region without emitting an
electron, then the free-flight velocity is
determined, so that the ions and subse-
quently emitted electrons are detected at
the total flight time of the ion. If, on the
other hand, an electron is emitted from a
scattered C,~ at some location in the ac-
celerating region, then the electron pro-
vides an essentially instantaneous report of
the emission event. This difference results
from the electron mass being ~10° times
less than the mass of Cg, so that a typical
1072 s TOF for a fullerene translates to a
10785 electron TOF—instantaneous in our
apparatus. Consequently, the observed
electron intensity profile, p(t), reflects di-
rectly the electron emission probability
from impact-heated fullerenes as a function
of time and is expressed by

L
b =

O<I<TO

=0t < 0,t>1 (1)

where I (t) is the C,~ intensity at a delay
time ¢ after impact and 7, is the ion flight
time in the accelerating region.

The emission profiles presented in Fig. 2
show that delayed emission occurs from the
negatively charged fullerene C, after it
scatters from the surface, at impact energies
up to ~4 eV/atom. The processes observed
can thus be represented by the sequence

Impact

C,m——C,"—5e +CO (2
where t is the delay time. This process
occurs in competition with dark processes,

such as sticking or electron transfer, involv-
ing loss of charge to the surface

+ Cn(O)(surfacc or vacuum) (3)

which is dominant >300 eV in the case of
fullerene collisions with silicon surfaces,
and is not analyzed further here.

The analysis of the emission rates is
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Fig. 2. (A) Time-of-flight profiles for C,,~ scattering off Si(111) at the indicated impact energies (£);
see text for details. (B) Sets of normalized electron-profile shapes for C,.

straightforward in the case where negligible
C,” is detected and the electron time
profile is completely contained within the
cutoff. In the simplest case, the probability
decay curves would be fitted to a single
exponential, p(t) = p(0) exp(—t/r), where
7 is the emission lifetime. However, we find
that the profiles cannot be adequately rep-
resented by single exponentials, and so
have adopted two more general measures to
obtain mean survival times, T, and mean
decay rates, k. It can be shown that, given
an arbitrary (normalized) distribution of
single exponential decay rates, p(k), then

the mean rate, defined by k = [ di-k-p(k), is
given by

p(0)
prmo

When the decay is not too fast, we find that
this simple formula gives a robust value for k.
For very fast decays, an expression for the
mean time-of-decay may be more appropriate

Idt “t - p(t)
[dt - pte)

where the time-zero can be set at the peak
maximum so as to remove the effect of the
(symmetrical) instrumental peakwidth. In
Fig. 3 some values for n = 60, 70, and 96 of

k= “)

)

E:
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k and 7! obtained in this way are plotted
versus impact energy in Arrhenius fashion
[log(k) versus 1/E;], in which the impact
energy plays the role of the temperature
parameter.

A more complicated case arises when a
significant fraction of the signal is outside
the window, that is, when there is a signif-
icant C = peak remaining. Equation 4
could still be used, with the denominator
representing the total scattered C_~ as well,
but the detector sensitivity for electrons
versus fullerene negative ions is not known
a priori. We have obtained an empirical
estimate of the ratio of detector sensitivities
by assuming that the total yield of scattered
negative fullerenes should be a smoothly
and slowly varying function of impact en-
ergy over the range of interest here, that is,
that the fraction of losses through process 3
does not vary strongly over that range. In
this case, the strong decrease in integrated
C,” signal is correlated with the strong
increase in integrated e~ signal, and it is
found that the collection-detection effi-
ciency is ~4 times higher for electrons as
for fullerenes. [Support for a slow variation
comes from analogous experiments on pos-
itively charged fullerenes, C,*, which show
only a very gradual decrease in integrated
intensity across the impact energy range
from 80 to 180 eV (4).] We have used this

factor, B = 4, in the expression
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to obtain the values for the mean rate
versus E; plotted as solid points in Fig. 3.

The results presented in Fig. 3 give a
quantitative picture of the delayed emission
of electrons from molecule-sized systems
and allow a number of assertions to be
tested. In considering these, we take the
view that the delayed emission curves rep-
resent rates of emission from impact-heated
fullerenes, at times long after the time-of-
contact with the surface, and hence reflect
intrinsic molecular rates, k(U), depending
only on the cluster internal energy U. The
nonexponential character of the curves re-
flects a distribution of rates, p(k), derived
from some spread of energies, U * 3U,
imparted by impact. The following conclu-
sions can be made.

First, the rate of emission is a strong
function of the impact energy, with the
rates varying by nearly three orders of mag-
nitude when the energy is tripled. In Fig. 3,
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Fig. 3. The mean rate-constants of electron emission from impact-heated fullerenes are plotted as
log( k) versus impact energy in Arrhenius fashion. The data points are Cg, (circles), C,, (triangles),
and Cg4, (diamonds), as determined by methods described in the text by using Eq. 6 (filled symbols)

or Eq. 5 (hollow symbols).

the rates are plotted versus impact energy
in Arrhenius fashion, log(k) versus 1/E,,
implicitly testing the ansatz

—E,
KE)=A" exp( \E )

in which the impact energy plays the role of
the temperature parameter and the prefac-
tor A and activation energy E_ have the
usual meaning. The linear behavior of the
Arrhenius plot confirms that the process is
indeed activated and that the impact ener-
gy determines the cluster temperature. For
electron emission, the activation energy is
evidently the electron affinity of Cy, or Cs,
2.65 eV (9). The dimensionless parameter
N converts the impact energy into the
effective temperature (kpT) of the mole-
cule, A = s/a, where @ = UJE, is the
fraction of the impact energy imparted to
the cluster’s internal energy, and s = 3n —
6 is the number of vibrational modes in the
n-atom molecule

—sE,
kE)=A"- exp(E)

(7a)

(7b)

For example, for C,, one derives a slope
near 300 eV~! and an intercept A = 108
57! or 10° s7! (depending on whether the
normal component or the total beam ener-
gy is taken for E;). From the observed slope
and the known electron affinities, one ob-
tains « = 0.5 (I12). The mechanism of
molecular excitation from hyperthermal
surface impact is well understood empirical-
ly and by simulations. The impact energy,
E,, is partitioned into a small recoil kinetic
energy (13), surface-heating, and cluster-
heating U, where we neglect the prior
energy content of the cluster. A fairly
well-defined (and nearly constant) fraction,
o, is converted into heating the scattered
molecule or cluster, that is, « = UJE,. For
medium-sized molecules, « is in the 0.10 to
0.15 range, but for compact projectiles with
many more atoms the values are larger, « is
in the 0.15 to 0.3 range. The limiting value
is 0.5 for large-cluster impacts. Simulations
of Cg, impact against hydrogen-terminated
diamond (111) in the 150 to 250 eV range
give a = 0.24 to 0.27, with little depen-
dence on E, (14). |A statistical spread in
the internal energy U, deduced from the
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number of degrees of freedom in the scat-
tered cluster, 8U/U = s~2, would account
for the nonexponential decay curves found
(15).]

Second, at a given impact energy, the
rate decreases strongly with size. This is also
explained by the Arrhenius formulation
(Eq. 7b). When plotted against s/E,, the
rate plots for Cg, and C;, (with identical
electron affinities) now overlap with iden-
tical slopes, within the scatter of the data.
This result further establishes that the tem-
perature of the molecule (energy per atom)
is the controlling parameter. The plot for
Cy has a 40% greater slope, suggesting that
the electron affinity is higher, near 3.7 eV.

Third, the high-temperature intercept of
these plots are all near 108 s™!, suggesting a
common underlying mechanism. However,
this value is not consistent with the predic-
tions of the statistical rate theory of ther-
mionic emission from uniform surfaces of
metals, which assumes a thermal equilibri-
um population over a continuum (Fermi-
Diract distribution) of energy levels. The
Richardson equation expreésses the electron
emission current per unit surface area, j, as
a function of temperature T, in terms of the
work function ¢ and a reflection coeffi-
cient, r (2)

8
kT (8a)
where A is a constant that has the theoret-
ical value 120 A cm~2? K~2. A modification
(16) of this equation for finite-sized systems
expresses the rate constant as

2kgT

h

j=A(l - r)Tzexp(——d))

k(T) =

{2blag + Q. + (wQs)‘”}exp(—d)) (8b)
kgT

where b is the geometrical radius of the
cluster and the dimensionless quantity Q, =
2m b*ky T/h?. Where m, is the electron mass
and h is Planck’s constant. With the Cg,
collision radius b/ay, = 10 and T = 3000 K,
this gives Q, = 2, so that the first term in
the bracket is dominant. This approach
yields only a slight modification to the
results from Eq. 8a; the prefactor is near
10 571, in gross disagreement with the
intercept found in Fig. 3. [A second formu-
la, explicitly written for emission from neg-
ative ions (16), gives a series that fails to
converge, with the parameters for Cgy.]

These considerations indicate that the
statistical rate theory of electron emission,
as commonly formulated and universally
invoked, is inappropriate for negatively
charged fullerenes. It is therefore necessary
to examine alternative formulations that
better incorporate the electronic excita-
tions of negatively charged clusters. In the
case of Cgy ™, at least, there is a good deal of
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information about the sparse spectrum of
excited states below the emission threshold
at 2.7 eV. It may be that after impact
imparts energy into the vibrational degrees
of freedom, leaving the electrons initially in
the ground state, the rate-limiting step is the
vibration-to-electronic excitation process.
In this case, the appropriate prefactor is an
electron-vibrational coupling constant, de-
termined here to be near or somewhat larger
than 108 s71. Other hypotheses have been
proposed in order to account for low ioniza-
tion efficiencies of large molecules (17).

To establish the nature of a rate process,
and thereby to obtain a correct microscopic
theory, it is necessary to measure the rate as
a function of energy or temperature. In this
report we have presented this crucial infor-
mation for delayed emission of electrons
from large molecules. The generality of
these conclusions, derived from experi-
ments on negatively charged fullerenes,
should be examined for other cluster and
molecular systems that show thermionic
emission. One very interesting question is
the evolution with size toward the bulk
limit (Richardson equation), which in the
case of fullerenes should tend toward the
properties of graphite (a semimetal), and in
clusters of elements like tantalum or tung-
sten should tend toward the properties of
the bulk metal.
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Van der Waals Epitaxial Growth of a-Alumina
Nanocrystals on Mica

S. Steinberg, W. Ducker, G. Vigil, C. Hyukjin, C. Frank,
M. Z. Tseng, D. R. Clarke, J. N. Israelachvili*

Lattice mismatch stresses, which severely restrict heteroepitaxial growth, are greatly
minimized when thin alumina films are grown by means of van der Waals forces on inert
mica substrates. A 10-nanometer-thick epitaxial film exhibits crystallographic sixfold sym-
metry, a lattice constant close to that of the basal plane [0001] of a-alumina (sapphire), and
an aluminum:oxygen atomic ratio of 1:1.51 = 0.02 (measured by x-ray photoelectron
spectroscopy), again the same as for bulk sapphire. The fiim is free of steps and grain
boundaries over large areas and appears to be an ideal model system for studying
adhesion, tribology, and other surface phenomena at atomic scales.

The potential for new materials with tai-
lored bulk, surface, and interface properties
has stimulated extraordinary interest during
the past 20 years, particularly in the field of
ceramic materials. Ceramics have been de-
signed with specialized physical properties
for use in electronic, optical, nuclear, and
structural applications (I). As a typical
structural ceramic, sapphire (the single-
crystal form of a-alumina, Al,O;) shows a
combination of interesting properties such
as great hardness, high wear resistance,
chemical inertness, and high electrical re-
sistivity. Because of its outstanding biocom-
patibility and high compressive strength,
high-purity alumina also serves as an excel-
lent implant material in human prosthetic
devices (2).

These demands and other potential ap-
plications have motivated recent investiga-
tions into the correlations between compo-
sition and the electronic and surface struc-
ture of Al,O; in its various phases (3-5).
However, less progress has been made to-
ward developing pure sapphire crystals of
homogeneous (crystalline) microstructure,
free of defects and with an extremely
smooth surface—that is, with a mean sur-
face roughness in the subnanometer range.
In an attempt to address these issues and in
consideration of the need for using oxide
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materials as thin films for microdevices, we
investigated the possibility of epitaxially
growing thin sapphire films on mica.
“Breaking the mica barrier” by seeking oth-
er crystalline surfaces that can be easily
prepared as thin, semitransparent layers
suitable for use in the surface forces appa-
ratus (5-8) could increase our understand-
ing of adhesion, friction, and colloidal in-
teractions.

We used the van der Waals epitaxy
(VDWE) method recently developed by
Koma et al. (9) for growing two-dimension-
al layered materials on a variety of substrate
surfaces that need not be epitaxially well
matched to the layers being grown. In this
method, film growth is initiated by the
relatively weak and nonspecific van der
Waals forces between the film and saturated
substrate molecules (that is, substrate sur-
faces having no dangling bonds), which
produces unstrained films that can be grown
to thicknesses of 5 to 20 nm while their
intrinsic crystalline structure is preserved.
Koma et al. (9) showed that the VDWE
method is very effective for growing hetero-
structures even when the lattice mismatch
between the film and substrate lattices is as
high as 10%, with one reported case—
MoSe, on mica—where the lattice mis-
match was 58% (10). If extended to other
metal oxide, mineral, and ceramic surfaces,
the possibility of obtaining relatively thick,
defect-free films with crystalline structures
that are the same as in the bulk material
would represent a significant improvement
over conventional molecular beam epitaxy
and chemical vapor—deposited coatings,
which cannot produce such layers unless
the film—substrate lattice mismatch is less
than ~1% (11-15). Other growing meth-






