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Impact-Induced Cleaving and Melting of
Alkali-Halide Nanocrystals

RAINER D. BECK, PAMELA ST. JOHN, MARGIE L. HOMER, ROBERT L. WHETTEN

Impact of nanocrystalline alkali-halide clusters against
solid surfaces causes them to fission exclusively into low
surface-energy fragments. In time-of-flight scattering ex-
periments, this process appears at an impact energy so low
that it must result from a single-step cleavage of the
nanocrystal along low surface-energy cleavage planes. At
higher energies (more than 1 electron volt per atom), a
crossover occurs to an entirely different behavior—evap-

orative cascades that proceed irrespective of the structure-
energetic properties of the fragments. These cascades, and
the approximately linear scaling of the crossover energy
with cluster size, are characteristic of impact-induced
transformation of the cluster to a molten state. Collision
with the high-rigidity surface of silicon gives a substan-
tially greater cleavage probability than the soft basal-plane
surface of graphite.

associated with a range of important phenomena (). Sticking

or adhesion leads to aggregation and growth of overlayers or
the condensed phase. At higher energies, implantation of material
into the solid becomes feasible. Ricochet processes include shatter-
ing or melting of the scattered projectile. The relative significance of
these processes depends upon the effectiveness of the interactions,
within and between the projectile and target materials, in accom-
modating the impact momentum. Investigation of the impact
phenomenon of the smallest solids, namely atomic or compound
clusters, could allow one to obtain a microscopic understanding of
empirical laws governing these phenomena.

Despite a number of reports on scattering of uncharged molecular
clusters at hyperthermal energy (2) and of mass-selected clusters at
much higher energies, (3) there has been no well-defined collision
experiment, in which the mass and structure of an incident solid

IMPACT OF SOLID PROJECTILES AGAINST SOLID SURFACES IS

The authors are in the Department of Chemistry, University of California, Los Angeles,
CA 90024.
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cluster are known along with the collision energy and nature of the
surface. Of particular interest is the range bounded below by
hyperthermal speeds and above by the strongest chemical interac-
tions (approximately 0.05 to 5 eV per atom), where short-range
repulsive interactions are dominant (4) and implantation or sputter-
ing are unfeasible. Advances in cluster-beam methods (5) make it
possible to use internally cold, mass-selected cluster beams injected
into a scattering chamber under well-defined angular, velocity, and
surface conditions. We report studies of collisions of the smallest
crystalline objects, specifically the alkali-halide clusters (AHCs), with
soft and hard surfaces—highly oriented graphite (0001) and silicon
(100)—under conditions fulfilling these criteria.

Cluster formation and acceleration. Ionic compound clusters,
including the alkali-halide clusters (AHCs), have the rock-salt ionic
bonding of the bulk crystal (6-12), that is, they are nanocrystals.
Structures of the most stable clusters have cuboid morphology, as
shown in Fig. 1, that can be derived from the bulk crystal by cleaving
it along mutually perpendicular planes so that only (100) faces are
exposed. Less stable clusters are obtained by forming terraces on a
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face of a smaller cuboid (6, 9). Charged clusters of the form
MX,_,* and M, _,X,” are rcadily produced (8 9) and have
appropriate electron-binding energies (10) to minimize surface
electron-transfer processes (neutrahzauon) Completely filled,
charged cuboids arrange the 2n — 1 ions in a lattice having (j,k,1)
ions on the edges and are possible whenever 2n — 1 = X k x [ (all
odd) (12). The smallest of these, a (3,3,3) cube, is a particle just
smaller than one cubic nanometer, given typical interatomic spac-
ings (0.25 nm). The two inert surfaces used here—highly oriented
graphite (0001) and passivated single-crystal silicon (100)—are
chemically inert toward alkali-halide compounds and have high
work functions (¢ = 5 eV and 4.6 €V, respectively).

In the cluster-surface collider (Fig. 2), cluster projectiles formed
in a laser-ablation source (8) are entrained in and cooled by a helium
nozzle-jet expansion to yield an intense, pulsed beam. Charged
clusters are mass-selected so that only a selected cluster size n enters
the collision chamber. This packet is retarded to the desired
momentum and angle of impact; the scattered, charged particles are
accelerated in the same field toward the detector. The graphite
surface [highly oriented pyrolytic graphite (HOPG)] is cleaned by
heating for several hours at 450°C (13), which removes the hydro-
carbon overlayer, as verified by observing the intensity of ions
sputtered from the adsorbate. The silicon surface is heated similarly,
but no attempt is made to remove the oxide passivation layer. In
operation, the beam energy and surface angle are selected to collect
a certain fraction of scattered fragments. Because a substantial
fraction of the parallel momentum is lost or exchanged during the
collision, the surface angle must be set away from the specular angle
in order to collect uniformly both the intact scattered cluster and its
fragments. Charged fragments are mass-analyzed through their
flight time in the secondary flight region because the instrument
operating voltage greatly exceeds the collision energy. The uncer-
tainty in time of collision is typically 10728 n'2 s (the peak width in
the field-reflected ions). The root-mean-square collision energy
spread is typically no greater than oz = 5 eV.

Fragmentation spectra. We have investigated a number of

53 63
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Fig. 1. (Top) Relaxed structures of cuboid nanocrystalline alkali-halide
clusters, Na,F,_,*. [From left to right: lattice dimension (j,k,!) given in
parentheses: n = 5 (1,3,3), n = 14 (3,3,3), 23 (3,3,5), 32 (3,3,7), 38
(3,5,5), 53 (3,5,7), and 63 (5,5,5).] (Bottom) Relative abundances of the
positively and negatively charged clusters, as measured by reflectron mass
spectrometry. The upper spectrum selected is for intentionally heated
clusters, in order to the magic numbers. The colder clusters used for
scattering have abundances with only minor ledges.
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Fig. 2. Scale diagram of the cluster-beam collider apparatus, consisting of
three chambers. The source chamber (left) contains the pulsed valve (a)
releasing a 0.01 SF4/He mixture at 10-bar pressure, the alkali-coated rod and
drive shaft (b) inserted into the nozzle block, which contains a perpendicular
channel for the ablation-laser beam (c); the gas jet is skimmed by the
mechanical skimmer (d), with the resulting beam shape determined by slits
(e), prior to entering the pulsed extraction field region (f). The trajectory of
the extracted ions (honzontal dashed lines; typically 2-keV beam energy)
passcs into the second chamber (middle, base pressure < 1077 torr), where
it is steered by the horizontal deflection plates (g), focused in the far field by
the einzel lens (h), and mass-filtered by the temporal mass gate (29) (i),
which consists of a thin, charged wire on the beam axis whose voltage is
zeroed during the time-window when the desired cluster-mass packet passes.
The scattering chamber (at right, base pressure < 10~? torr) contains the
field screens (1) (1 to 2 keV over 1 to 2 cm), the scattering surface
(m) (heated radiatively from behind), and a mechanical drive (n) to set the
angle with respect to the fixed detector (10° with respect to the incident
beam) at (k).
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(M,X) combinations, with the Na,F,_,* series (n = 2 to 43)
explored in greatest detail, in collisions with graphite and silicon
over an energy range from nominal zero up to 200 ¢V (Fig. 3). At
lowest energies (nominal zero), the major observed process is
prompt inelastic scattering of the intact cluster. At higher energies,
sufficiently large clusters (n > 13) exhibit two distinct collision
regimes with a crossover energy that scales with the size of the
cluster, n. Charged-fragment mass spectra (Figs. 3 and 4) show that
low energy impact (0.2 to 1.0 eV per atom) yields very specific
fragments, while at high energy (1 to 5 eV per atom) a broad
distribution of fragments of the recoiled cluster is observed. Smaller
clusters, n < 14, do not have these clear-cut regimes, but instead
always fragment in a manner reminiscent of molecular ions (14) in
accordance with noncrystalline structures (6).

The specific fragmentation channel can be mtcrprctcd as a cleav-
ing of the incident nanocrystal. For example, collisions with graphite
or silicon below 40 eV impact energy split the n = 23 clusters
exclusively into the n = 14 (Figs. 3 and 4). This is obtained by
cleaving the (3,3,5) cuboid nanocrystal parallel to a (100) face to
give a charged n = 14 (3,3,3) and uncharged n = 9 (2,3,3) (Fig. 5).
This channel is even more dominant in K,;F,,*, and when the
harder Si surface is used as a target (Fig. 3D)—the elastic constant
of Si (K = 0.99 x 10 N m™2) is twice that of NaF (0.48 x 10'!)
and is eight times the component perpendicular to the layered basal
plane of graphite (C = 0.12 x 10*?) (15). When the incident cluster
is not a cuboid, the cleavage of the outer terrace occurs at even lower
energies and completely dominates the distribution, as seen in Fig.
3, C and D. Generally, these clusters show one or more cleavage
pathways as the exclusive fragmentation channels at lowest impact
energies; for example, impact of n = 24 to 27 yields m = 23 and 14,
and n = 34 yields both m = 32 and 23.

Consideration of the computed energies required by various
fragmentation channels shows that this process could not result
from a sequence of NaF losses, an evaporative cascade:

Na,F,_;* + (n — m)NaF Ey(n,m) (1)

even assuming the entire collision energy is imparted to the internal
modes of the scattered cluster. Computed energies E(n,m) of the
fragments from process 1, an example of which is shown in Fig. 4B,

— NayF, -1 *
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are directly relevant because the attractive interactions between the
inert (or passivated) surface and the cluster is small compared to the
ionic bonding energies. As an example, to produce the n = 14
cuboid from the n = 23 cuboid through a sequence of NaF
emissions requires more than 20 eV, yet it is clearly observed at E;
< 20 eV (graphite) and at nominal,zero (silicon). However,
consideration of the single-step fracture processes of the type

Na,F, 1 T Na,F, -1 o+ (NaF), -»m Eg ("am) (2)

shows that the energy E¢23,14) to cleave n = 23 to m = 14 and
n — m =91is 3.3 eV (Fig. 4B), and can account for the exclusiveness
of this product at lowest energies. [The cleavage energy can also be
estimated from the surface area created (twice the cross-sectional
area of the n = 14 cluster or ~1 nm?) and the bulk surface energy
(200 erg/cm?), which yields an energy of 2.5 €V to cleave along a
face. Computed energies do not include three-body polarization
effects (6), which favor placing the charge on the larger cleavage
fragment at the expense of otherwise competitive channels like
NaF,* + (NaF)4.]

The observed influence of surface characteristics—in particular,
the greater extent and selectivity of cleavage from impact with
rigid Si over soft graphite—suggests that the dominance of the
cleavage process is specific to excitation by impact, occurring on
the collision timescale (1 < 1072 s). However, the only rigorous
bound on this quantity comes from our time-of-flight measure-
ment, T << 5 x 107% 5, from the peak width in Fig. 3D. Total
energy calculations, for a complete range of n, indicate that
cleavage generally is the easiest fragmentation channel, but the
energetic preference is not large and statistical considerations
clearly favor evaporation (16).

In the high-energy regime, the fragment patterns of all of the
larger clusters are dominated by a smooth, statistical-like distribu-
tion. In remarkable contrast to the low E; abundance patterns, these
distributions show little or no enhancement at the stable clusters n =
14 and 23 (17). In fact, the trend in Fig. 4 indicates that these are
parallel, or competing, processes, since the initial yield of n = 14
decreases to the benefit of larger fragments n = 15 to 21. The
tendency of the mean size of the charged fragment to decrease
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Fig. 3. Time-of-flight profiles obtained from impact of Na,F, _;*. (A to C)
Clusters at 40 eV against graphite. (D) Clusters at 20 eV against silicon. The
rightmost peak of each profile is the intact scattered cluster, n = 5 to 30,
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monotonically with energy is consistent with the dominance of
process (2), stepwise evaporation, as had already been seen in
metastable decay of sputtered Csl clusters (18). [Some of this
fragmentation is not prompt (on the 10~ 7-s time scale), as seen by
the asymmetric broadening of the mass peaks at threshold.] A
statistical model (19) of the fragmentation process is then appropri-
ate, in which one uses the evaporation energies Ey(n,m), for
estimating the distribution of internal energies U imparted to the
incident cluster during the collision. As a typical example, Fig. 5
shows how the distribution’s mean, U, varies with collision energy
for the case of the n = 23 cluster. In the nearly linear region of the
plot, approximately 35 percent of the impact energy goes toward
cluster heating (20), consistent with previous reports that collisions
of molecular ions with solid surfaces deposits a large, relatively
well-defined energy into the ion (14).

Analysis of the peak flight times also demonstrates that the
collisions are highly inelastic events. By fitting the fragment time-
of-flight peaks to a common time-to-mass scale, one finds that the
events leading to fragmentation are properly described as prompt
scattering (no trapping desorption) in which most or all of the
incident perpendicular momentum is lost. [A significant spread in
this quantity is observed, as the scattering peaks are significantly
broader than the unscattered (reflectron) peaks.] Furthermore, the
peak for the intact parent clusters shows both a prompt component
and a broader delayed component (doublets in Fig. 3). At increased
collision energy, the delayed component is diminished relative to the
prompt component, integrated over mass, and shifts to longer delay
time. A reasonable interpretation is that the incident cluster either
scatters promptly—and, depending on energy, subsequently frag-
ments or is detected intact—or it is trapped, dissipating the impact
energy into the surface and desorbing intact at later times, resulting
in the observed broad line shape. At high collision energies, the
nonfragmenting events are rare and occur exclusively through
surface trapping—ultimately enabling nearly all of the impact energy
to be dissipated—followed by desorption. As indicated above,
angular measurements show that a substantial portion of the parallel
momentum is also lost or exchanged, although this momentum may
not be very important in heating the cluster (21).
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which is sometimes a doublet. Other peaks correspond to fragments m of the
form Na,F,,_,*. (The full scale widths are typically 5 us.)
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Nanocrystal-surface interactions. Gathering these separate per-
spectives into a single picture, it is seen that prompt cluster-surface
scattering events are highly inelastic, with nearly all the incident
kinetic energy dissipated in the internal heating of the cluster (up to
35 percent) and in the surface (the remaining 65 percent or more).
The impact-deposited energy induces cleavage or evaporative decay,
with a crossover to the latter occurring at an impact energy near E;
= 1 eV per atom, corresponding to an internal heating at crossover
U, near 0.35 ¢V per atom. We now give an interpretation of this
quantity as the energy required to transform the incident cluster to
its molten form. Assuming bulk quantities, the energy required to
heat (from T = 0 K) and completely melt a Na,F, _, crystal is given
approximately at sufficiently large n by

AE = 6nkg Ty + nAH; (3)

where the two terms represent the heat of fusion AH¢ = 0.30 eV per
molecule and energy to heat the solid oscillators to the melting
temperature, T, = 1266 K, so that 6k T, = 0.65 eV per molecule.
The energy to melt is therefore AE/2n = 0.47 €V per atom. This is
larger than U = 0.35 eV per atom estimated above. A depressed T,
[owing to finite-size effect (7)], combined with incident cluster
temperatures above absolute zero, should make up the difference.

Accordingly, at low energies the fragmentation corresponds to
the fracture of the suddenly heated or stressed solid, which takes
account of the incident cluster’s structure and easy cleavage planes.
At high energies the fragmentation pattern is the featureless one of
a liquid, which ignores the existence of crystalline structures. That
the crossover energy, at which the fluid first dominates over the solid
behavior, appears to scale with size is a manifestation of the
approximate extensivity of the heat capacity.

Essentially identical fragmentation patterns have been obtained
on negatively charged sodium-fluoride clusters containing the same
total number of ions (Fig. 1), indicating that the role of Na* and F~
ions in the nanocrystal lattice can be reversed without changing the
results. Impact of the K,F,_,* clusters against graphite results in a
similar crossover from cleavage to evaporation with equal or better
distinction. However, experiments on lithium-fluoride clusters to n
= 30 failed to show the two distinct processes; in the absence of
detailed simulations, we suggest that small LiF clusters may not
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Fig. 5. The mean energy U imparted to the Na,;3F,,* by impact against

graphite at energy E;, as calculated by a simple statistical model (19). An

essentially identical result is obtained with Si, over the indicated energy

range. Structures illustrate the low-energy cleavage channel (above left) and

the molten cluster at 1000 K (lower right).
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assume rigidly crystalline structures. In contrast to the alkali-halides,
other systems examined show no evidence for cleavage: impact of
molecular clusters (H,0),H* and network clusters C,* (n = 60,
84) collide to yield smooth fragment distributions and no frag-
mentation, respectively. Prior investigations of cluster fragmenta-
tion—energized by photons, by gas-phase collisions, by the
ionization event, or by their own heat of formation—found
dominant mechanisms including stepwise monomer or dimer
evaporation from molecular (22) and metal (5) clusters and AHCs
(18), emission of favored “molecular” fragments from network-
forming clusters (C,, Si,) (23), and fissioning of transition metal
clusters specific to the parent cluster (24). In contrast, we find that
impact-induced fragmentation of sufficiently large ionic clusters
occurs in an intrinsically macroscopic manner by fracturing along
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Fig. 4. (A) Time-of-flight profiles resulting from
impact of Nay3F,,* (3,3,5) against Si at the
indicated energies. The m = 14, 13 fragment is
produced by a “cleaving” process even at the
lowest collision energy. The computed energies
E{23,m) and E,,(23,m) required to yield observed
fragments by (B) a single fracture (process 2), or
(C) by an evaporative cascade 1 from an
Na,;F,,* cluster. Quantities are computed by
methods described in (6) and (16) in which
standard empirical potentials neglecting polariza-
tion were used (three-body terms).
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the cleavage planes of the incident crystal.

Our results are in accord with the macroscopic cleavage process,
insofar as it is modeled by ideal crystals: Only (100) planes show
simple cleavage, but the measured cleavage energy is orders of
magnitude smaller than predicted by microscopic theory (25).
Nanoscopic crystals can be selected by mass so as to be free of the
spurious stresses present in real macroscopic crystals; imperfect
clusters might be suitable for approximating the effect of these
stresses. More generally, microscopic simulations of impact-induced
cleaving and melting processes and the energy accommodation
should be of interest as new impact phenomena (26). Collision
between an atomic or compound cluster and a solid surface consti-
tutes a crucial step in the so-called soft-landing method of forming
new cluster-assembled materials through ionized or neutral cluster-
beam deposition (27). Trapping-desorption phenomena observed
here deserve careful attention with regard to the soft-landing
hypothesis. Harder collisions are primarily of interest in the forma-
tion of high-quality thin films (27). Properties of deposited clusters
and their fragments should be probed, as a function of impact
energy, with surface analytical tools. Exploration of other nanocrys-
tal-surface processes by these methods are possible, including chem-
ical reaction with the surface and electron-transfer.

Note added in proof: Recent work (29) on the photofragmentation
of alkali bromides and iodides shows that electronic excitation leads
exclusively to neutral halogen emission, further establishing the
interpretation of the impact-induced clearing. We have also found a
new low-energy channel in the impact of larger sodium-fluoride
clusters against silicon—loss of F~ to yield Na,F, _,**—interpreted
as a direct chemical reaction with the surface (30).
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