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Injected ion drift tube techniques have been used to probe the geometries of germanium cluster ions.
Clusters with -(10—40) atoms appear to follow a one-dimensional growth sequence to give prolate
geometries. At -40 atoms the clusters stop following this growth sequence, and clusters with -(40—
70) atoms appear to retain roughly the same aspect ratio. At -70 atoms the clusters abruptly reconstruct
to a more spherical geometry. Dissociation energies, measured for the germanium clusters, suggest that

clusters with n ( 70 can be thought of as loosely bound assemblies of small strongly bound fragments

(such as Ge7 and Ge,o). It appears that the structural transition at -70 atoms may reflect a change to a
more bulklike bonding arrangement.

PACS numbers: 61.50.Lt, 36.40.+d

How the properties of semiconductors are modified as
dimensions approach interatomic distances is currently
a topic of great scientific interest and technological im-

portance [1]. Nanocrystalline materials, with dimensions
)10 nm, can be viewed as small pieces of the bulk ma-

terial. But as dimensions shrink to approach interatomic
distances ((1 nm), little is known about what happens to
the geometric structure. Recent studies have shown that
small silicon clusters follow a one-dimensional growth se-
quence up to -27 atoms at which point they reconstruct
to a more spherical geometry [2]. The structure and the
bonding of bulk germanium are very similar to that of
bulk silicon, and the bulk surfaces show similar (but not
identical) reconstructions [3]. Thus germanium clusters
might be expected to adopt the same geometries as sili-
con clusters. However, the results presented here reveal
an unforeseen variety in the geometries adopted by ger-
manium clusters. Small silicon and germanium clusters
appear to have similar geometries, but the larger ones are
fundamentally different.

The germanium cluster ions were generated by pulsed
laser vaporization, size selected with a quadrupole mass
spectrometer, and then injected at various energies into a
drift tube containing helium (or neon). Mobilities were
measured by injecting a short pulse of clusters into the
drift tube and recording their arrival time distribution at
the detector. Clusters with compact geometries have large
mobilities and travel across the drift tube more rapidly
than those with less compact geometries [4]. Figure 1

shows a plot of the relative mobilities of germanium
clusters containing 7—54 atoms. The relative mobilities
were obtained by dividing the measured mobilities by the
mobility of a sphere with the density of bulk germanium.
This procedure removes the systematic variations in the
mobilities due to the change in the number of atoms in the
cluster. The results shown in the figure are an average of at
least two independent measurements which generally agree

to within 1%. Starting at around Ge,o, the mobilities
systematically decrease with increasing cluster size. The
line in Fig. 1 shows the mobilities predicted if clusters
with more than 10 atoms follow a one-dimensional growth
sequence to give prolate or elongated geometries [2]. Here
the clusters are represented by cylinders of variable length I
and fixeddiameterd, . We assumed, = I for n = 10, thus
the aspect ratios (I/d, ) predicted by this simple model are,
for example, two for a 20 atom cluster and four for 40 atom
cluster. The mobilities of germanium clusters containing

up to -35 atoms closely follow the predictions of this
model. For clusters with more than 35 atoms the mobilities
start to systematically diverge from the line, indicating
that the clusters are no longer following a one-dimensional
growth sequence. Assuming that the geometries remain
relatively compact [5],a two-dimensional growth sequence
to give oblate geometries is a plausible alternative to the
one-dimensional model considered above. However, the
mobilities for a two-dimensional growth model decrease
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FIG. 1. Plot of the relative mobilities of Ge„+. The open
points are for unannealed clusters (50 eV injection energy) and
the filled points are for annealed clusters (200 eV injection
energy). The line shows the prediction of a one-dimensional
growth model (see text).
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much less rapidly than for the one-dimensional growth
model [2],and they are not in agreement with the measured
mobilities for clusters with 10—40 atoms.

A pulsed laser vaporization source provides a nonequi-
librium environment for cluster growth and may not gen-
erate the lowest energy structural isomer [6]. The clusters
can be annealed by increasing the injection energy so that
they undergo a rapid transient heating cycle as they enter
the drift tube [7]. The relative mobilities of annealed ger-
manium clusters are shown in Fig. 1 along with the data
for the unannealed clusters [8]. Annealing causes a de-
tectable geometry change for only one cluster: Ge40+. As
can be seen from Fig. 2, when Ge4n+ is annealed a sec-
ond isomer emerges with a lower mobility than the iso-
mer coming directly from the source. After annealing the
relative abundances of these two isomers are comparable,
which suggests that they have similar stabilities. Note that
the relative mobility of the Ge40+ isomer that appears af-
ter annealing falls on the line for one-dimensional growth,
indicating that this highly elongated geometry is relatively
stable for Ge40, while slightly smaller clusters have de-
parted from the one-dimensional growth sequence.

Because of the limited mass range of quadrupole mass
spectrometers, Ge54+ is the largest singly charged germa-
nium cluster that we are able to examine. However, mea-
suring the mobilities of doubly charged Ge„++provides
a way to study clusters with more than 54 atoms (the
Ge„++were generated by injecting a 2 kV electron beam
into the buffer gas flow -1 cm from where the clusters
exit the source). The relative mobilities [9] of even num-

bered Ge„+ with n = 44—86 are plotted in Fig. 3, along
with the results for the singly charged clusters. The solid
line in Fig. 3 shows the prediction of the one-dimensional
growth model, and the dashed lines show aspect ratios for
prolate geometries (with variable d, ). In the region of
overlap, from n = 44 to 54, Ge„+and Ge„++have nearly
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FIG. 2. Drift time distributions recorded for Ge4p with
injection energies of 50 and 200 eV. At the higher injection
energy the clusters are annealed and a second isomer appears at
longer times in the drift time distribution.
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FIG. 3. The relative mobilities of Ge„(open circles), and
Ge„"(filled circles) plotted against cluster size. The points
are the experimental data and the line is the predictions of a
one-dimensional growth model (see text). The dashed lines
give the aspect ratios assuming that the clusters remain prolate.

identical relative mobilities. As can be seen from Fig. 3,
the relative mobilities of germanium clusters with more
than around 45 atoms have stopped decreasing and have
leveled off at a value of around 0.75. This corresponds to
an aspect ratio of -4 (assuming the clusters remain pro-
late). Clusters with -40—70 atoms appear to retain an

approximately constant aspect ratio. But then for clusters
with -70 atoms an abrupt structural transition occurs. A
new isomer, with a larger relative mobility, first appears
in the drift time distribution for Ge64+ . The two isomers
coexist up to Ge76++, and then for larger clusters only the
isomer with the larger relative mobility remains. Note
that this reconstruction does not take the clusters all the
way to a spherical geometry. The new isomer has an as-
pect ratio of -2 (assuming a prolate geometry).

Similar studies for silicon clusters have suggested
that small silicon clusters also follow a one-dimensional
growth sequence to give elongated geometries [2]. How-
ever, silicon clusters with around 27 atoms reconstruct to
give nearly spherical geometries. The origin of this struc-
tural transition and the structural characteristics of the dif-
ferent types of silicon cluster geometries have been the
subject of several recent theoretical studies [10,11]. The
structural transition that occurs for silicon clusters with
around 27 atoms appears to result from a change in the
structure from geometries with the atoms arranged on a
single shell to geometries with internal atoms, where the
atoms are arranged in two shells. The absence of a simi-
lar structural transition for germanium clusters in the same
size regime may result from the lower surface energy of
germanium [12].

Further insight into the nature of the different geome-
tries observed for germanium clusters can be obtained from
studies of their dissociation. At high injection energies the
cluster ions can be heated to the point where they fragment
as they enter the drift tube. The larger germanium clusters
fragment predominantly by sequential loss of Ge &0 units

(and in a few cases Ge7) [13,14]. Results presented below
wi11 show that these are particularly stable clusters. Es-
timates of the dissociation energies can be obtained from
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FIG. 4. Dissociation energies for Ge„+. The results of pre-
vious measurements [16] of the dissociation energies of small
Ge„clusters ( ~ ) are shown for comparison.

detailed analysis of the injection energy thresholds for dis-
sociation using a modified impulsive collision model to es-
timate the degree of collisional excitation that occurs as the
clusters enter the drift tube and a statistical model to de-
scribe the subsequent fragmentation of the heated clusters
[15]. This approach does not provide a rigorous measure-
ment of the dissociation energies because of uncertainties
in the model used to estimate the degree of collisional exci-
tation. However, measurements with different buffer gases
(helium and neon) yield nearly identical dissociation ener-

gies, and dissociation energies determined for the smaller
clusters are in reasonable agreement with previous mea-
surements [16]. The dissociation energies determined for
the germanium clusters are shown in Fig. 4. The cohe-
sive energy of bulk germanium is 3.85 eV/atom, and the
dissociation energies of clusters with up to -10 atoms are
comparable to the bulk cohesive energy. For clusters with
more than 11 atoms, the dissociation energies drop precip-
itously and remain at -1.2 eV. Note that this behavior is
entirely different from the behavior of large silicon clus-
ters where the dissociation energies smoothly approach the
bulk cohesive energy [15]. In view of the large dissocia-
tion energies of the small germanium clusters (n ( 12) and
the small dissociation energies of the larger clusters, it is
reasonable to consider the larger germanium clusters as
weakly bound aggregates of small stable germanium clus-
ters such as Ge7 and Ge,o. This aggregate exists because
the small germanium clusters are not bulk fragments. The
large number of dangling bonds associated with small bulk
fragments drives a reconstruction to more highly coordi-
nated geometries as predicted [17] and recently observed
[18] for small silicon clusters. The reconstruction of the
small germanium fragments is so successful (they are so
stable) that formation of roughly spherical close-packed
geometries for larger clusters is energetically unfavorable.

Figure 5 shows a plot of the cohesive energies deduced
from the dissociation energies. The cohesive energies rise
sharply up to Ge &0 and then abruptly level off. The dashed
line is a fit based on the premise that the larger clusters
consist of a loosely bound assembly of small stable clusters
[19]. The solid line gives the cohesive energies expected
for spherical clusters with bulk properties:
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FIG. 5. Cohesive energies (in eV/atom) plotted against clus-
ter size. The points are the experimental results. The dashed
line is a fit to the data based on the premise that the larger clus-
ters (n ) 11) consist of a loosely bound assembly of smaller
strongly bound clusters such as Ge7 and Gelo. The solid line
gives the cohesive energies expected for spherical clusters with
bulk properties (see text).

27 V2 3

E„~(n)= ECO|,(~)—

where E„h(~)is the bulk cohesive energy/atom, V, is the
bulk atomic volume, and y is the bulk surface energy. The
measured cohesive energies for a variety of metal clusters
have been found to rapidly approach the prediction of this
model [20]. For small germanium clusters the cohesive
energies predicted for the loosely bound assembly are
larger than the cohesive energies given by the bulk sphere
model. However, with increasing cluster size the cohesive
energies predicted by the bulk sphere model increase
more rapidly and eventually exceed those expected for
the loosely bound assembly. At this point it becomes
energetically favorable to rearrange the loosely bound
assembly to a bulk sphere. The crossover appears to
occur at around 65 atoms. This is approximately the size
regime where an abrupt structural transition is observed
in the mobility measurements. Thus these results suggest
that the structural transition observed at around 70 atoms
may result in a fundamental change in the nature of the
cluster from a loose assembly of smaller fragments to
a more compact (bulklike) bonding arrangement. The
dissociation energies should increase at this point, but
we are not able to perform measurements for clusters
larger than Ge54+ because of instrumental limitations.
Measurements of the dissociation energies of Ge„++could
not be performed because of their low abundances. The
models employed above are relatively simple, and so the
good agreement between the location of the predicted
structural transition in Fig. 5 and the structural transition
in the mobilities could be fortuitous. The location of
the transition in Fig. 5 is very sensitive to the surface
energy. A value of 1.03 Jm 2 (taken from the work
of Miedema [10]) was employed here. There is little
information available on the surface energies of bulk
germanium surfaces, and how the surface energy of a
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germanium cluster is related to the surface energy of the

bulk surfaces is not known.
The results presented above suggest that germanium

clusters with up to -70 atoms can be viewed as weakly
bound assemblies of small stable fragments such as Ge7
and Gelo. Clusters with up to -40 atoms probably con-
sist of a stack of these fragments. At -40 atoms where

the mobilities stop decreasing, the stack presumably stops

growing longer, and clusters with up to -70 atoms ap-

pear to retain approximately the same aspect ratio. For
one cluster in the transition region (Ge4o ), a highly elon-

gated isomer and a slightly more compact isomer appear
to have similar energies. The elongated isomer for Ge40

probably consists of a stack of four Ge, o units, and the

high stability of the Ge,o unit presumably accounts for
the existence of this isomer. A loose assembly of small

stable fragments naturally leads to prolate geometries for
smaller clusters (up to -20 atoms). But the persistence
of the one-dimensional growth sequence to larger cluster

sizes indicates a definite preference for forming elongated

geometries. This preference could arise from the opti-

mum binding sites being on opposite sides of the small

fragments (as for example in the capped trigonal prism

which has been proposed as a building block for small

silicon clusters [2]). The reason for the departure from

the one-dimensional growth sequence at -35 atoms is not

entirely clear. The surface energy of the elongated ge-
ometries may play a role in destabilizing them relative to

slightly more compact arrangements. While geometries

consisting of weakly bound assemblies of small strongly

bound germanium fragments appear to be the lowest en-

ergy geometry for these clusters, this cannot persist indef-

initely: as the cluster size increases, reconstruction to a

more compact (bulklike) bonding arrangement eventually

becomes energetically favorable. This structural transi-

tion appears to occur at around 70 atoms. The geometries

found here for the larger germanium clusters are funda-

mentally different from those found for silicon clusters.

The origin of this remarkable difference is not clear at this

time, and detailed theoretical studies appear necessary to

resolve this issue.
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