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Morphology of Nested Fullerenes
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We introduce a continuum model which shows that dislocations and/or grain boundaries are intrinsic
features of nested fullerenes whose thickness exceeds a critical value to relieve the large inherent strains
in these structures. The ratio of the thickness to the radius of the nested fullerenes is determined by the
ratio of the surface to curvature and dislocation (or grain boundary) energies. Confirming experimental
evidence is presented for nested fullerenes with small thicknesses and with spherosymmetric shapes.

PACS numbers: 61.46.+w, 61.50.Jr, 61.72.—y

Recent experimental and theoretical work [1-3] sugfunctions of the elastic constants;; of the material:
gest that carbon-based, nested fullerenes (also known as= C,;, — C%/Cs;; = E/(1 — o?) is a measure of the
onion skin, multilayered, or Russian doll fullerenes) areresistance of the system to bending with a nonzero
more stable than single shell fullerenes when the nummean curvature, while the saddle-splay modulus-
ber of carbon atoms exceeds a critical size(N, > 103 —2C¢s = —E/(1 + o) is a measure of the energy cost
[2,3]). Nested fullerenelike structures have also been obfor making saddle-type structures. These anisotropic
served in several layered metal dichalcogenides\{&}, elastic expressions fok and k are given for the case
whereM = W, Mo andX = S, Se. In the present Let- of hexagonal symmetry, where the axis is normal
ter, we employ a continuum elastic theory to demon+o the film surface [11,13]. E and o are isotropic
strate that either dislocations or grain boundaries are aelastic constants—Young's modulus and Poisson ratio,
intrinsic component of thick walled, nested fullerenes.respectively. For a sphere of radiltis= 1/« (R is the
We present experimental evidence, consistent with thiglistance from the center to the middle of the spherical
picture, which shows that nested fullerenes with smalkhell), this reduces tw, = yd*«?/12, wherey = 2k +
thickness show a spherosymmetric shape while thicki. This expression assumes that the whole thin film
nested fullerenes show either faceted or nonfaceted shaplesnds coherently. However, if the atomic planes can slip
associated with grain boundary or dislocation relaxedvithout resistance, the elastic energy is relaxedvto=
structures. xdc*«?/12, wherec is the spacing between atomic layers.

The importance of dislocations can be seen by considefFhis energy is simply the energy, to independently
ing a two-shell, spherical graphitic fullerene where geom-bendd/c layers of thickness.
etry dictates that the outer shell contains more atoms than When the crystal planes in a thin film slip relative
the inner shell. These two shells cannot pack together pete each other, the crystal structure is disrupted. When
fectly like the (0002) planes in graphite. While locally the this slippage is localized in the form of dislocations,
layer packing may be similar to graphite, the regions ofrather than continuously distributed, the crystal struc-
good lattice match must be separated by discommensuréire is disrupted less and this slippage is energetically
tions or, equivalently, dislocations. Hence any discussiottess costly. In a thin film geometry, the energy of a
of the energetics must include these geometrically neceslislocation (per unit length) may be approximated as
sary defects. While atomistic methods [2,3,5—-10] haveW, = (Jb*/4)In(Ry/ry), Whereb is the Burgers vector
proven useful in determining the energetics of competingstrength) of the dislocation, ang is the (atomic scale)
fullerene structures, such approaches are less useful forner cutoff radius. For simplicity, we shall skt= ¢, the
nested structures with large numbers of atoms [1], wheratomic size. The outer cutoff radikg is approximately
our continuum approach is most applicable. equal to half the spacing between dislocations or the film

The energy of a nested fullerene has three mainhickness, whichever is smalley. = E/[2(1 — ¢?)]in an
components: the curvature or bending elastic energy, thisotropic solid and/ = (C,,Css)"/? in a layered material
defect energy, and the surface energy. The elastic enerd¥3,14]. This dislocation energy omits the relatively small
W, associated with bending a defect-free film of thicknessontribution of dislocation [14] and disclination (see be-

d about two orthogonal axes is [11,12] low) [5] cores at large system sizes.
PE . The total elastic energy, associated with bending a
w, = o (2kH? + kK), (1)  thin film into a spherical shell of thickness and radius

R = 1/k, includes both the bending energy and the dis-
whereH = (k; + k»)/2 is the mean curvatur& = «k» location energy. We define the dimensionless thickness
is the Gaussian curvature, and and x, are the two & = d/c, radiusr = R/c, andv = V/c3. The volume of
principle curvatures. The bending moduliand k are  the thin spherical shell i¥ =~ 47R%d. Minimizing this
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energy with respect to dislocation density yields [13,15] when « > k. (large curvature and/or thickness).q is
Boh®. K < K, constant to leading order in, arjd is determin_ed by the
Ey {Blh + ByJvh — Bav/h2, Kk > k., (2)  surface energy to relaxed bending energy ratio. .

The equilibrium shape of nested fullerenes predicted by
where By, = wxc®/3, B; = By, B, = BoBJ/(x7'/?), Eq. (3) is evaluated using the accurately known elastic
Bs = Bo(BJ)*/(4mx?), a=1—1/k*, and B = constants [16] of graphite; the uncertainty in the (0001)
[3/(ra)]In(Ry/ry), and the critical curvature is de- surface energy is of the order of 50% [17]. In Mg$he
fined by x. = BJ/(xh*c) [13]. In the derivation of elastic constants are also known [18], but the uncertainty
Eq. (2), we assumed that although the shell is thinn the (0001) surface energy is of the order of a factor
compared to the radiug/r < 1, it is thick compared of 10 [19,20]. Using the available data, we estimate that
to an atomic spacing > 1, and terms of higher order the equilibrium aspect ratio i5 = 0.06 for the graphitic,
than linear inh/r are neglected. Fok < k., the total nested fullerene andy = 0.1 for MoS,, assuming that
elastic energies of nested fullerenes are lower when they > k.. The qualitative message is theuilibriumlarge
are bent coherently (without dislocations). However,scale fullerenes should be “thin,” i.e., they should have a
for k > k., the elastic energy is lowered by forming a small thickness to radius ratio.
dislocation array of constant density. Therefore, a phase Similar considerations can be used to analyze the
transition between undislocated and dislocated, nesteshergies of polygonalized, nested fullerenes, where the
fullerenes occur at a finite, critical curvatuke, which  polygonalization is treated in terms of grain boundaries.
is dependent on the elastic constant of the material an8peck [21] was the first to compare the energetic's
is inversely proportional to the square of the thicknessspherical and faceted carbon layers in a study of carbon
For a fixed curvature, one can think of a critical thicknessblacks, but did not consider the important effects of
below which the layers bend with no dislocations anddislocations or anisotropy or determine the equilibrium
above which the structure contains dislocations. Thevalue ofn which are included in the present analysis. The
theory shows that thin, nested fullerenes have high criticaénergy associated with the grain boundaries in a nested
curvatures and one might expect them to grow relativelfullerene is equal to the grain boundary energy per unit
dislocation free. The same analysis and conclusions amreay,, times the total grain boundary area. The grain
ply to the formation of grain boundaries or polygonalizedboundary area is proportional toand the total length of
morphologies; dislocations tend to organize themselveall edges, which is proportional ®. The proportionality
into grain boundaries and theory [13] predicts that thinconstant ¢ depends on the type of polyhedron and
nested fullerenes would tend to be grain boundary fred¢ypically decreases slowly with an increasing number of
and show spherically symmetric morphologies. faces for fixed volume. The total energy of a faceted,

In addition to the bulk terms, the total energy of nested fullerene has contributions from both the grain
a nested fullerene also includes contributions from théoundary energyE,, = y.,hR¢) and the energies of the
inner and outer surfaces of the spherical shell. In alinner and outer surfaces. Following the same procedure
known nested fullerenes, the bonding within the atomiaused to determine the total energy of dislocated, nested
layers (i.e., the basal planes) is covalent, while thafullerenes, we findEsy = GVvh + Sv/h for k > k£,
between layers is primarily due to van der Waals forceswhereG = ¢ ygbcz/\/ﬁ and«£ are the critical curvature
Therefore, the surface energy can be writtgn= S»/h,  for forming grain boundaries. In isotropic materials,
where S = 2yc? and vy is the surface energy (per unit & < . [13] For k < «2, the energy is as given in
area) of a semi-infinite solid of the film material and Eq. (2). E& exhibits a minimum ap® = h/r =d/R =
related to the van der Waals energies. 4/mS/G. Thereforeng; £ is independent of the number

The total energy of the nested fullerenefis, = E; +  of atomsw in the Iargey limit and is determined by the
E,. The equilibrium nested fullerene thickness may beratio of the surface to the relaxed bending energies.
obtained by minimizingE,, with respect tor at fixed Comparison ofr;egg with 7.4, shows that the., for the
v. The balance between ti#é and1/k terms determine two relaxation mechanisms are both independent ahd
the equilibrium aspect rati9 = h/r = d/R for k < k..  proportional to the surface energy The rationgg/neq ~
The large v limit, the competition between the terms [2c¢J In(Ry/ro)]/(é ysa) is approximately 5 for graphite.
proportional tor!/? and1/h determinen.q, whenk > k.. The uncertainty in this value of;egg is of the same or-
For largevr, the equilibrium aspect ratig., is der as that fom.q, owing to the uncertainty in the grain

— 123/8\ (<3 /3 N1/8 boundary energy. This value of the ratio is based upon
Neq =~ {(2\/77(53/%; g/éB()W)/ ’ ';i :”’ (3) the assumption that the polyhedral, nested fullerene is
2 © icosahedral such that = 20, J = 6.5 X 10'° Pa, yg =
Equation (3) suggests that the equilibrium thickness td J/m?, @ = 1, ¢ =2 X 107! m, and IRy /ry) = 5. In
radius ratio of nested fullerenes should decrease slowlgny case, we expect tha;tegg > 7eq, SiNCe the disloca-
with an increasing number of atoms when< «., i.e.,  tion energy is typically lowered when they organize into
small curvature and/or thickness. On the other handgrain boundaries. This would also suggest that polyhedral
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(faceted), nested fullerenes should have lower energy than
those relaxed by dislocations (for the sam)e However,
since there are no topological constraints on the number of
grain boundaries and the grain boundary energy changes
rapidly with misorientation at small angles, it is possible
for dislocation relaxation to lead to lower energy struc-
tures as compared with structures with many low-angle
grain boundaries. The rearrangement of dislocations into
a relatively small number of high misorientation grain
boundaries may be limited by kinetics.

One obvious difficulty in experimentally determining
is the necessity to distinguish between shapes determinec
by growth and/or kinetic factors and true equilibrium
shapes. Clearly, if the nested fullerenes grow in a layer- (a)
by-layer mode, then it is unlikely that the resultant
structures are in equilibrium. Carbon, nested fullerenes
are typically found to have interior radii very close to
that of G, while the outer radii vary over a substantial
range [22]. Nested fullerenes of MgSn the other hand,
can show a wide range of both inner and outer radii
(see Fig. 1). Typical Mog nested fullerene, produced
from the sulfidation of a very thin film of metal oxide
on a quartz substrate, is shown in the atomic resolution
electron micrograph in Figs. 1(a) and 1(b). Examination
of the nearly spherical, nested fullerene in Fig. 1(a) shows
that such structures may be described in terms of a
relatively large number of low-angle grain boundaries
or by a uniform array of dislocations. The fullerene in
Fig. 1(b) is strongly faceted, with very flat atomic planes
meeting at sharply defined grain boundaries. We note that
both of these samples are grown under conditions which
are far from equilibrium and comparison with the theory
is not possible.

Recently, however, a new technique for the gas phase
synthesis of Mog, nested fullerenes has been developed |
[23,24]. In this technique, which affords a much better
control over the growth conditions than the previous
gas-solid synthetic route [4], gaseoM®O;_, and H,S
gases diluted in a carrier gas are reacted at elevatec
temperatures(>800°C). It is expected that, in this
synthetic route, the nested fullerenes grow independently,
of each other, mostly through interaction with the carrier
(forming) gas and hence growth conditions which are |
closer to equilibrium prevail. Copious amounts of the
nested fullerene and nanotube phases are obtained i (c)
this way.

It appears that even in this synthesis the role of the

: : -IG. 1. High resolution transmission electron microscope
substrate, on which the nested fullerenes are being Co,?nage of MoS fullerenes. The distance between the fringes

lected, cannot be overlooked [23,24]. If a NlSibstrate js .62 nm, which is half of thec-axis lattice constant in
is used, large amounts of nested fullerenes consisting ¢fexagonal Mos (a) and (b) show nested MgSullerenes
two shells and of various shapes are observed. A typprepared by firing a 10 nm film of Mo®in H.S under
ical example of a nested fullerene with = 0.2 and a reducing conditions (see [4] for more details) with (a) a

: : : : nearly spherical shape and (b) a polyhedral, faceted shape,
nearly spherical shape is shown in Fig. 1(c). Most Ofrespectively. (c) shows a nearly spherical, two-layer, nested

the nested fullerenes produced in this way exhibit valyyjierene produced in a gas phase reaction between a stream of
ues ofn = 0.2, the majority of these are at least partially gaseous molybdenum suboxide angSHiluted in a carrier gas
faceted—-containing at least one grain boundary. In otheof Hz/N, (5%/95%).

(by
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