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Helium adsorbed on Cg,*

and C,," exhibits phenomena akin to helium on graphite. Mass spectra

suggest that commensurate layers form when all carbon hexagons and pentagons are occupied by one He
each, but that the solvation shell does not close until 60 He atoms are adsorbed on Cg, ", or 62 on C,,*.
Molecular dynamics simulations of CgoHe,, ™ at 4 K show that the commensurate phase is solid. Helium
added to CgoHe4, ™ will displace some atoms from pentagonal sites, leading to coexistence of a registered
layer of immobile atoms interlaced with a nonregistered layer of mobile atoms.
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Physisorption of helium and other inert gases on carbon
materials gives rise to a wealth of intriguing phenomena.
The binding of inert gases to graphite is relatively strong;
for helium it exceeds the binding between the gas atoms
[1]. In addition to coverage and temperature, the corruga-
tion of the surface, its curvature, and dimensionality
control the physical properties of the adsorbate. The beauty
of carbon materials is the possibility to vary corrugation,
curvature, and dimensionality over a wide range.

At one end of the spectrum lies the two-dimensional
graphitic surface whose rather weak corrugation gives rise
to the well-known \/3_ X \/§ commensurate phase where
one-third of the energetically preferred adsorption sites
(at hexagon centers of the honeycomb lattice) is occupied
[2]. The distance between adatoms in this phase is 4.26 A
(3 times the carbon-carbon bond length); the coverage is
0.0637 atoms/ AZ, However, the first adsorbate layer is not
complete until the coverage reaches 0.120 atoms/AZ;
other commensurate structures may form in the first and
possibly in the second layer [2—4]. A single graphene sheet
presents an even weaker corrugation than graphite; thus the
V3 X /3 so0lid phase may compete with a two-dimensional
superfluid phase [4].

Planar surfaces with strong corrugation are realized by
ordered arrays of fullerenes (fullerite surfaces). A close-
packed layer of Cg offers deep potential minima that form
a honeycomb lattice with a spacing of 5.8 A; Monte Carlo
simulations predict an ordered phase of helium at low
temperature [5].

The outer surface of a bundle of nanotubes provides a
strongly corrugated, one-dimensional substrate to which
helium binds more strongly than to graphite. Neutron
diffraction studies show that at low coverage helium will
form an array of one-dimensional liquids in the grooves
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between tubes; with increasing coverage additional paral-
lel lines of liquid helium will form in the grooves before a
two-dimensional layer forms [6]. Details depend on the
radius and chirality of the nanotubes [7,8]. An interesting
feature common to nanotubes and fullerite surfaces is the
existence of two kinds of corrugation, a strong one caused
by the curved surfaces plus a weak one due to the hexago-
nal and, for fullerenes, pentagonal facets of the carbon
network. The interplay between these two corrugations
leads to interesting phenomena in theoretical studies
[5,8], but they are difficult to observe experimentally be-
cause of the unavoidable distribution of tube diameters and
rotational orientation [9].

At the other end of the spectrum that started with graph-
itic surfaces are helium layers physisorbed on isolated
nanotubes [10], planar aromatic molecules [11], and
fullerenes [12,13]. The dimensionality of their surfaces
changes from OD or 1D to 2D as the size of the system
increases. The resonance frequency of a single-walled
suspended nanotube has been measured to monitor phase
transitions in an adsorbate of argon and xenon [10]; the
coupling of helium to gas-phase anthracene, phtalocya-
nine, and other planar aromatic molecules has been probed
by high-resolution spectroscopy (see references in [11]).

In contrast, no experiments on helium attached to the
outer surface of free fullerenes has yet been reported. Cq is
easily embedded in helium nanodroplets, but mass spec-
trometric identification requires ionization which tends to
boil off all helium atoms. Theoretical work that treats the
fullerene surface as a continuum cannot explore structural
order [12]. To the best of our knowledge only one theo-
retical study, of helium + C,q (which contains 12 pentago-
nal but no hexagonal facets), has explored the effect of
corrugation on the adsorbate [14].
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We present a combined experimental and theoretical
study of helium bound to isolated Cgy and C,, cations.
Abrupt drops in the ion abundance beyond CgoHe,, ™ and
C,oHe,, " signal a commensurate phase when each facet of
carbon atoms is occupied by one helium atom. The
structure may be viewed as the analogue of a hypothetical
1 X 1 phase which does not form on graphite because
adjacent helium atoms would repel each other. Molecular
dynamics (MD) simulations of CgyHe, " at 4 K reveal
interesting properties of the adsorbate. The dissociation
energy of CqoHe;;™ (for evaporation of one He) is much
smaller than that of C4oHe,,". Helium atoms added be-
yond n = 32 do not yet build a distinct second layer; rather
they displace atoms from pentagon sites which exhibit
fluidlike behavior while atoms located at hexagons remain
immobile.

Helium nanodroplets are produced by expanding helium
from a stagnation pressure of 2 MPa through a 5 um
nozzle, cooled to about 8 K, into vacuum. The average
droplet size is = 10° He; droplets are superfluid with a
temperature of 0.37 K [15]. The skimmed beam traverses a
pickup region into which a small amount of Cg, (MER,
purity 99.9%) or C;y (SES, 99%) is vaporized. Doped
helium droplets are ionized by electron impact at 70 eV
resulting in strong fragmentation (loss of most of the
helium but no fragmentation of the fullerene). Cations
are accelerated into the extraction region of a time-of-flight
mass spectrometer equipped with a reflectron (Tofwerk
AG, model HTOF). Details are described elsewhere [16].

A mass spectrum is displayed in Fig. 1. The dominant
ion series is due to CqgHe,, . Cq, ™ at 720 u (slightly higher
for Cg,™ containing one or more '3C which has a natural
abundance of 1.07%) is off scale. The group of peaks
around 738 is due to a Cgy-water complex. A weaker series,
prominent below 720 u, arises from “He, .

The region around 850 u is reproduced in the upper
inset. The first and most abundant peak in each group of
mass peaks, connected by solid lines to the corresponding
peaks in adjacent groups, represents 12C()()He,ﬁ. The
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FIG. 1. Mass spectrum of helium droplets doped with Cgj.

second peak in each group is He,"; it is shifted relative
to 12C¢He,* by 0.469 u (the mass difference between
*He,q, and '>Cg). The following peaks in each group
arise from isotopologues of >C¢ He, ™ containing one or
more 3C.

The upper inset in Fig. 1 reveals an abrupt drop in the
CeoHe, ™ abundance at n = 32; the lower inset reveals
another one at n = 60. For a quantitative analysis we fit
Lorentzians to all ion peaks; the yield of >C¢He,™ is
presented in Fig. 2. Statistical uncertainties are smaller
than the symbol size. lon peaks contaminated by impurities
have been omitted from the graph [17].

Mass spectra of C;, embedded in helium were recorded
and analyzed similarly; the ion yield of 12C70Hen+ is
plotted in Fig. 2. Contamination is more severe, last but
not least due to contamination by heavier fullerenes (Cr,
Cyg, Cgy). Problematic data points have been omitted [17].
The ion yield drops abruptly at n = 37 and 62.

It is tempting to assign the anomalies observed for
CgoHey, ™ and CyoHe,, ™ to the formation of ordered layers
with one helium bound to each of the (12) pentagonal and
(20 or 25) hexagonal faces of the fullerene. This geometry
would represent the analogue of a hypothetical 1 X 1 phase
on graphite, with one adatom at the center of each carbon
ring. The phase does not form on planar graphite because it
would imply a separation of only 2.46 A between adjacent
He atoms, well below the minimum in their interaction
potential at 2.97 A[18]. The 1 X 1 phase becomes acces-
sible for Cg, because curvature will increase the distance
between adatoms.

An alternative explanation of the observed anomalies
might be the completion of a solvation shell. In liquid
helium the strong binding to cations leads to the formation
of snowballs which greatly reduce the ion mobility [19].
The number of helium atoms in a solvation shell depends
on the ionic radius. For atomic cations, 10-20 He fit into
the first shell [20]; considerably more should fit around
Ceo". Perhaps a commensurate layer is completed for
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FIG. 2 (color online). Ion yields of 2C¢,He, * and '2C, He, *
versus size 7.

076101-2



PRL 108, 076101 (2012)

PHYSICAL REVIEW LETTERS

week ending
17 FEBRUARY 2012

CgoHes, ™ and a solvation shell for CgoHeg, ™, analogous to
the formation of the /3 X /3 commensurate phase
on planar graphite well before completion of the first,
disordered monolayer?

We have performed MD simulations of CgHe, " to
study the energetics, structure, and dynamics of the adsor-
bate. In a first step high level ab initio calculations of the
helium-benzene complex and the helium dimer are carried
out; they serve as benchmarks for the density-functional
theory study of the interaction of He with Cg,". Becke’s
1997 (B97) functional is chosen because it performs best
when compared with ab initio calculations. B97/6-31 +
+G(d, p) energies of He-C,™ are used as the input data-
base for building the He-C,,™ force field; CCSD(T)/CBS
(coupled-cluster method with single, double, and perturba-
tive triple excitations, at the complete basis set limit)
energies of He, are used for the He-He force field.

The energy of CqoHe " (with the Cy,* geometry being
frozen) is calculated for different positions of He; we thus
obtain potential energy curves for He-Cy,* along various
symmetry axes, binding energies at specific positions, and
energy barriers between them. The binding energy is larg-
est (10.3 meV) at 3.2 A above the center 01: a hexagon
(H position), slightly less (9.0 meV) at 3.2 A above the
center of a pentagon (P), and 5-6 meV when He is located
above a vertex (V) or a carbon bond (HH and H P for bonds
between hexagon-hexagon and hexagon-pentagon, respec-
tively). Only H and P positions represent local minima;
HH positions are highest in energy.

Various starting configurations are tried for the MD
simulations, including those that are, based on the
He-Cy,* energies, low- or high-energy configurations.
The system is initially heated to 10 K (a periodic box is
applied to prevent escape of He), then slowly cooled at a
rate of 0.1 K per 50 ps. Once the system reaches 4 K, which
is the estimated temperature of Cy,He,* under our experi-
mental conditions [21], the simulation is run for another
5 ns to ensure full equilibration and to collect statistical
information.

Figure 3(a) displays the dissociation energies D, of
CgoHe, ™ with respect to loss of one He, i.e., the difference
between the total energies E, of C¢yHe, ™ in their most
stable configurations, D, = —E, + E,_;. D, remains
constant at around 10 meV up to n = 32 where all hexagon
and pentagon sites are filled; it then drops by a factor of 2,
and gradually recovers to 8-9 meV with increasing n.

Anomalies in experimental ion yields /, reflect anoma-
lies in dissociation energies D, if ionization is accompa-
nied by strong fragmentation [22]. Experimental values
Dyp,» may be deduced from /7, if an absolute energy scale
can be established and the microcanonical heat capacities
are known. However, helium on graphite has a low heat
capacity because of a gap in the phonon spectrum [2]; the
heat capacity of C¢He,* will be particularly low because
at T =4 K the C¢,™ substrate will be in its vibrational
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FIG. 3 (color online). (a) Calculated dissociation energies D,,
for loss of He from CgyHe, *. The inset shows the dissociation
energies derived from ion yields. (b) Average site occupancy for
Cﬁ()Hen - .

ground state (the lowest vibrational excitation of Cg is
33 meV). Assuming zero heat capacities we derive the
relation Doy, = 1,D,y/ 15y, Where Dy, and I, are local
averages of D, and [, respectively; they are obtained by
weighted averaging over several adjacent sizes [23].
Resulting Dy, values are plotted in the inset of
Fig. 3(a). The close similarity in shape and magnitude of
Deypin and D, at n = 32 is encouraging. The anomaly in
Deypn at n = 60 which finds no parallel in D,, is addressed
below.

Structural details emerge from a statistical analysis of
the simulation data. Figure 3(b) displays time-averaged
occupancies of specific sites. Up to n = 20 nearly all He
are located in H sites. Beyond n = 20 excess atoms occupy
primarily P sites. Beyond n = 32 additional atoms are
forced into V, HP, and HH sites. V positions are favored
over HP positions even though the latter are energetically
favored in the isolated He-C¢,™ system. Presumably, the
energetics of V and HP positions will change due to
crowding once all H and P positions are filled.

The occupancy of P sites shows an intriguing behavior.
They reach full occupancy at n = 32, beyond which their
occupancy drops sharply and levels off at about six, i.e.,
only 50% of pentagons are occupied whereas the occu-
pancy of hexagons remains high. A different perspective is
offered by Fig. 4(a), which shows the number density of
helium versus distance R from the Cg, center. For n = 32
all atoms are in registry with the substrate; their radial
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FIG. 4 (color). (a) Number density of helium atoms
versus distance R from the fullerene center for n =
32,40, 45, 50, 55, 60. The inset shows the density in the second
shell for larger n. (b) Angular He distribution for CgyHey, *. The
white circle marks the unoccupied pentagonal site. (c) Angular
distribution for CqyHeq; ™.

distance peaks at 6.5 A. Beyond n = 32 another peak
emerges at 6.9 A representing atoms that are not in registry.

The small (6%) separation between the two peaks in
Fig. 4(a) justifies the notion that up to n = 60 all atoms are
confined to the first solvation shell. At what size will atoms
occupy a distinct second shell? At n = 32 the layer is of
low density; the average distance between adjacent helium
atoms is 4.3 A for sites over adjacent pentagon and hex-
agons, and 4.6 A over adjacent hexagon pairs, even larger
than the 4.26 A between He atoms in the \/5 X \/37 phase on
graphite. Therefore about twice as many atoms (2 X 32)
should fit into the first solvation shell of C, ™ ; the anomaly
at n = 60 in the ion yield and experimental dissociation
energy may signal completion of this shell. The anomaly at
n = 62 observed in mass spectra of C;oHe, ™ (see Fig. 2)
supports this interpretation: If one estimates the number
density of He in C;oHeg, ™ with a continuum approxima-
tion, one obtains a value within 1% of that for C4yHey,*.

The MD simulations, though, do not fully confirm
this interpretation. The radial distributions [see the inset
in Fig. 4(a)] reveal a distinct new peak (at R = 9.0 A) at
n = 92. The peak is barely visible at n = 78 and absent
at n = 74, suggesting that the first solvation shell fills at
n = 74. However, a shortcoming of the MD simulations
discussed so far is their neglect of quantum effects. As a
remedy, we have generated an effective Feynman-Hibbs
potential from our ab initio potential that takes into

account quantum effects to second order in # [24]. The
dissociation energies obtained for n = 32 change by less
than 10%; the abrupt drop beyond n = 32 is reduced but
still significant. Beyond n = 58, one can clearly see the
formation of a second shell of He atoms. At 4 K, some of
them evaporate after several hundreds of ps, but at 3 K they
stay in the complex. For systems containing the same
number of He atoms in the second shell, the radial distri-
butions are qualitatively the same as those obtained from
purely classical MD simulations. Hence the main quantum
effect is to reduce the onset for growth of the second shell.

It is worth noting that the second layer is not stable if the
effective potential is computed to all orders in 7. This result
is, however, not surprising because it has been shown [25]
that, in the framework of Feynman-Hibbs theory, the ef-
fective potential calculated to all orders in 7 significantly
overestimates quantum effects. Thus, a further improve-
ment of the present MD simulations would imply the use of
full quantum dynamics methods, which is not feasible for
systems of this size.

For helium on graphite, commensurate phases are iden-
tified by anomalies in the heat capacity versus temperature;
the \/3 X \/5 phase exhibits an order-disorder transition at
3 K [2]. It is not practical to determine the temperature
dependence for specific cluster sizes in our (classical) MD
simulation, but we can identify qualitative changes
versus size at a constant temperature of 4 K. For n = 32
all He atoms are nearly immobile. This is demonstrated in
Fig. 4(b), which presents the time average of the angular
distribution of He in C¢oHe, . The unoccupied pentago-
nal site is marked by a white circle; the site is not visited
during the 5 ns of the simulation. The angular distribution
of CqoHe;; ™ [Fig. 4(c)], on the other hand, shows diffuse
traces of helium in several regions other than H and P sites.
Studies for larger values of n show that atoms at hexagon
sites are nearly immobile, atoms at pentagon sites are
somewhat mobile (facilitated by the presence of vacan-
cies), while the remaining atoms (at R =~ 6.9 A) are highly
mobile. Thus, for n > 32 at 4 K one finds coexistence of an
ordered, solid phase with a disordered, liquidlike phase.

In conclusion, cationic fullerene-helium systems exhibit
phenomena akin to helium on graphite. The positive charge
and curvature of the substrate enhance corrugation effects.
A commensurate phase of low density forms for CgoHe,, "
(and CyoHey; ) when each carbon polygon is occupied by
one helium atom. Additional helium atoms in the first layer
partially displace atoms from pentagonal but not hexagonal
sites; atoms at hexagonal sites are immobile while other
atoms are highly mobile at 4 K. More work is needed to
confirm that the anomalies in the experimental data at
CgoHeg, ™ and CyoHeg, ™ are caused by closure of the first
solvation shell.
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Note added in proof.—Recently, we became aware of a
theoretical study of melting and freezing of helium clusters
doped with C60+ [26]. The basic conclusions drawn in this
interesting paper closely agree with ours.
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