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Abstract. The phonon dispersion relations and IR spectrum of a Czo-based solid recently identified ex-
perimentally [Igbal et al., Eur. Phys. J. B 31, 509 (2003)] have been computed by density functional
perturbation theory. Other competitive structures made by assembling Czo clusters have been considered
as well. In particular, we have computed the structure and the Raman spectra of two-dimensional poly-
meric phases of hydrogenated Cao clusters which might be formed under different synthesis conditions.
Fingerprints of the different phases have been identified in the vibrational spectra which could be used in

the experimental search of Cgg-based solids.

PACS. 61.48.+c Fullerenes and fullerene-related materials — 63.20.-e Phonons in crystal lattices — 78.30.-j

Infrared and Raman spectra

1 Introduction

The report on the synthesis of the dodecahedral Cyy clus-
ter in the gas phase from CgoHgyp precursors [1] encour-
aged recent research on the properties of the smallest
fullerenes [2—4]. Due to the increase of the electron-phonon
coupling with increasing curvature of the graphenic cage,
the solid phases of the small fullerenes (Csg [5], Cag [6],
Cao [3,4,7]) have been suggested to be good candidates
for high-T, superconductors. In this respect, the Cyq clus-
ter is the most interesting, being the fullerene with the
highest curvature. Experimental evidence on the synthe-
sis of the solid form of the Cyy cluster has been recently
provided as well [2]. The new phase has been identi-
fied in a diamond-like amorphous film deposited by ul-
traviolet laser ablation of polycrystalline diamond onto a
nickel substrate and in a benzene atmosphere [2]. Electron
diffraction, microRaman, and mass spectroscopy measure-
ments combined with ab initio calculations suggested the
presence of a crystal with face-centered-cubic symmetry
and Cg clusters as building blocks [2]. Unlike Cgg, and
more similarly to the proposed solid phase of Csg [5], the
Coo-based crystal is not bound by van der Waals forces,
but is instead stabilized by linking the Cy cages (sitting
on the fcc lattice) with bridging carbon atoms at the tetra-
hedral interstitial sites. This leads to an fcc crystal with
22 atoms per unit cell (fcc-Caz) [2]. Ab initio calculations
have shown that fcc-Coo can be turned into a metallic
system with a large electron-phonon coupling constant
(A = 1.12) by doping with alkali metals (Li, Na) [3,8].
Another Cyg-based solid has also been predicted on the
only basis of ab initio calculations [4,9], but its structure
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turned out to be incompatible with the experimental data
of reference [2]. This latter Cag-based crystal can be seen
as originated from the two-dimensional polymerization of
Cqyo clusters still on an fcc lattice. The polymerization
takes place via [24+2] cycloaddition reaction leading to a
2D polymer similar to the tetragonal phase of polymeric
Cgo [10]. The 2D polymeric planes are further bonded each
other via additional intercage covalent bonds leading to
a body-centered-orthorombic lattice with a Cog cage per
unit cell (bco-Cg [2,4]). Although inconsistent with the
experimental data on the Cqp-based solid of reference [2],
this latter structure has a cohesive energy close to that of
fce-Cog and it might thus be synthesized under different
experimental conditions.

In this paper we investigate further the properties of
fce-Cog and bco-Cqg crystals by reporting the ab initio
calculations of phonon dispersion relations and IR spec-
trum of fcc-Cag and of the Raman spectra of hydrogenated
forms of bco-Cqg which could be formed by assembling
partially hydrogenated Cyy precursors. The calculations
provide a prediction on the vibrational properties of these
new systems which can aid their experimental identifi-
cation. The calculations are based on density functional
theory in the local density approximation. Computational
details are given in Section 2; vibrational properties of
fce-Cog and hydrogenated bco-Cog phases are reported in
Sections 3 and 4, respectively. Section 5 is devoted to dis-
cussion and conclusions.

2 Computational details

The calculations are performed within density functional
theory in the local density approximation as implemented
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in the codes PWSCF and PHONONS [11,12]. Norm-
conserving pseudopotentials and plane waves expansion of
Kohn-Sham orbitals up to a kinetic cutoff of 40 Ry have
been used. Phonon dispersion relations, effective charges
and dielectric constant (e,) of fcc-Coo have been com-
puted within density functional perturbation theory [11].
Integration over the electronic states in the Brillouin
Zone (BZ) is performed on a 2x2x2 Monkhorst-Pack (MP)
mesh [13]. The dynamical matrix of fcc-Cag has been com-
puted on a 6x6x6 grid in g-space. A Fourier interpola-
tion technique provided the dynamical matrix at the other
points of the BZ [11]. The IR spectrum of fcc-Cag is ob-
tained from the imaginary part of the dielectric function
(the dielectric tensor reducing to a scalar function for a
cubic system) given in terms of ab initio phonon polariza-
tion vectors n and effective charges Z as

_ 472 1 7 2(5 1
e2(w) = 3V r E‘ ; aﬁ('f)ﬁﬁ,j(ﬂ)’ (w—wj), (1)

where V' is the unit cell volume, a and ( are Carte-
sian indices, and x and j run over atoms in the unit cell
and phonons at the I'-point, respectively. The J-function
in (1) is replaced by a Gaussian function with variance
o = 5 cm™!. The geometry of isolated hydrogenated
Cqyo clusters and of hydrogenated bco-Csyy crystals have
been optimized by Car-Parrinello simulated annealing [14]
as implemented in the code CPMD [15]. A time step
of 0.12 fs and a fictitious electronic mass of 800 a.u. have
been used. Integration of BZ has been restricted to the
I" point in the Car-Parrinello dynamics. Only phonons at
the I' point have been computed for the hydrogenated
bco-Cyg solids. In this latter case, the dynamical matrix
has been obtained from finite differences of the forces for
finite atomic displacements. The Raman spectra of the
hydrogenated bco-Csyy solids have been calculated from
ab initio phonons and empirical polarizability coefficients
within the bond polarizability model [16] (BPM). Differ-
ent BPM coefficients have been used for C=C short dou-
ble bonds (with length < 1.36 A), other C-C bonds (with
length 1.43—1.58 A) and C-H bonds as given in refer-
ence [16].

3 Vibrational properties of fcc-C,,

The crystal structure of fcc-Cop (space group Fm3) is
shown in Figure 1. Eight atoms out of twenty of the cage
(atoms B in Fig. 1) and the interstitial carbon atoms (A)
are sp> hybridized. The other twelve atoms of the cage (C)
are sp? hybridized forming C=C ethylenic bonds. There
are three bond lengths in the crystal: the single sp3-
like B — C bond in the pentagonal ring (1.531 A), the
C=C ethylenic-like bond (1.346 A) long and the single
sp3-like bond between a cage (equivalent to B) and an
interstitial atom (A) (1.517 A). The calculated phonon
dispersion relations are reported in Figure 2. The upper-
most flat bands correspond to the stretching modes of the
ethylenic dimers of the cage. Frequency and symmetry of
the I'-point phonons are given in Table 1.

The European Physical Journal B

Fig. 1. The face-centered-cubic structure of the fcc-Caa crys-
tal. The conventional unit cell with four formula units is shown.
The crystal belongs to the Fm3 space group. The coordinates
of the three independent atoms (A, B, C) in units of the lattice
constant a = 8.61 A are A = (0.25, 0.25, 0.25), B = (0.148,
—0.148, 0.148), C = (0.078, —0.217, 0.0). The atoms C and C’
and the other ten of the cage equivalent by symmetry are linked
by an ethylenic-like bond 1.346 A long [2,3].
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Fig. 2. Phonon dispersion relations of fcc-Cqz along the high
symmetry lines of the Brillouin Zone.

The effective charge tensor is finite for all atoms
with maximum values in the off-diagonal components of
atoms C' (Fig. 1). This implies that the effective charge is
mainly due to a charge transfer accompanying the bond
modulation. The effective charge tensor for atoms A, B
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Table 1. Symmetry and frequency of the I'-point phonons
of fcc-Cag (without LO-TO splittings).

Modes Energy (cm™")
T, (1) 271
Ey(1) 484
T,(2) 489
Twu(1) 574
Tu(2) 621
T,(3) 697
Ay(1) 729
Tu(3) 731
E.(1) 751
Ty (4) 849
T,(5) 938
Tu(4) 949
Au(1) 984
Tu(5) 1031
E,(2) 1070
T,(6) 1095
T (6) 1096
Ag(2) 1147
E.(2) 1214
Ty(7) 1219
Au(2) 1272
Tu(7) 1273
Ty(8) 1283
Ag(3) 1502
Tu(8) 1535
E,(3) 1558

and C (Fig. 1) are given below in a.u.:

0.230
Z(A) = 0.2300230 : 2)
by —bs —b
Pa 1 3 2
Zaﬁ(B)za—z by b1 b3 |, (3)
dug bs by by

with by = 0.337, b = —0.326, bs = 0.274, P, polarization,
ug atomic displacement and finally

—0.166 0.841
0.267 —0.235 : (4)
—0.388

Z(C) =

The calculated dielectric constant is €5, = 6.499. From
the phonon displacement pattern and effective charge ten-
sors the IR spectrum shown in Figure 3 is obtained [11].
Due to the small effective charges and the large unit cell,
the TO-LO splitting is small (< 2 cm™!) except for the
mode at 731 em™! (T, (3)) which has a LO-TO splitting
of 7 ecm ™1 (still hardly visible in Fig. 2). In fact, this latter
mode corresponds to the strongest peak in the IR spec-
trum. Its displacement pattern is shown in Figure 4. The
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Fig. 3. Calculated IR spectrum of fcc-Cos.
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Fig. 4. Displacement pattern of the Tu(3) mode of frequency
of 731 cm ™! which gives the strongest peak in the IR spectrum
(cf. Fig. 3 and Tab. 1).

Raman spectrum of fcc-Cao produced by the g modes in
Table 1 has been reported in our previous work [2]. The
IR spectrum of Figure 3 provides an additional fingerprint
to be used to identify experimentally the fcc-Coq crystal.

4 Hydrogenated C;; polymers

The bco-Cqg solid studied in references [2,4,9] is shown in
Figure 5. The structure can be understood as obtained
in two steps from Cgg clusters arranged in an fcc lat-
tice. First, in analogy with the tetragonal phase of poly-
meric Cgo [10], polymeric planes of Cqy are formed via
[24-2] cycloaddition reaction along [110] and [110] direc-
tions of the fcc lattice (four [2+2] reactions per Cyg,
Fig. 5a). The 2D polymers stacked in the ABAB sequence
along [001] are further interlinked each other with eight
additional intercluster bonds per Cgy. We might envis-
age to cleave these latter interplanar bonds and stabi-
lize the 2D polymer in a form similar to the tetragonal
polymeric Cgp. This can be achieved by saturating, at
least partially, the eight dangling bonds per Cyy arising
from the separation of the polymeric planes. Partial hy-
drogenation by addition of four H atoms per Cgg cluster
allows to reach this goal. The new structure can also be
seen as originated from [2+2] cycloaddition reactions of
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Fig. 5. Crystal structure of the bco-Ca solid (see text).
(a) View of a single polymerized plane produced by
four [242] cycloaddition reactions per Cao cluster. (b) View
of the 3D bco-Cao crystal [2,4,9].

CaoHy precursors (Fig. 6). There are several isomers of the
CooHy fullerene differing in the position of the H atoms.
Among them we have considered the isomers with H po-
sitions compatible with the formation of [2+2] cycloaddi-
tion reactions of bco-Cgg as given in Figure 6. There are
six clusters of this type obtained by inserting the hydrogen
atoms on four positions among the eight dangling bonds
per Cqop produced by the cleavage of bco-Cyg (Fig. 5). The
structures and energies of the six clusters, named A, B,
C, D, E and F are given in Figure 7 and Table 2. The cal-
culations on the “isolated” clusters have been performed
with 3D periodic boundary conditions in a cubic supercell
with edge of 10.94 A. These clusters might originate from
partial dehydrogenation of the CooHgg molecule. The vi-
ability of this formation route might be supported by the
calculation of the relative abundance of the CooH,, clus-
ters as a function of the hydrogen number n. This analysis
could reveal the presence of magic CogH,, clusters, but it
is computationally very demanding due to the presence
of a prohibitively large number of isomers and presently
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Fig. 6. a) Two-dimensional polymer of CaoHy4, obtained from
isomer A (see text and Fig. 7). b) Geometry of the Czo unit
inside the 2D polymer. The point group of the polymer is Ds.
The lengths (in A) of the double bonds and of the bonds tak-
ing part in the [242] cycloadditions are given (see text). Dark
spheres indicate hydrogen atoms.

outside the scope of this work. The less symmetric clus-
ters among those considered (E,F) have the lowest en-
ergies. However, the energy hierarchy is reversed when
the 2D polymer is formed. In fact, the most symmetric
isomer A gives rise to the polymer with the lowest en-
ergy (Fig. 6). The total energy of the 2D polymers formed
by selected isomers are reported in Table 2. The inter-
nal structure and the a and b parameters of the 2D lat-
tice have been fully optimized. In the optimization of
the lattice parameters we have used a higher cutoff of
80 Ry to avoid the discontinuities due to the variation in
the number of plane waves [17]. The calculation are per-
formed with 3D periodic boundary conditions. The peri-
odically repeated 2D polymers are separated by a vac-
uum 5 wide. The equilibrium lattice parameter for
the most stable 2D polymer obtained from the isomer A
(Fig. 6) are a = b = 5.724 A. A large energy gain is found
for the formation of intercluster bonds via the [2+2] cy-
cloaddition reaction. The polymerization energy is ~3 eV
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Fig. 7. Structure of six CaoHy clusters (see text). Panel (a)
isomer A (D5 point group symmetry), panel (b) isomer B (C2),
panel (c) isomer C (Cap), panel (d) isomer D (C1), panel (e)
isomer E (C1) and panel (f) isomer F (Cy).

Table 2. Total energies of the six CaoHa clusters (see text).
The energy per Czo unit of the optimized 2D polymers of se-
lected isomers is reported in the second column. The data cor-
respond to calculations with an energy cutoff of 80 Ry (see
text).

Cluster Energy (eV) Energy (eV)
A 1.035 —6.369
B 1.090 -
C 0.810 -6.212
D 1.020 -
E 0.068 -5.621
F 0.000 -

per [242] cycloaddition depending on the type of isomer
(cf. Tab. 2). Note that this polymerization energy is much
larger than that of the Cgg polymer. In fact, the calculated
polymerization energy of the tetragonal polymeric Cgg is
only 0.645 eV per [2+2] cycloaddition [18]. A sketch of
the Cgg unit of the most stable 2D polymer formed with
isomer A is shown in Figure 6b. This latter polymer has
D5 point group symmetry. Four C-C bonds in the cluster
(1.58—1.56 A long) participate in the [242] cycloaddition
reaction with neighboring clusters. Eight carbon atoms of
the cluster form instead four C=C double bonds 1.36 A
long (Fig. 6b). The length of the other single C-C bonds
in the cluster are in the range 1.43—1.59 A while the inter-
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Fig. 8. Electronic band structure along the high symmetry
directions of the 2D Brillouin Zone of polymeric CaoH4 ob-
tained from isomer A (see text and Fig. 6). Arrows indicate
the indirect electronic band gap.
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Fig. 9. Calculated Raman spectrum of 2D polymeric CaoHa
(isomer A, see text and Fig. 6) in backscattering geometry
along directions (a) z, (b) y, and (¢) z with z perpendicular to
the polymeric plane (cf. Fig. 6).

cluster bonds are 1.58 A long. The electronic band struc-
ture along the high symmetry lines of the 2D Brillouin
Zone is shown in Figure 8. The system is insulating with
an indirect band gap of 1.55 eV. The uppermost valence
bands and lowest conduction bands are very flat and orig-
inate from 7 bonding and 7* antibonding states of the
C=C double bonds, respectively. The calculated Raman
spectra in backscattering geometry of the 2D polymer (iso-
mer A) are shown in Figure 9. We recognize four main
peaks at 456, 480, 790 and 1497 cm~'. The peak above
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3000 cm ! are due the CH stretching modes. The peak at
1497 cm ™! is a stretching mode of the C=C double bonds.
The mode at 790 cm~! is a quadrupolar deformation of
the cluster cage along the axis connecting two hydrogen
atoms above and below the polymeric plane. The peaks
at 456 and 480 cm ! are stretching and bending modes of
the bonds involved in the [2+2] cycloaddition. The Raman
spectra of the other 2D polymers formed by isomers F
and C similarly show four strongest peaks at frequencies
slightly different from those of isomer A (within 30 cm~1!)
but with very similar displacement patterns. These fea-
tures could be used as fingerprints of the CooHy polymers
in the experimental search for Cyp-based solids.

5 Conclusion

In summary, we have computed the phonon dispersion re-
lations and IR spectrum of the fcc-Cog crystal, recently
proposed in a joint experimental and theoretical report [2].
Our calculations provide further data which would aid the
compelling experimental identification of this new car-
bon phase. Other possible competitive structures made
by assembling Csg clusters have been considered in lit-
erature [2,4]. Here, we have studied the geometry and
Raman spectra of two-dimensional polymers made from
[242] cycloaddition reactions of CagHy clusters. Although
these polymeric forms are only theoretical structures at
the moment, one might envisage to synthesize these phases
by deposition of partially hydrogenated Csg clusters on a
metallic substrate at low coverage. One might speculate
that the high reactivity of the Coq clusters would promote
their condensation into polymers [19] and that the par-
tial hydrogenation might stabilize a polymeric plane with
respect to the 3D network of the fcc-Cao phase, found
experimentally under the deposition conditions of refer-
ence [2]. Supersonic cluster beam deposition has been re-
cently proven to be an efficient tool for the deposition of
carbon films with a controlled nanostructures [20,21]. The
combination of this technique with the above-mentioned
methods [1,2] for the production of stabilized Cag cages in
the gas phase is suggested as a possible route for the pro-
duction of (hydrogenated) Cao polymer films on suitable
substrates.
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