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Lattice dynamics of pressure-polymerized phases of & A neutron scattering investigation
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We report on inelastic neutron scatterifilyS) investigations of the dimdiD) state and of the orthorhombic
(O), tetragonal’T), and rhombohedrdR) polymeric phases of £ obtained upon high pressure-high tempera-
ture treatments. The neutron data confirm that the low-frequency profile of the inelastic neutron scattering
spectra is highly sensitive to the structure of the phase. The differences between the spectra are discussed in
terms of structure-specific low-energy modes which are driven by the degree of polymerization.
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[. INTRODUCTION single phased. The conditions for pure dimeric state synthe-
The G, fullerite cristallizes into the face-centered cubic SIS @ré, however, not yet precisely known. Nevertheless the

(fcc) phase at ambient conditions. This phase is known to b&ay diffraction (XRD) pattern of theD-state is different
a plastic phase in which the ¢ molecules rotate freely enough from those of the other phases to be used as a tool to

around their center of mass. On cooling below 260 K, thiddentify this particular state. The vibrational spectrum of
rotation freezes and the system transforms to the simple cPlld Ceo ranges from 0 to 200 meV. Itis well known that it
bic phasé:2 However, G, is known to form polymeric com- can be d|V|ded_ into two clearly separated zones, e, the in-
pounds under certain conditions. Of particular interest are thgarpolelcularbV|?rat|on rangegO—ZOO ?e\)’_, and the Inter-
crystalline polymerized phases that can be obtained by high- i\scu ar8w rz 'gg rag\%gr)h_ Tfe\at’ Sf ovvllng a_gag reg|or(1j
pressure high-temperature treatmeghtPHTT) of fullerite etween o an m € efiect ot polymerization an
Ceo. Under this treatment, the neutrakmolecules poly- dlmerllza'uon involves modifications of the spectra in the
merize by forming between one and $&t 2] cycloaddition complete range.

. ; : . . The intramolecular frequency range.g., 30—250 me
interball connections in which paralléb,6) bonds on adja- of the infrared(IR) and Ra?*nan s):)ectrg 0? t® T, R and D)/
cent Ggs are connected by a pair of carbon-carli@:C) !

. ; ; . HPHTT phases has been studied experimentally at room
bonds. '_I'he polymerized structures obtamed by_ this route iNemperatur® and the spectra were discussed, based on
clude dimers(D), orthorhombic(O) one-dimensional1D)  group-theoretical analysis of pristineggand its molecular
chains, tetragonal (T), and rhombohedral (R) two-  clusters. Recently, very accurate studies of the IR active vi-
dimensional(2D) lattices—> (Fig. 1). The determination of brational modes of the polyfullerenes were carried out using
the vibrational features of these phases remains an expeuantum molecular dynamics simulatioris!4 The assign-
mental challenge, the main problem being the difficulty ofment of the vibrational spectra of the different phases allows
obtaining samples with well-defined molecular fractionalone to consider the IR and Raman spectra of the crystalline
composition and high purity. Up to now, the simultaneouspolymerized phases as characteristic of these phases.
presence of the different polyfullerenes in the sample has The polymerization of &, leads to drastic changes in the
made the task of spectra interpretation very complicatedow frequency dynamic€—30 meVf where typical interball
These samples, as a rule, represented the mixture of differentodes(ball stretching, torsions ejcand molecular lattice
polymerized phases—or solid solutions of polyfullerenes —modes(acoustic phonons, librationshow up. The study of
with indefinite fractional compositiofr.2 Recently, success- the low-frequency excitations of pressure-induced polymer-
ful synthesis of practically pure samples of tBe T andR  ized phases of £ has been performed using far-infrared
phases allowed investigation of their structu¢airay dif-  spectroscopy>1* Raman spectroscog$® and inelastic
fraction) and vibrationakinfrared and Raman spectroscgpy neutron scattering experimerfst® In investigations by
propertiest®? In Fig. 2 of Ref.10 are shown the x-ray dif- high-resolution far-infrared transmission, no low-energy
fraction (XRD) patterns of theD, T, R phases and of thB  mode was observed in the 2—10 meV rafgé?However, a
states. The comparison with calculated XRD patterns showRaman study of pure pressure-polymerized samplass
that there is practically no unindexed diffraction peak in thecarried out in the 6—225 meV range, and the Raman spec-
experimental diagrams, proving that the samples are almostum of the dimer was found to be characterized by a peak at

1098-0121/2004/100)/1043026)/$22.50 70104302-1 ©2004 The American Physical Society



S. ROLSet al. PHYSICAL REVIEW B 70, 104302(2004)

systematic INS study of the HPHTT phases up to now. This
@@ paper presents an investigation of a complete systematic
study of the vibrational characteristics of the polym@s T
andR) phase and dimgiD) state of Gy obtained by HPHTT
with a high degree of purity and almost monophased. We
focus our study on the low-energy range of the vibrational
spectra which mainly comprises the interball vibrations, us-
ing an inelastic neutron scattering technique.

D-State

O-Phase
Gy Il. SAMPLES AND EXPERIMENTAL SETUP

A. Samples

All polymeric phases were produced by high-pressure
high-temperature treatmenHPHTT) of fullerite Cgp in
piston-cylinder and toroid-type high pressure devices. High-

. . pure (99.98% twice-sublimed small-crystalline fullerite &
T-Phase _sgpplied by Term USA was_taken as a starting material. The
initial powder was stored inside vacuum-sealed ampoules
and was opened just before use. This procedure almost en-
tirely prevents the intercalation of oxygen in the bulk of
material which could react with g at high temperature. The
P, T parameters and times of HPHTT chosen for synthesis of
high-pressure phases have been published elsewhBa.
man and x-ray diffraction characterizations of all samples
confirm the purity and the homogeneity of the polymeric
phases obtained this way. It should be noted that we did not
find the conditions for pure dimeric phase synthesis. Conse-
quently, the dimeric state studied in this work is a sample
with a[Cgol, content of about 80 mole %. A mass of about
300 mg(200 mg of each pressure-polymerizédimerized
phase was prepared in powder form for the inelastic neutron
scattering(INS) investigations.

Elastic intensity (arb. units)

1.2 1.3 1.4 1.5 1.6
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Q(A) B. The inelastic neutron scattering experiments
FIG. 1. The elasticS(Q,w=0) part of the neutron scattering Inelastic neutron scatterindNS) experiments were per-

spectra, and a schematic representation of the corresponding strdformed on powdered samples using two complementary
ture. From top to bottom: dime® polymer, T polymer, andR  techniques. A first set of experiments was carried out at
polymer of Gy, 200 K on the triple-axis spectrometgF2) installed on the
cold source of the Orphée reactor at the Laboratoire Léon
11.7 meV. This feature was assigned to the total symmetriBrillouin.*® The use of a triple-axis spectrometer allows one
interball vibration of [Cgol,. By neutron investigations, it to collect data either at consta@t momentum transfegen-
was found that 1D polymerization of charged,Gn the  €rgy scanpor at constant energy transfiw (Q scang. This
RbGCy, phase leads to the appearance of new features in tHXperimental setup provides an efficient way to determine
0—8 meV range as well as in the 8—30 meV gap related téhe scattering functio(Q, ) in the (Q, ») spaceQ scans
interchain and interball vibratiorl$ The INS spectrum of the were performed at elastic scatteritfgn=0) in order to de-
1D-polymer phase of Rhgand the INS spectrum of a poly- rive the elastic structure factor for comparison with diffrac-
meric phase of g, obtained at 1.2 GPa and 600 K exhibited tion diagramgsee Fig. 1L The energy scans were performed
a similar profile. According to their calculations, the authorswith a constant final wave vectég=1.97 A* giving an en-
assigned this particular HPHTT phase as mainly containing@rgy resolution of about 0.4 meV at consta@t3.5 A*?
linear chains of cages polymerized via fi#e+2] cycloaddi- transfer. Another set of INS experiments were performed at
tion reactiont® Another INS study of a HPHTT & polymer ~ room temperature on the cold time-of-fligfitOF) spectrom-
obtained at 2.1 GPa and 620 K showed the presence of tweter (MiBeMol) at incident wavelength 5 A in a scattering
strong peaks at 12.8 and 16.6 meV, with a weak componerangle ranging from 12° to 147°. This setup allows one to
at 5.2 meV1® These peaks were tentatively assigned to interexplore aQ range from 0.26—2.41 & at elastic scattering
ball vibrations of the infinite chains of & but the absence (0.45-2.74 A at 2 me\j. After classical treatment$,one
of data about the exact structure of this sample did not permibbtains the generalized density of state®©0S. For coher-
further conclusions to be drawf The unavailability of pure ent scattering such as carbon, this is achieved within the
polymeric samples is the main reason for the absence of fiamework of the incoherent approximatiéf¥! The validity
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FIG. 3. The inelasti§Q, w) part of the neutron scattering spec-
tra of dimer CsGg (top) and 1D polymer phase of Cgg(bottom).

intensity (arb. units)

Fig. 2 can be viewed as guides to the eyes and the different
components will not be shown. For an easy comparison of
the two data sets, we derived the GDOS from $@&,w)
measured on the triple-axis spectrometer. For that, the elastic
and quasielastic contributions were removed from the experi-
mental spectra, and the GDOS was obtained using the usual
expression:

wSQ,w)
QIn(w,T) + 1]’

FIG. 2. The inelastiS(Q, ») part of the neutron scattering spec- Wheren(w,T) is the Bose factor at temperatufe Deriving
tra. From top to bottom: dime€) polymer, T polymer, andR poly-  the GDOS for a pure coherent scatterer and using a sf@gle
mer of G value might be taken with high care. One has to keep in mind

that this will not give an absolute estimation of the density of

of the incoherent approximation depends on the ratio bestates, but this function is derived to provide a useful quan-
tween the volume in th€ space probed during the experi- tity that can be compared with the GDOS derived from TOF
ment to the volume of the first Brillouin zone of the com- experiments and from calculations.
pound studied. The larger this ratio, and the better the
aproximation. For a lattice with a typical 10 A lattice param-
eter, the volume of the first Brillouin zone gives a value of
the order of(27r/10)3=0.25 A3, For an excitation at 2 meV, Figure 1 displays the elastic pa®Q,»=0) of the neu-
the volume inQ space probed is of the order of 863 tron scattering spectra measured in the 1.2—T5@range
giving a ratio of about 346. Such a value indicates that theat 200 K for the dimer state and polymer phases g§ C
incoherent approximation is meaningful. TB&, w) spectra  These diagrams were recorded to test the homogeneity and
(see Fig. 2 have been fitted with a set of Gaussian compo-the purity of the large mass of samples used for the INS
nents added to a delta function and a lorentzian contributiorexperiments. Despite the po@rresolution, the overall pro-
The latter function was included to account for a quasielastidile of the diagrams are sufficiently distinct from each other
component observed at low frequency in each spectrum. Thia this Q range to distinguish the different phases and allow
origin of this quasielastic signal is not clear, but the fact thata correct characterization of the samples. The correspon-
it is present in the spectra whatever the sample and its struclence between these diagrams and those obtained on smaller
ture leads to the conclusion that it is related to an experimeramounts of sample by x-ray diffractithensures that the
tal artefact. Such a quasielastic component is not observed large mass of each sample used in the neutron experiment
the high-resolution TOF spectra as indicated by the weakelates to an homogeneous specific pressure-polymerized
intensity of the GDOS at very low frequencgee Fig. 3. phase of G, Therefore, the crystal structures of our samples
However, it is necessary to take into account such a compowere assumed to be the same as those determined from pre-
nent in order to obtain a good fit of tI&Q, ) profile. The  vious structural studie®;?* which give a rhombohedral
fits of the spectra were obtained by adding the smallest nunstructure for ourR phase with space grougdm, composed
ber of Gaussian components. In this sense, the solid lines iof three trigonal 2D layeré6P3ml symmetry stacked rhom-

EztmeV) s Glw) ~ (1)

IIl. EXPERIMENTAL RESULTS
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bohedrally in the sequen@BC with Cgy molecules keeping D-State
the same orientation along tleaxis and held together by
van der Waals forces. The crystal structure of Thehase
depends on the conditions of synthesis and can have either
Immm orthorhombic(pseudotetragongf or P4,/mmctrue
tetragonal structur& Our method leads, rather, to the
P4,/mmcstructure of theT phase. The exact crystal struc-
ture of theO and dimer phases are not known. However, the
study performed on the multidomain crystal of Bephase

led to an orthorhombic lattice witRmnnsymmetry and con-
taining Gy chains?® Finally, the dimer phase crystallizes into

the cubicFm3m symmetry, which supposes that the dimers
are packed in a disordered manffehe raw experimental
dataS(Q, w) measured at 200 K on the triple-axis spectrom-
eter are reported in Fig. 2. All these responses have been
measured aQ=3.5 A1 As expected, the low-frequency
profile of the dynamic structure fact&Q, w) is found to be
sample-dependent. In particular, a general energy upshift of
the S(Q, w) intensity is observed when increasing the degree
of polymerization(e.g., from theD state to thek phasé. The
S(Q,w) of the D state andO phase are found to be very
similar to the S(Q, w) obtained for the dimer-state ar@
phase of Csg, Ref. 27 (Fig. 3). These early results were
obtained at 200 K on the same spectrometer within the same
conditions as those used in the present experiments, and their o,
INS profile was fitted using the same number of components. ] !
The similarity between the twb states and the tw®-phase il
profiles shows that the structure of the phonon bands are
equivalent and characteristic of the structure of the poly-
fullerene phase studied. The position of the components are,
however, found to be located at a higher frequency for the E (meV)
CsGyo phases than for their pressure-polymerized homo-
logues. The peaks are located close +d.5, 2.7, and FIG. 4. lee triple axige) and TOF() derived GDOS. From top
4.1 meV in the Csg, dimer statd’ against~1, 2, and to bottom: dimerO polymer, T polymer, andR polymer of G
3.4 meV in the pressure-dimerized state. The low-frequency
peaks are located at2.9 and~4.6 meV in the Csgy O  ment is found between both instrument-derived GDOS, es-
phasé’ against ~2.3 and ~4.2 meV in the pressure- pecially for the dimer state and for the polymeficphase:
polymerizedO phase. the positions of the principal features are located around the
It is well known that the G, molecules are connected by same positions and a general upshift of the spectral weight is
a single carbon-carbon boffdfor the dimer state of Csfg, ~ observed when increasing the degree of polymerization. This
by contrast to the pressure-dimerized state where a cyclob@greement ensures the validity of our approach despite the
tanelike double bridge links the twoggballs. One would weak signal-to-noise ratio due to the weak neutron scattering
have expected that a lower number of bond per dimer ircross section of carbon atoms, and the relatively weak mass
CsGyp would have led the interball modes of the chargedof the samples used in the experimefts200 mg. TOF
dimers to occur at lower frequency than their equivalent forresults give a more precise profile of the GDOS at very low
the neutral dimers and change the phonon bands structusmergy than triple-axis experiment results, especially because
significantly, in contrast to what we observe. On the othetthe signal is not disturbed by the presence of the spurious
hand, the interaction between the singly chargegd i@ol-  quasielastic component. Let us focus our discussion on the
ecules and the Cs cations should lead to a hardening of thwofile of the TOF-derived GDOS for all the samples, this
force constants. In consequence, the experimental upshift olspectrum being referred to in the following as GDOS or den-
served between th§Q, w) of the CsG, D state with respect sity of states.
to that of the pressurb state can be explained by this latter  In the pressure-dimerized state, the density of states is
effect that overcompensates the changes due to the differendeminated by a broad doublelike component centered around
in number of bonds. This is confirmed by the observation of.5 meV, with a small shoulder located around 2.3 meV.
such upshift in the Csfg O phase with respect to the pres- This spectrum strongly resembles that obtained on agRbC
sureO phase while the number of bonds is the same in bottphase by Schober and collaborat&¥These authors used a
compounds. hybrid force-constant approach to calculate the GDOS, and
The generalized density-of-states of the pressurethe phonon dispersion relations, of the Rp@imer state, by
polymerized samples is displayed in Fig. 4. A good agreeconsidering g2 +2] bonded dimermodel D1 in Ref. 29

GDOS (arb. units)

@
o

R-Phase
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This model predicts three librational bands at approximatelystate. First, the dominant feature of the GDOS is located at
3, 4, and 5 me\#? By assuming a systematic downshift of ~4.75 meV, and the low-frequency shoulder is no longer
these bands in pressure-dimer state with respech@g,  observed. The dominant signal is close to the one obtained
dimer state, one could assign the strong and broad featufgr the RbG, O phasé® where the main peak, located just
around 4.2 meV and the small bump at 2.3 meV as dugelow 5 meV, is assigned togglibrations around the chain
mainly to contributions from librations char_acteristic of a axis. The absence of relevant features at low frequency might
molecular system bound by van der Waals interactithe  reflect a hardening of the acoustic modes compared to the
Ceo libron is measured at-2 meV in the ordered low- dimer state, with libronic branches having stronger disper-
temperature phase ofsg:(Ref. 30]. In addition, the calcu-  sjon character along the chain direction.

lated dispersion curvedig. 7 in Ref. 29 predict contribu- The hardening of the main feature of the GDOS is even
tions of acoustic mode@t the edge of the Brillouin zomén  more pronounced for tHE andR phases, the most significant
the same energy range. A few years ago, Porezag anghift occurring for the rhombohedral pressure-polymerized
co-workers! calculated the low-energy modes for an isolatedphase where the main component is observed around 6 meV.
[2+2] dimer using density-functional based methods. Odd{n |ine with the previous discussion that explained the differ-
parity libration modes were predicted at 2.7 and 4.2 meVences between tHe state and th®© phase, one could think
and the torsion mode — where the balls are twisted aroundf a general hardening of the acoustic and libronic modes as
the dimer axis — is predicted at 2.8 meV. All these bandsg function of the number di2+2] bonds per molecule: one
are weakly dispersive so that they certainly contribute to then the dimer state, two for the 1D polymer phase, four in the
4.5 meV dominant broad band and to the 2.3 meV shouldepp tetragonal phase, and six in the 2D rhombohedral phase.
of the DOS ef the pressure-dimerized state. However, a carexctually, the hardening of the lattice from tHE to the R

ful observation of the low-frequency part of tHe-state  phase may have the consequence of upshifting the main peak
S(Q.w) spectrum(see Fig. 2reveals an additional intensity of the GDOS from~5.5 to ~6.5 meV. Such a peak seems
around 1 meV that is not predicted in the Porezag calculaappropriate to identify the degree of polymerization of the
tions. By comparison with the Cggdimer state, we tenta- sample under study. Further calculations are, however,

tively attribute this component to libration of the dimer mol- needed in order to assign these contributions correctly.
ecule as a whole. In this sense, this mode is a lattice mode.

Consequently it is more sensitive to the lattice disorder than IV. CONCLUSION
intramolecular librations. The pressure-dimer phase being an . .
D D g We have obtained the low-frequency density-of-states of

orientational disordered pha¥¥?®this later librational mode S .

should be very sensitive to the rotational disorder of theoressure-dlmenzed state and or.thorhomb|c, tetragonal, and
dimeric units, so that it must be anharmonic. Such orientafho'”.nbOthr‘e1| pre;eure-pc_:lymenzed phases gj..G:hese .

¢Rrofiles show significant differences which are discussed in
clear signature from these modes in the TOF-derived cboderms of hardening of the interball translational and libronic
the experiment being performed at relatively high tempera-r_nm:Ies asa furllct]on ﬁf thde degreefof polymelrlzan(zjn. In pag
ture (300 K). To adress this question, the study of the tem-UcUa’, & peak in the density of states located aroun

perature dependence of INS spectrum is scheduled. Hovf-> meV is found to be cheracteristic of tRephase. In qrder
ever, one cannot also exclude that the maximum of thdo assign properly these different low-frequency excitations,

dvnamical structure factor of this mode arises i®aalue inelastic neutron measurements in a wide te_mperature range
oﬁtside theQ range of TOF experiment@<2.6?&‘1 for ~(10-600K, and calculations of the dynamics of theC
w=1 meV), leading to the absence of this contributifiy molecules in these different lattices are in progress.
contrastS(Q, w) in which this mode appears is measured at
Q=35 A"

As expected, the profiles of the GDQSig. 4) for the This work was supported by the NATO Science Program
pressure-polymerized orthorhombic phase are significantlyGrant No. PST. CLG. 979714nd the Russian Foundation
different from those measured in the pressure-dimerizefor Basic Researchg&rant No. 03-03-32640
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