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We review the results of our recent investigationsthe structure of the heavily
doped fulleride Li,Cgqo, as determinedy high resolution XRD, and on the dynamics
of both the Gyunits and of the Li ions, as it emerges from aetsrof experimental
techniques'*C and’Li NMR, Raman scattering and Quasielastic Neutroattgring.
The emerging picture is thatkCqo at high temperature has the same FCC structure
and the same dynamical features as putew@h the only addition of Li localised
diffusion within the octahedral void in the;dStructure. As the temperature is low-
ered, Li diffusion is hindered and a structurahsidion is induced to a phase of
lower than cubic symmetry, which is characterisgdhe disappearance of overall
Ceo librations and Li diffusion and broadening of tbealised molecular excitations
of Cq, as detected by QENS.

1 Introduction

Lithium doping of fullerene has recently attractgmbcial attentiohf® also because of subtle structural
and charge transfer effects that take place inliatkatal doped fullerenes &9 (A= alkali metal,
x=1,3,4,6,...) when the radius of the alkali megsahiuch smaller than the typical radii r of theab&dral
and octahedral voids of the pristing,@seudo-cubic structure (r=1.12A and r=2.06A retpely). In
large radius alkali metal doped fullerenes (A=K, RIs) the crystal structure can be modelled (With t
only exception of ACgy) as intercalation of the alkali metal ions inte tpristine G cubic structure.
Moreover, these compounds show full electronicsfenfrom the alkali metal ion to the;dunit, thus
the stoichiometric parameter x reflects the chatgee of the gunit.

This class of materials has commanded much intdresause of its superconducting and magnetic
propertie& for instance ACs compounds are cubic at high temperature, whileldietemperature
equilibrium phase displays unusual 1-D polymeriaio& confirmed by the presence of a distinct inter-
Cso Vibrational signature of polymeric bohid moreover ACq, supports a magnetic spin density wave
transitio? below T=50K.

A3zCso compounds display superconductivity.£B3K in CsRbGCs, , ref 10) with a positive correlation
between the critical temperaturg dnd the lattice parameter a (which can be varied¢hwosing the
radius of the dopant alkali metal ion), in agreemeith BCS-LDA prediction-. For all these com-
pounds a natural limit in the doping level is reattlat x=6 due to the complete occupancy of thesvoid
of the pristine cubic structure. Such limit is aftsehen doping with small radius alkali metals érid
Na, ionic radii= 0.63, 0.97 A respectively) whiclaynyield phases with higher alkali metal conteet-p
haps due to their tendency to form metallic clistecated in the voids of the pseudo cubic fulleren
structure, as is the case of M&, ***2 In addition, in the case of Na and Li doping ¢hare indications
that the charge transfer from the alkali metalgh® G, unit is only partidt>*2 which might imply co-
ordination between the alkali metal and thg @its.

Parrinello and co-workel$ based on Car-Parrinello first principles molecudgnamics calculations,
proposed that L}Cg could be a stable, highly symmetric fullerene ®usa 'superfulleroid’, with the 12
Li ions coordinated with the 12 pentagonal facegfthus preserving the icosahedrglsymmetry.
Clearly such a system should have an interestingmics, in particular due to the coupling of thgyéa
Ceso molecules to the intercalated Li ions: vibratigddrational and diffusional motions of both compo



nents could mix and influence each other yieldingtegcomplex behaviour, and influence both the
structure and phase transitions in this matenmathis paper, we report structural and dynamiaadist

in this complex and interesting system.

In the following section 2 we report on the sampleparation and experimental setup, in section 3 we
report on NMR and high resolution x-ray diffractienperiments which show that the stoichiometric
compound Lj,Cg, represents a single phase, stable Li doped fuéednd determine its crystal structure
as a function of the temperature. In section 4 mpley Raman and Inelastic Neutron Scattering to fo-
cus on the high energy, localised dynamics of thgn®lecular units, while section 5 is devoted to
analysis of the QENS data which suggest a dynamioalel in which the Li ions diffuse in the confined
environment of the octahedral void of the pristilig molecule, in agreement with the structural infor-
mation. In conclusion, the emerging picture is thaiCeo at high temperature has the same FCC struc-
ture and the same dynamical features as pegevith the only addition of Li localised diffusionitivin

the octahedral void, while at lower temperature ltheliffusion is reduced, resulting in a pseudo-
tetragonal phase which is dynamically charactertsgd broadening and disappearance of many dy-
namical features, i.e. of the Li diffusion and loé tG librations and molecular modes.

2 Sample preparation and experimental techniques.

The samples were prepared according to procedinesdg discussed in the literatliteThe samples
for XRD and Raman measurements were sealed in giagsartz capillaries; those for neutron scatter-
ing were sealed in an air-tight (lead-sealed) Ahioth sample holder whose dimensions were optimised
for the sample quantity (450 mg) and the neutromnbsize. Isotopically purf.i (>99.9%) was re-
quired for the neutron scattering experiments deoto avoid the huge neutron absorption crossosect
of ®Li present in the natural fraction.

The solid state NMR experiments were performedguaiBruker CXP200 spectrometer,é4.7T, tem-
perature range from 110K to 373K).

X-ray diffractograms were collected both with adedttory equipment (Siemens D500, Cy) lind with

the high resolution diffraction beam line BM16 08EF operating at fixed wavelengtk0.652924(2)

A. The sample temperature was stabilized and thelaxy was spun around its axis to average out the
effect of preferred orientations.

Neutron inelastic scattering measurements wer@paed at the Institut Laue Langevin, Grenoble using
the IN6 time-of-flight (tof) spectrometer, operaim neutron-energy-gain with incident neutron wave
length of 5.12 A. The sample was placed insidectlyeloop Typical accumulation time was 12h. The
tof spectra were collected over the full rangeaatt®ring angles. Corrections were made for thenialu
ium can contribution by running an empty sample. d@anadium was used as calibrant, allowing deter-
mination of the relative efficiencies of the cousteThe measured instrumental resolution at thetiela
line was on average FWHM=0.10 meV. In order to dwamintamination by elastic contributions (Bragg
peaks and lattice phonons), only six groups, cosgil73 out of a total of 235 tof spectra, weredus
in the subsequent analysis. The average exchangattnta Q were 0.39, 0.60, 0.89, 1.10, 1.69 and
1.A* for the 6 selected regions. The neutron-weighibtational DOS G(e) was obtained summing up
the inelastic data from all the regions.

For both X ray and neutron scattering measurentibatdata were collected as a function of tempegatur
across the structural phase transition. Ramanrspeetre collected in the back-scattering geomeitly w

a high luminosity monochromator coupled to a,lddoled CCD multichannel detector. Excitation light
(A=632.8 nm, W<1mW) was cylindrically focused onte thner wall of the quartz capillary enclosing



the sample. Care was taken to reduce the poweitylefighe sample so that no perceptible damage
took place.

3. NMR and X-ray Diffraction.

We characterized a series of samples, with diftecemposition parameter x. The diffraction patterns
corresponding to high doping level (i.e. x=12, 18, 24) invariably show a single (1,1,1) pseudoicub
reflection at B = 4.6, although with different distribution of intengi§i between low and high angle
reflections, and in general can be indexed at fipgiroximation as face centred cubic, as pristige C
On the contrary, at lower doping levels (i.e. x54(9, the diffraction patterns correspond to a omit

of different phases with lower than cubic symmefrize contamination from metallic lithium can be
estimated to be less than a few percent from altiffraction patterns.

This indicates for 2 12 a single gylike phase, while for x < 12 we have lower symmegtnases and/or

a mixture of phases. Therefore we focused on thH& x;omposition.

Moreover, the'Li NMR spectrum consists of a single narrow reseeamwith full width at half maxi-
mum of 11ppm, whose shift with respect to the laGlresonance is +3ppm. The line shift is character-
istic of Li nuclei in non-metallic states. No fuethsignal is detected in the spectral region extendp

to 1500 ppm, while bulk metallic Li is expectedkat= 930 ppm. This is a clear indication that Li is not
segregated in a metallic form. Incidentally, no NNiBnal from metallic Li was found up to the highes
studied doping level LiCgp.
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Figure 1. detail of the diffraction pattern of {5Cso around the (420) and (331) cubic peaks.

The single (420) reflectior2@=11.8 at high temperature) is reversibly split whengheple is in the low tem-
perature tetragonal phase.

We collected high-resolution diffraction pattenfd.i,»Csq as a function of the temperature in the range
4.2K-550K. While the high temperature diffractogsamdex as face centred cubic, inspection of the



profiles collected at temperatures below 523K shaveplitting of the pseudo cubic reflections, which
can be indexed, in tetragonal symmetry. The spijtincreases as the temperature is lowered.

In figure 1 we show the detail of the region aro@8e12° with the (420) and (331) peaks. All detected
low angle reflections imply body centring of théragonal cell although a few exceptions are found a
high angles. This suggests just a small distoniotie bct cell towards primitive tetragonal, pbsgiby

a displacement of theg@unit from the symmetric (1/2,1/2,1/2) site.

By the Le Bail pattern decomposition technique Wéam, at room temperature, the lattice parameters
a=b=9.894(1) A, and c= 14.209(1) A. Although theBail fit is clearly not a full structural refineme

it allows a reliable determination of the cell vaile.

As detailed in ref. 16, the diffraction patternlof,Csg collected on BM16 at T=553K (shown in figure

2) can be indexed in face centred cubic symmEtg3m. Different models were tried for the Rietveld
refinement, both with the superfulleroid structirend in the class of the intercalation compoundh wi
an alkali metal cluster in the octahedral voidairalogy with NgCgq in ref. 12. For the ‘superfulleroid
structure’, considering the rotational disordetboth Gy molecules and of the supposedly attached Li,

we modelled it as a simple sphere centred at tiggnauf theFm3m cell, this model gave invariably a
poor fit (Ryp = 19.3%, R=8.1%, Ry;~2.4%).
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Figure2: Diffraction profile of Li,Cgocollected on BM16X=0.652924 A) at T=553K.



The best results were obtained with an intercalasioucture The Profil” suite of programs was em-
ployed, with a modification that allows modellinget C60 scattering density in terms of symmetry
adapted spherical harmonic (SASH) functi8nghe symmetry of the & site in the FCC lattice implies
that only some of the SASH function coefficients &re non zero, namely those with 1=0,6,10,12 and
v=1 (plus the term with I=12 and=2). The 0-th order

Figure 3: The crystal structure of LiCgoat T=550K. The Gunits are indicated as large spheres
(radius reduced for clarity, not all shown), whtite Li ions by the small black (4b and 32f sites )
and grey spheres (24e sites) .

corresponds to the spherical contribution, incregasirder | corresponds to ‘higher order’ decoratn
the sphere. All the Li ions are concentrated @dhtahedral voids of the FCC structure:

i) 4b (1/2, 1/2, 1/2) with almost full occupancy Bl2(2);

i) 32f (x,x,X) x=0.662(1)) with full occupancy N32(1);

iii) 24e (1/2, 1/2, y) y=0.690(1), with partial aggancy N=11.3(7).

The isotropic thermal displacement, ig.86.6(1.2)%" The resulting picture is illustrated in figure 3,
were the Gunits are indicated as large spheres whose rasligzluced for clarity, while the Li ions by
the small black (4b and 32f sites) and grey sph@4#s sites) respectively.

We wish to note here that the value of R=3.559(23Alarger than that found in neutralsC
(R=3.5429(6) A, ref 19 but fully consistent with the radius R=3.556(4(&f 20) of L,CsC60. It is
indicative of a lengthening of the double bondsaasonsequence of the charge transfer onto the C
molecule. The resulting density of carbon on thg Sphere, as modelled with the SASH functions, is



maximum in the lattice directions (1,0,0) and (1/2,1), while it is minimum in the (1,1,1) direatio
which points towards the tetrahedral void. In otlwerds, there is an excess carbon density in tlez-di
tions pointing towards all the Li sites and a minimcarbon density in the (1,1,1) direction correspo
ing to zero occupancy for the tetrahedral site. 3iheation is somehow analogous in@$Gy: there®
the negative &, value implies an excess of carbon density in th&,{) direction, which corresponds

to Li ions residing in the tetrahedral void, hene positive value of the same coefficient corralatéh
the absence of Li ions in the octahedral void (9,1,

4, Raman and Inelastic Neutron Scattering.

It is expected that the phase transition detecteditfiraction be accompanied by significant changes

also in the molecular excitation spectrum. Themfove performed inelastic neutron and light (Raman)
scattering on LpCgo.
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Figure 4: Li;,Cgq vibrational density of states G(e) as measureihdlastic neutron scattering as a function
of sample temperature.

For the inelastic neutron scattering, within thenfework of the incoherent approximation, the spéctr
distribution function R{,) is given by

P(a, f) = 2Bsinh(B12)(S(Q, &)/ a

where S(Qy) is the uncorrected symmetrised scattering lawthadlimensionless variablasandf are
related to momentum and energy transfer

a =h*Q? /2Mk,T
B=hawlk,T



where M is an average atomic mass. The experintgmtadained scattering law S(@), was converted
into the spectral distribution functiond®f) and then corrected for instrumental backgroundyyee
Waller and multiphonon contributions to yield theutron-weighted vibrational density of states G(e)
using the ILL suite of programmes. As detaileddh R1particular care was used in modelling the theo-
retical G(e) for the multi-phonon corrections a tigher temperatures. In figure 4 we show the com-
plete vibrational DOS of LjCsomeasured at T=600K.

The mode originated by thesgCsquashing' K1) (33 meV), present in the 600K data as a shouttis-
appears completely when going to the lower tempegaetragonal phase. This may indicate that the Li
ions clusters act as a "viscous" dampener of theattonal mode of the g units, which appear to be
freer only at 600K.

Note, on the contrary, the presence of thglibrational peak at 4meV, which survives, as wasdhase

in Na,CsGyo (ref 22) and narrows at 600K well above the stmadttransition into the cubic phase. This
is a remarkable result, since for the small Li iem& would expect more diffusional freedom at high
temperatures which should lead to at least a daimgef the librational peak.
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Figure5: Raman spectrum of liCsomeasured at RT with an excitation wave-
lengthA=632.8 nm.

The Raman scattering experiment was performedaa temperature; in figure 5 we show the spectrum
of Li;sCgo0btained with an integration time of 300sec. Thakggositions are reported in Table 1, where
we report also the energies of the correspondingeutar excitations in pristineggand in the fully
alkali metal doped fullerides BBy at room temperature.

The overall spectrum presents many striking sinides with that of the insulating 6-fold ionised @y

(A= K, Rb, Cs¥. Perhaps the most significant information is gi\®nthe ‘pentagonal pinchAy )
mode, which is a standard indicator of the chatgte of the G unit®®, as it softens from 1469¢fin
pristine Go, down to 1445 cihin KzCgoand to 1432.5 cthin the fully dope® AcCeo.



In Li1,Cqo the samely, mode is found at 1432 Chagain suggesting that thg,@nit is 6-fold ionised,
in agreement with the idea that the Li ion donatesverage only % electron

Li;oCso | 276 | 425 | 503 | 658 | 760| 1094 1184 1281 13p5 1397 143282

RbsCqo | 271 | 429 | 500 | 658 | 761| 1092 1120 1238 1385 1419 1432%4

Coo 270 | 430 | 493 | 708 | 772| 1099 Abg. 1248 ADb 1426 14d%%3

&

Table 1: Raman peak positions (in &n of the molecular excitations inkCe and in the fully alkali
metal doped fullerides R8¢y and in pristine g at room temperature, from ref. 23.

All the other spectral features found in Li12C6@ ancountered in Rb6C60 also, except perhaps in the
spectral region of the high frequency tangentiades) between 1350 and 1432 %mwhere we find
several split lines of intensity much lower thae #y,;) mode , which are not easily resolved by our in-
termediate-resolution spectrometer. They are indeditators of symmetry splitting arising from the
locations of the Li ions around thggQinit.

5. Quasielastic Neutron Scattering.

In order to get a better understanding of the ctdietragonal phase transition from the pointiefwof

the diffusive dynamics of the Li ions and of theoréentational diffusion of the & units we analysed
the Quasielastic (QE) neutron scattering signal.

As better detailed in ref. 2%he total scattered intensity was fitted with @t@omponent model, the
elastic intensity being represented by a deltatfon@and the QE intensity by a Lorentzian functimth
convoluted with the resolution function. The elagteak intensity is ascribed to the combinatiothef
coherent scattering from the carbon of the @its and of the Li ions. On the contrary, the iQtensity
can not be ascribed ta,§Cas at low temperature the fullerenes units avelgd, as it emerges from the
analysis of the structure and is confirmed by thseovation of the full chemical shift anisotropytive

3C NMR spectrurtf. At high temperature also the QE signal cannaginaie from the §'s, as they
perform well-defined librations, as pointed outtire previous section. Therefore, the QE signal must
arise from Li ions diffusional motion.

The intensity of the QE signal decreases on codtimg 600K to 450K but does not completely disap-
pear even at the lowest temperatures studied fygiggia residual diffusional motion of the Li ioesen

in the low temperature regime.

Moreover, the aforementioned observation gf Ibrations in the FCC phase indicates that théohs

are not totally free to diffuse between differentds of the crystalline structure, which would fegua
smearing of the re-orientational potential felttbg G units.

The width of the QE signal is about 0.29 meV, inetegent of the exchanged momentum Q. From this
we deduce that the diffusional motion must be laedl at least when studied on the space scalesof th
IN6 experiment, that is between 3 and 16A fromgbsed limits in Q-space.

At the same time the elastic intensity follows ttiegmal Debye-Waller behaviour from which we obtain
the mean square displacement><associated to the Li ions: %t£0.084(14)X , in good agreement



with the value <€=0.083(15)& obtained from the high resolution x-ray diffractiar herefore we used
the same Debye-Waller factor to correct the QEnsitg, which could then be fitted to a theoretical
diffusion model for the motion of the Li ions.

In order to develop a detailed model for the Liufifon we first identify the sites that participatethe
ionic diffusion. These are the 24e sites descriheskction 2 of the present work, due to their &0s-
cupancy (N=1/2) which is required for effective contributiom jump diffusion. We recall that the 24e
sites form an octahedron centred at the crystatipos (1/2,1/2,1/2). Within such model of octahedr
jumps in a confined geomefAthe quasielastic intensity consists of two Lorertzerms

AL(Q)=1/3 [ 1- 2i(/2 Q 1)+jo(2QN)]
AAQ)=1/ 2 [1- 2 Q1)
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Figure 6: Top panel: elastic () and inelastic (AA,) contributions to the scattering law

S(Qw) calculated for a particle performing jumps on teetices of an octahedron (see text).
Bottom panel: Q dependence of the QE intensitgr dfebye-Waller correction, at T=600K and
T=450K. The lines represent the theoretical fiottahedral jumps as described in the text

where j is the spherical Bessel function of order 0, aiglthe radius of the sphere containing the sites.
The two QE widths aren=1.5f andw,=1/ respectively1 being the residence time of the particle on
each site. Even if the two QE terms display diffiéi® dependence, in the Q range of interest tdNGir
experiment, the complete QE scattering function lsarapproximated- with an accuracy of 5%- to a
single Lorentzian of average widtlos<=1.19t%.



In Figure 6 we show the behaviour of the QE intignsifter Debye-Waller correction, for two diffeten
temperatures, respectively below and above theeptrassition, and the corresponding theoretical fit
with r= 2.06 A, which coincides nicely with the rasl of the octahedral void. From the width of the Q
intensity the value of the residence time2.7x 0.5ps can be estimated at T=600K. Here we wish to
note that the measured residence time is, withénettperimental accuracy, independent of temperature
across the phase transition. This indicates ttateémperature acts only on the number of ions which
diffuse according to the rotational diffusion moeed propose; once the Li ions are freed to mowy th
move with the given mobility determined by the Ibeavironment, which changes very little across the
phase transition.
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Figure 7:Temperature dependence of the neutron QE inteasit)>=1.10 A* (and hence
of the fraction of Li ions diffusing at a given tperature, circles, left scale) together with the
amplitude of the tetragonal distortion in iCso(diamonds, right scale)

From the ratio of the quasielastic intensitiesh® ¢torresponding elastic intensity at 600K and 30K
find that the number of diffusing Li ions at 600&almost 5 times bigger than at 300K. In Fig. 7phe
the T dependence of the increase of the intensitgeoQE signal at <Q>=1.10 A (normalised to the
corresponding elastic intensity) with the decrea$ethe tetragonal distortion of the cubic lattice

(\/Ea— C) / C. The two quantities show the same dependence &in€e the QE intensity is a di-

rect measure of the fraction of Li ions which areefto diffuse, this supports the idea that inrtioze
compact tetragonal phase the Li ions are blockdilevas T is raised the crystal cell expands ancemo
and more Li ions are free to diffuse and theretametribute to the QE signal.

10



5 Conclusion

In conclusion, we have reviewed the results of reent investigations on the structure of a cldss o
heavily doped fullerides, focusing manly on the position Li,Cs. The emerging picture is that
Li;,Ceo at high temperature has the same FCC structureahendame dynamical features as pugg C
with the only addition of Li localised diffusion thin the octahedral void in thegstructure. As the
temperature is lowered, the Li diffusion is redycesbulting in a pseudo-tetragonal phase whiclyis d
namically characterised by a broadening and dismapee of many dynamical features, i.e. of the Li
diffusion and of the g librations and molecular modes.
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