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REVIEW ARTICLE 

Infrared spectroscopy of fullerenes 

H Kuzmany, R Winkler, and T Pichler 
Universit2t Wien. lnstitut fir Festkarperphysik. Strudlhofgasse 4, A-1090 Wien, and Ludwig 
B o l t ”  Instiwt fiir Festkorprphysik Wien, Austria 

Received 13 April 1995 

Abstract This review summarizes the present status of the application of IR spechos~py 
to the field of fullerene science. In accord with the amount of published work the report 
concenmcs to a large extent on the Ch molecule in its nema! and charged form in a crystalline 
environment. AIk a short introduction to the basic terminologies and properties of fullerenic 
materials a detailed description of the response of pristine Cg, the IR radia!ion is given. It 
includes a review on the vibrational fine slrucmre, the isotope effech, and the influence of the 
s l ~ c t w a l  phase transitions. 

For the case of the doped material the response of the free &en and their interaction 
with the vibrational modes as observed in the IR specm is reviewed. including the case of 
high-temperature superconductivity. Special attention is paid to the colourful behaviour of the 
phases A h  and lo the air stabiliry of this compounds. 

h the final part of the review selected examples am given for the application of IR 
speamscopy to higher fuUerenes and to fullerene-derived materials. 

1. Introduction 

Fullerenes represent a new form of carbon first discovered by Kroto and Smalley [ 11 in 
a beam of laser-evaporated graphite. In the molecules generated by this process nearly 
spz hybridized carbon atoms are covalently bonded in a cagelke configuration. The 
hybridization state requires three next neighbours for each carbon which renders polyhedric 
molecules terminated by hexagons and pentagons. From Euler’s rule which relates the 
number of edges of a convex polyhedron to its number of corners and planes exactly 
twelve pentagons and an arbitrary but even number of hexagons follow for each polyhedron. 
Isolated pentagons on the cage yield an increased stability. Thus, the smallest cage which 
allows isolated pentagons is the fist stable fullerene in a series of many cages with larger 
size. This most stable cage consists of 60 carbons and has the highly symmetric form of a 
tmncated icosahedron, now well known as the football-like Cm molecule. The point group 
symmetry of this molecule is 4. 

Cm was found to be generated in large amounts in an arc discharge process by 
Kratschmer et al [Z] and was subsequently subjected to many investigations. At 
temperatures below 600 K the molecules form a molecular crystal with an fcc lattice which 
can be grown from the vapour phase to a reasonably large size and high quality [3,4]. 

The impact of IR spectroscopy on the research on fullerenes is widespread. The analysis 
of molecular vibrations is certainly one important point which is particularly attractive for 
& because of the high symmetry of the molecule and the correspondingly low number of 
IR allowed vibrations. In the crystalline phase the symmetry of the molecule is reduced 
which leads to line splitting and breaking of selection rules. This gives the possibility 
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to study the crystal field and the various soxctural phase transitions in the material by 
analysing the external and internal vibrational modes for either neutml or multiply charged 
cages. The other important field for IR spectroscopy is the analysis of electronic structures. 
Low-energy electronic transitions and fiee-carrier contributions to the response function are 
typical examples. 

Good reviews on the state of the art in fullerene research have been published as special 
issues of several journals [5-71. 

For the study of the fullerenes by IR spectroscopy full use is made of the rapid 
development of modem methods like very high resolution in energy, down to cm-', 
or very high-power spectroscopy from synchrotron sources. 

In this review we report the state of the art in IR spectroscopy of fullerenes with respect 
to application and results. Particular attention is paid to fullerenes in the solid phase. Since 
most of the work has been done so far for the Cm compound the greatest part of the review 
will be dedicated to this material. A similar paper was recently published by one of the 
present authors on the state of the art in Raman spectroscopy of fullerenes [SI. This article 
may be considered as complementary to the review presented here. 

2. Fullerenes, fullerites and fullerides 

2.1. The classicalfullerene Cm in its crystalline form 

The classical fullerene Cm has attracted a lot of attention because of its interesting structural 
and dynamical properties. It exhibits a structural order transition from a high-temperature 
state with an fcc crystal structure (Fm3m/Oi space group) to a simple cubic structure 
(Pa?@ space group) [9] and a glass transition between 150 K and 80 K [lo, 111. At very 
low temperatures a superstructure with a doubled unit cell may develop [12]. In the high- 
temperature phase the Ca molecules are. nearly free rotating which means a degeneracy 
of the librational modes to zero frequency or to motions which are. often characterized 
as paralibrons. Accordingly this state is called the rotor phase. The state below the order 
transition is characterized by a reduced, ratchet-like motion of the molecules and is therefore 
called the ratchet phase. Below the glass transition the molecules are completely locked in 
their position and orientation. 

Even though a lot of IR spectroscopy has been dedicated already to the pristine C a  there 
is still a wide interest, for example, in a high-resolution analysis of the phase transitions 
as will be discussed in the next section. Also, isotope clean material which allows more 
detailed analyses became available only recently. 

2.2. Fullerides with particular attention to alkali metal compounds 

The salts of the fullerenes are the fullerides. Cm can readily be transferred to this form 
by intercalation of alkali metals into the large octahedral and tetrahedral interstitiak of the 
fcc lattice. Since the electron af6nity of the C a  molecule is very high the s electron of 
the alkali metal is easily transferred to the lowest unoccupied t,. orbital of the molecule 
which renders the latter in a negatively charged state. Depending on how many alkali metal 
atoms are. accommodated per Cm a compound A & ,  is obtained. Only integer values for 
x have been reported. For the more bulky alkali metals only the values x = 1.3.4, and 6 
have been observed. For sodium x = 2 also exists. Sice the tt. derived band can accept 
a total of six electrons per Ca within a single-electron picture all alkali metal salts, except 
those for x = 6, should be metals. In practice a metallic state is only confirmed for x = 3 
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compounds. These compounds were found to be superconductors with rather high transition 
temperatures [13, 14, 151. More details about the structures of the fullerides will be given 
in section 5. 

Recently special interest was attracted by the compounds A& which exhibit another 
series of unusual properties. ACa has a rock salt structure. at high temperatures [16] but 
undergoes either a disproportionation to C a  and A& [17, 181 or a displacive phase 
transition to an orthorhombic state [19]. This state was recently even claimed to be metallic 
and to have polymeric character [20]. 

Vibrational IR spectroscopy has frequently been used to study the charged state of 
the molecules in these systems [21, 22, 231 but also their freecanier response and their 
metallicity or superconductivity were investigated extensively [24-271. 

2.3. Higher fullerenes and endohedral fullerenes 

From the higher fullerenes only C70 has attracted attention so far, since it is the only higher 
fullerene which can be prepared with a similar high yield as the Cm molecule. This again 
has to do with its relative small size and its isolated pentagon character. C70 also undergoes 
several phase hilnsitions but the lower symmetry of the molecule makes the evaluation of 
the experiments more difficult. This holds in particular for experiments from vibrational 
IR spectroscopy where the number of IR allowed vibrational modes increases rapidly not 
only because of the lower symmetry but also because of the larger number of atoms in the 
molecule. C70 has been investigated only to a very limited extent in the intercalated state. 

Reasonable amounts of material from molecules with more than 70 carbons per cage 
have been prepared only to a limited extent [28, 291. The difficulty arises not only 
from the low yield in the thermochemical reaction in the arc discharge but also from the 
increasing number of energy-equivalent isomers. Thus, isolation of individual molecular 
phases becomes very laborious. 

Similar arguments as given above hold for the endohedral systems, where metallic or 
nonmetallic atoms are encapsulated into the cage [3&32]. These most interesting systems 
are very difficult to prepare and IR spectra exist only to a very limited extent. 

In the limit of very large fullerenes which are tubelike, extended in one direction, 
experiments become easier. Such systems have attracted a lot of interest and are known as 
fullerene nanotubes. Also, JR spectroscopy becomes easier for these compounds since they 
approach a one-dimensional solid and are in several aspects similar to graphite. 

2.4. Fullemides and fullerene-derived structures 

The final group of fullerene-type molecules are the chemically derived adduct products from 
the pure cage molecules. Good progress is being made in this field of fullerene research 
[33, 341 but vibrational spectroscopy again suffers from the complicated character of the 
vibrational specEa at least for the compounds with large organic adducts. 

3. Vibtatiod selection rules for Ca 

A good review on the selection rules for vibrational motion of the atoms in Ca is given in 
[351. For the free and isotope clean Cao molecule they are rather simple. From the character 
table for the icosahedric point group the irreducible representations for the 174 vibrational 
degrees of freedom are given as 
rtot = 2Ag + 3F1, + @zg + 6Gg + 8Hg +A, + 4F1, + 5F2, + 6G, + 7 b .  (1) 
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Only the F1, vibrations exhibit a nonvanishing dipole moment. Thus, only four IR-active 
modes exist in the isotope clean and free molecule. If the molecule is accommodated in a 
crystal the symmetry is reduced to allow for translational invariance. Since the molecules 
are accommodated at lattice sites with Th symmetry a good reference point group is Th 
which allows a degeneracy only up to three. Thus, the fourfolddegenerate G- modes and 
the fivefold-degenerate H modes split into modes with lower degeneracy, amongst others 
into F, modes. Since in Th all F. modes are IR active the number of IR-active modes is 
strongly increased. However, the dipole moment for the forbidden modes is expected to 
be very small. The splitting of the modes goes on for the low-temperature phase where the 
number of & molecules per unit cell increases by a factor of four. This means a Davidov 
splitting for all modes and a corresponding increase of the components in the case of the 
originally degenerate modes. The splitting and the correlation of the modes is compiled 
in table 1. The last column in the table refers to a further reduction of the symmetry at 
very low temperatures as observed from electron microscopy. In this case the unit cell is 
doubled once more and the space group becomes q. 

From the 24 external degrees of motional freedom in the low-temperature phase (12 
gerude and 12 ungerude species) only the translational species with F,, character exhibit a 
dipole moment. Thus, we can expect two IR-active F,, modes for the ratchet phase and five 
IR-active F,, modes for the phase. 

Table 1. Internal and extemal unzerode modes for CSo fullerite in the molecule and various 
c q s t a l  st~clures. Only the modes F1, 01 F. are IR active. 

Fullerite FUllerite FUllerite 
Molecule rotor phase ratchet phase locked phase 

Species Ih -C e T: 
Intemal 

1.4. 1.4, AU + FU A” + 4F, 
4F1. 4F. 4(A. +E. + 3FJ 8(Au + B. + 3FJ 
5F2. SF. 5(& +E. + 3FJ lO(A, +En + 3FJ 
6G. 6(& +FA 6(2Au +E, + 4FJ 12(2A, + K, + 4F.) 
7 H u  7(Eu +FJ 7(Au + 2Eu + SFd 14(A. + 2E. + SFd 

External 
Infrared - -~ A. +E, + ZF, 2A. + 2E. + SF. 
Acoustic - F” F” F” 

A further splitting of degenerate modes and a further activation of an IR response can be 
expected from an isotope effect. The concentration of 1.108% I3C in natural carbon yields 
only 51.2% efficiency for isotope pure Cm. 34.5% of the material is contaminated with 
exactly one I3C per cage. By the isotope substitution the symmetry of the cage is strongly 
reduced to C, where only onedimensional A‘ and A” modes are possible both of which are 
Raman and IR active. The influence of this isotope effect on the vibrational structure has 
been discussed several times [36, 371. 

The selection rules remain similar for the intercalated phases, at least as long as the 
structure remains cubic. In this case we can expect to see the four F,.-derived modes and 
some of the crystal-field-induced modes similar to the species in table 1 for the rotor phase. 
For the cubic phases with x = 34 and 6 no structural phase transition with decreasing 
temperature is observed. For the phase with x = 4 the F modes split into A+E which now 
represent the IR-active species. A review on the various intercalated phases and on their IR 
activity is given in section 5. The phase with x = 1 at low temperatures behaves differently 
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since obviously new covalent bonds are established as will be discussed in section 6. 
Infrared response is also expected from electronic transitions between orbitals with 

different parity. Even though most of these lransitions are expected in the W-vis spectral 
range, for the intercalated compounds low-energy interband transitions well within the 
IR spectral range are also possible. In addition transitions between the three different 
components of the t,, band are observed as well as transitions of the free-carrier system. 

4. IR spectroscopy of pristine GO 
Originally JR spectra were used by KrXschmer et al as one of the techniques to identify 
the powder which they extracted from the soot of the discharge process as Cm [21. The 
absorption spectrum as obtained in their experiments from a thin film is shown in figure 1 
(top). The well expressed absorption peaks indicate the four JR-active FI. modes at 520, 
572,1188, and 1427 cm-’ in very good agreement with early quantum chemical calculations 
on the vibrational spectrum 1381. The spectrum at the bottom of the figure is a more recent 
result for the IR reflectivity from a [loo) face of a thick single crystal. From a fit with a 
Kramers-Heisenberg dielechic function (harmonic oscillators) the mode frequencies were 
obtained as 527,576, 1183. and 1428 cm-’ in this case. 
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Figure 1. lnfrared absorption for a thin film.of Ca on Si after €MLschmer et d 17.1 (upper 
spectrum) and reflectivity for a single crystal from a (100) aystal face aftex W d e r  et nl [421 
(lower s p a ” ) .  The numbers assigned to the stmchxes in the reflectivity specmm give the 
frequencies for the four IR allowed vibrational modes. 

4.1. Fine structure of IR spectra 

As can be seen there is a lot of fine structure in the spectra of figure 1. A blow-up of this 
structure was first reported by Chase et al [39] and interpreted as conhibutions from an IR 
response of Ih forbidden modes or overtones and combination tones. Similar results were 
observed later by Wang er a1 [40], B o w m  et a1 [41], and Martin et al. [23] for thin Cm 
films and by Winkler et al for single-crystal platelets 1421. As an example figure 2 shows 
a reflection spectrum for a thin single crystal with parallel [ 1111 faces. The spectrum is 
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dominated by a very large number of lines from 11, forbidden modes (or overtones) which 
appear as a consequence of an absorption process due to the reflection at the rear side of 
the crystal. The size of these features is of the same magnitude as the structures in the 
reflectivity from the front surface for the IR allowed Flu modes [42]. 

30 I I 

h 

v 
x 
LH 

10 

0 
0 1000 2000 3000 4000 5000 

v (cm-') 
Figure 2. I n f d  reflectivity of a 1 mm thick single-crystal platelet of Cm for me s p e d  
range of the fundamend vibntional modes and overtones up to the third order. Armws point 
to the fundamental FI. modes: after Wdder et d [421. 

Several authors have tried to correlate the individual peaks in such spectra to the 
46 allowed vibrational modes in the molecule, including some overtones and difference 
frequencies. To do this a comparison with calculated line positions is necessary. This 
work is certainly cumbersome and the assignment is far from being unique but on the other 
hand this and similar results from Raman scattering t u n  out to be the only way to have 
experimental access to all vibrational modes. Since quantum chemical ab initio calculations 
are very reliable today it is worth having a look at listed frequencies obtained in this way. 
Table 2 gives a compilation of such results. The experimental data from LR spectroscopy 
are compared to calculations from a quantum chemical force field (QCFFPI level) by Negri 
et a1 [43]. 

It is certainly important to know whether the additional modes observed appear as a 
consequence of the crystal field or from an isotope effect. Information on this problem was 
recently obtained from an analysis of spectra for isotopeenriched samples [MI. From a 
lack of any influence of the isotope concentration on the spectra the crystal field rather than 
the isotope effect was considered to be responsible for the relaxation of the selection rules. 

4.2. High-resolution spectra and isotope effects 

Recently vibrational JR spectra were recorded with very high resolution up to 0.014 cm-' 
at low temperatures 145,461. Such experiments revealed intrinsic l i e  widths as low as 0.5 
cm-' at these temperatures and a detailed splitting for all &, all~wed - modes. Figure 3(a) - 
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Table 2. Fundainental vibrational modes for the CSo molecule as observed from IR sptmscopy 
aner Wang et al [401 and as dculated by Negri et d 1431. 

gerade modes wgemde modes 

species IR Theory S& IR Theory 

Ai,(l) 498 513 
A1,(2) 1470 1442 

Fi&) 502 597 
Fia(2) 976 975 
F1,(3) 1328 1398 

F2&) 667 637 

FzS(3) . 914 890 
Fzg(4) 1360 1470 

~ 
~ F2g(2) , 865 834 

G,W 486 476 
G8(2) 621 614 
G,(3) 806 770 
Gp(4) 1076 1158 
Gp(5) 1356 1450 
GJ6) 1525 1585 

H8(1) 273 258 
Hg(2) 433 440 
HJ3) 711 691 
0. 

HE(4) 775 801 
HAS) 1101 1154 

1251 1265 
HaQ 1427 1465 
HJ8) 1578 l lM4 

F d l )  527. 544 
FdZ) 579 637 
F d 3 )  1183 1212 
Pd4) 1429 1437 

h ( l )  356 350 
M2) 680 690 
h0) 1026 999 
h ( 4 )  1201 1241 
h ( 5 )  1577 155s 

Gd1) 400 358 
Gd2) 760 816 
G.0) 9% 832 
Gd4) 970 1W7 
GJ5) 1310 1401 
GJ6) 1446 1546 

&(I) 343 403 
b ( 2 )  563 531 
H,(3) 696 724 
Hd4) 801 812 
H"(5) 1117 1269 

shows as an example line shapes as obtained from single crystals at 10 K with a resolution of 
0.014 cm-'. As can be seen up to four lines appear which means the splitting is beyond the 
crystal field effect. It obviously results from an isotope contamination. This was confirmed 
by an investigation of isotope pure Cm as shown in figure 3@) for 12Cm and I3Cm 1471. 

4.3. Temperature dependence of vibrational modes and p h e  transitions 

Since the intrinsic line width for the vibrational modes is so small at low temperatures and 
rather broad at high temperatures the response of the line parameters to the temperature is 
important. Early work on this problem reported for thin films showed a strong increase of 
the line width for the F1, modes starting at 200 K [48J but no discontinuity at the first-order 
phase transition. On the other hand Kamaras e? a1 found a discontinuous appearance of 
new lines just below the phase transition [49]. The detailed behaviour of the fundamental 
IR-active Iines was reported recently by Winkler er al [42] from single-crystal experiments. 
Nearly all line parameters were observed to change spontaneously at the temperature of the 
ordering transition. Figure 4 shows a series of reflectivity spectra in the spectral range of 
two selected Fl,, modes. Spontaneous splitting at the order transition is well observed. It 
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Figure 3. High-resolution lR reEectivily for the four fundamental modes at 10 K (a), a&er 
Wi~Mer er 01 [&I, and ineuence of the isotope mass on the specha for one selected mode 
(b), after Homes et 01 (471. Anows in (b) indicae the line positions from a fit with hannonic 
oscillaton. 

cannot, however, be excluded that this splitting originates from a spontaneous narrowing 
of the l i e  and is as such already present even at high temperatures. Support for this 
interpretation comes from an explicit plot of  line width parameters which show indeed a 
spontaneous narrowing at 255 K as demonstrated for two Flu modes in figure 4(b) and (d). 
The discontinuity in the line width may be not intrinsic for the high-frequency F,. mode 
since we h o w  from the description above that the line consists of several components. 
This difficulty is not effective for the F,” mode at 577 cm-’ since here the splitting is only 
0.1 cm-’ and thus much smaller than the l i e  width at the transition temperature. Therefore 
the temperature dependence of the width for this line is of particular interest. It turns out 
that a simple thrmphonon process (decay of the mode in two others with corresponding 
smaller energy) is not consistent with the experiment. This is demonskated in figure 5 
where the dashed line is representative of this process. The dramatic change of the line 
width and its strong increase with temperature suggests on the other hand that a coupling 
to the paralibrations is important Comparing the damping with an exponential law as a 
function of the temperature indeed yields very good agreement and an activation energy of 
56 meV which is very close to the activation for the rotational diffusion of 40 & 10 meV 
as determined from NMR [51] and neutron scattering [52]. This was suggested to be very 
strong evidence for a dominating contribution of the rotational diffusion to the lifetime of 
the intemal modes 1501. 
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4.4. Exteml modes 

From table 1 we can expect two external modes for the low-temperature phase which 
should have a rather IOW energy, just above the librations. After some preliminary early 
work these modes were observed at 40 and 54 cm-', respectively [53,54]. Figure 6 shows a 
transmission spectrum of a Cm crystallites taken at 10 K which in contrast to previous results 
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exhibits two clear structures at the frequencies mentioned above in very good agreement 
with results from inelastic neutron scattering [55]. 

5. IR sp&swpy of interealrpted Ca with charge transfer 

Infrared spectroscopy i s  widely used to study the intercalation process and the doped state 
of the fullerene salts. So far these experiments have been resm'cted to doping with alkali 
metals K, Rb, and Cs, however. Since nearly all alkali metal fullerenes are very air sensitive 
it is recommended to do the doping in a very inert atmosphere and check the response of 
the doping in situ. 

3 

- 
7 2  
E 
0 

ZI 
v 

1 

0 100 200 300 400 
- T (K) 

T=10 K 

10 20 30 40 50 60 70 
v (cm-') 

Figure 5. Line width vmus temperature for the mode 
at 576 cm-' (0) and behaviour according to a damping 
by a the-phonon process (- - -1 and by coupling 10 
mtational diffusion (. , ,.,.I, after [501. 

Figure 6. lR transmission from C a  crystallites at 10 K 
in the spectral range of the translational extemal modes, 
affer Horoyski and Thewale 1531. The cop and the 
botlom c w e  are for 0.1 cm-' and I cm-' resolution. 
respectively. 

5.1. Intercalating alkali metals in Cm fullerene 

The salt state of the fullerenes can be reached by various processes. Originally the metal 
was diffused from the vapour phase into a thin film of the fullerene and the change of 
conductivity was detected in situ. Later doping of C a  powder was performed by heating 
stoichiometric quantities of the metal and of Cm in a sealed quartz tube at several hundred K 
and for several days. Occasionally alkali nitrides (ANs) have been used for the doping 
process instead of the pure metal [561. The alkali nitrides are stable at ambient conditions 
but decompose at the temperamre where the doping process proceeds. 

For the more bulky allrali metals rC, Rb, and Cs four different doped states (A+),C"& 
are known, as determined by the possible accommodation in the large interstitial lattice sites 
of the crystal. For x = 1 only the single octahedral site of the fcc lattice is occupied, for 
x = 3 the single octahedral and the two tetrahedral sites become occupied. For x = 6 a bcc 
lattice is established with six tetrahedral sites. x = 4 has a tetragonal crystal structure with 
distorted tetrahedral interstitial sites. Details of the crystal structures have been reviewed by 
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Table 3. Srmctures. lattice sites, and irreducible represenfations for IR-active vibrational modes 
for the various fullerides of K and Rb. lattice consmts are for KnC, at room temperature 
unless otherwise noled. S~ctures are represented by their reference space gmup. 

IR activity 
Lattice Lattice site 

n structure constant(h) form Intemal ExtemaJ 
~. ~ . .  

'0 Tl Fmg n = 14.17 [SI 2% 

0 P a ? 4 0  a =  14.04[60] 87& 7.F. 
I Tl Fmg n = 14.07 [I61 octahedral x 1 22F. 

3 Ti Fm? n=14.25 [SI octahedral X I  UF. ZF, 
tehahedral x 2  

4 DiLI/ilmmm n=11.89[571 tehahedralx4 F + A + E  
c = 10.77 [57] distoMd 

6 T Z I m j  a = 11.39 [SI twahedral X 6  22F. 3F. 

Murphy et a1 [53, Fischer and Heiney [58], and Zbou and Cox [591. The most important 
structural and symmetry properties for the alkali metal compounds are compiled in table 3. 

summarized in the second part of table 3. For the case of the external modes not only the 
vibrations of the molecules as for the pristine material but also those of the metal atoms 
contribute. 

Only the structures with three alkali metals are metallic with respect to all of their 
physical properties. This is surprising and can be understood only from models which extend 
beyond a one-electron density functional approach. For the metallic phases conhibutions of 
the free carriers to the response function and possibly also the influence of electron pairing 
in the superconducting state is important. 

The system A%, A = K, Rb, Cs was recently found to behave differently to the other 
structures. Their special properties will therefore be discussed in an extra section. 

5.2. Electronic spectra of thinfilm and single crystals 

The response from electronic transitions to the incident IR radiation was studied in several 
papers. It is of particular importance for the metallic systems A3Cso but also for &%. 
Contributions from interband transitions, from transitions between subbands within the 
conduction band and from free carriers are considered. The response can be described 
in general by a phenomenological dielectric function of the form 

(2) 
where em, E D ,  cmmrr, and ei- account for the high-frequency conhibution, the free-carrier 
contribution, a contribution from an oscillator in the mid-IR spectral range and a contribution 
from the tlu-tl, transition, respectively. Most experiments reported are for reflectivity from 
thin films obtained for the full spectral range. A subsequent Kramezs-Kronig analysis allows 
us to study the optical conductivity or absorption and the full dielectric response function. 
For the Kramers-Kronig analysis the spectra from metallic samples are usually extrapolated 
to zero frequency by a Hagen-Rubens law. An example is given in figure 7. Part (a) shows 
the reflectivity for several different % compounds as measured over an energy range from 
0.1 to 7 eV (400 cm-' to 56000 cm-I). Part (b) presents the optical conductivity as obtained 
from a Kramers-Kronig transformation of the spectra. The sharp structures in the upper two 

~ ~ Jnfrared activity is straightforwardly obtained from the point group in the structure and 

€(a) = cm + C D ( ~ )  +Emir(@)   ET(^) 
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spectra of figure 7a originate from vibrations and will be discussed in the next paragraph. 
K3Ca shows a Drudel ie  response in the low-frequency part whereas K.&a exhibits only 
a marginal increase of the reflectivity towards lower energy and Rb&m remains flat. The 
structures in the high-energy part of the spectra are from interband transitions. They appear 
even more structured in the optical conductivity. Important information is contained in the 
very low-frequency limit of the spectra. Whereas for the metallic system the conductivity 
approaches a value of about 800 S cm-' for zero hquency which is in reasonably good 
agreement with dc measurements, it becomes zero at about 800 cm-' for K4C60, indicating 
that this compound is a semiconductor. 
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Egure 7. Reflectivity from Ca Rakes for compounds indicated in the figure (a) and optical 
conductivity as obtained fiom a KramemKronig analysis (b): afm Iwasay and Kaneyasu 1611. 

A more quantitative interpretation of the FIR spectra is not straightforward. There is 
general agreement that the response is not simple Drude-lie. In order to analyse the low- 
frequency part of the spectra shown above a response function of the form of equation 2 
explicitly written as 

was used by Iwasay et al. In this equation op and oP7 are the plasma frequencies, 
o,i, is the mid-IR oscillator frequency, the interband transition frequency and y are 
the corresponding damping constants. fd represents the relative fraction of the carriers 
contributing to the Drude response. A fit of this relation to the low-frequency part of the 
optical conductivity is shown in figure 8. The different behaviour for the metallic phases 
and for the semiconducting phases on approaching zero frequency as well as a contribution 
from a mid-IR band is evident. The mid-IR band around 0.4 to 0.5 eV may be considered 
as contributions from transitions withim a split tl. band. For the plasma frequency of the 
Drude component given as f i o p  a value of 8640 cm-' is obtained. This yields together 
with a freecarrier concentration of 4 .1~102~  m-3 as evaluated from the size of the unit cell 
an effective freecarrier mass of 5 m, in reasonably good agreement with calculations and 
other experimental results. From an interpretation of the mid-IR absorption as originating 
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from a pseudogap structure in the tlu band Iwasay et a1 deduced a considerably smaller 
effective mass. 
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Figure 8. Optical conductivity for the low-frequency part of the reflectivity for the various 
phases The dotted line represents the the fitted componena according to equation 3; 
after 1wasa.y and Kaneyasu [611. 

In several experiments by Degiorgi et d [27, 621 the reflectivity was measured to even 
lower frequencies and additional structure in the overall Drude response was observed. 
Using a similar relation to equation 3 the mid-IR oscillator was now assumed at much 
lower frequencies of the order of 500 cm-'. From an overall oscillator strength as obtained 
by an integration over the FIR spectral range for K,C, (one-component model) a plasma 
frequency of 9491 cm-' and consequently an effective band mass of 4 me was obtained 
in good agreement with the results of Iwasay et al. In a two-component picture where the 
Drude contribution and the mid-IR contribution were treated separately a three times lower 
plasma frequency resulted with a correspondingly more than ten times higher effective band 
mass. Interestingly as compared to the single-component picture this plasma frequency 
yields a London penetration depth which fits better to the results obtained from experiments 
in the superconducting state discussed below. 

The origin of the various mid-IR oscillators is stilI under discussion. The model of a 
pseudogap as originally suggested by Takahashi et al [63] was not really confirmed later 
on which gives the interpretation of the 0.5 eV mid-IR absorption as an interband hansition 
within the tlu band more weight. If the low-energy mid-IR band around 500 cm-' is really 
electronic and intrinsic its origin can not be derived from a simple one-electron picture. 

5.3. Superconductivity 

One of the most surprising results from the doped compounds was their transition to 
superconductivity at rather high temperatures. It was certainly important in this connection 
to investigate the far-IR spectrum for a possible opening of a gap and to check the various 
types of phonon more carefully with respect to their activity in the pairing process. Several 
contributions to the first problem were reported by Degiorgi et al [62, 27, 641. The 
reflectivity in the far IR was found to increase suddenly when the temperature was scanned 
through the transition to superconductivity at 19 K for K3Cm and at 29 K for Rb~Cso, finally 
reaching 100% for very low-temperatures. From a spectral analysis of the low temperature 
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reflectivity the onset of deviation from 100% was found around 50 and 60 cm-' for the 
potassium and the rubidium compound, respectively. The exact values are best determined 
by a Kramers-Kronig transformation of the spectra and a subsequent analysis of the optical 
conductivity. As an example experimental results from Degiorgi et al [27] are shown 
in figure 9 for the rubidium compound. Similar spectn were obtained for potassium. As 
expected from BCS-like theories of superconductivity the real part of the optical conductivity 
becomes zero at the frequency which corresponds to the gap energy [65]. The results for 
the gap 2A obtained in this way were 48 and 60 cm-' for the potassium and rubidium 
superconductor, respectively. Together with the corresponding transition temperatures this 
yields for the BCS ratio 2A/k,3T, the values 3.6 and 2.98 in good agreement with the 
classical result of 3.52 for weak-coupling superconductors. More recent experiments on 
single crystals gave values of 3.44 and 3.45 with even better agreement to the BCS result 
[MI. A check on the experimental results with a more sophisticated model based on the 
Eliashberg theory was found to be consistent with a pairing mechanism by high-frequency 
internal vibrations. The dominance of the high frequencies is, however, not generally agreed 
f" other experiments. 
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F i w  9. Far-IR reflectivity for RhCm at various temperahlres above and below the uansition 
to superconductivity (upper part), and real part of the optical conductivity as obfained from P 

KramersKronig transformation (lower part); afkr Oegiorgi el el p7]. 



Infrared spectroscopy of fullerenes 6615 

In addition to information about the energy gap the penetration depth of the 
electromagnetic radiation can be evaluated from a comparison of the IR response in the 
normal and in the superconducting state. From the loss of spectral weight in the optical 
conductivity u(o) for the superconducting state the London depth X can be evaluated as 

A2 = c2/SA (4) 

where A is the difference in the spectral weight of u(o) for the normal and for the 
superconducting state, respectively. In this way a penetration depth of 800 3z 50 nm was 
obtained for both K3Cm and RbCm [27]. 

5.4. vibrational spectra for charged Cm 

Since the four Flu modes are significant femes for the undoped material their response to 
the intercalation was important and has been analysed in several papers [66, 22, 231. As 
expected from previous work on the Raman lines and from the fact that antibondmg states 
become occupied by the doping, at least three of the four modes undergo a downshift in 
frequency with increasing charge on the molecule. A detailed analysis was presented in 1221. 
Figure 10 shows the overall reflectivity of a thin film as grown for the various equilibrium 
phases. In the case of the monofulleride, Rb was used as a dopant since this compound 
was found to be more stable at room temperature as compared to the potassium compound. 
The wavelike response for x = 0 and x = 6 originates from thin-film interferences. Their 
absence in the spectra for x = 1,3,  and 4 is consistent with the metallic or narrow-gap nature 
of these materials as described above and in the next subsection. The sharp stmctures at the 
low-frequency end of the spectrum represent the Fl, modes. With the given background 
a line shape analysis was possible for these modes and the line shape parameters such as 
frequency, line width, and oscillator strength were evaluated for the different modes in 
all phases. The most important results can be summarized in a diagram and are shown 
in figure 11. The nearly linear downshift of the frequencies is consistent with a model 
developed by Rice and Choi in which the response of the vibrations to an interaction with 
the tlu electrons is described [671. In this 'charged phonon' model the coupling of the FI. 
modes to virtual transitions of the electrons from tlu to the next higher band which has ti, 
symmetry was found to be the reason for the change in the IR response. The model also 
predicts a quadratic increase of the line intensities with the charge on the moIecule which 
is well confirmed at least for the two modes shown in figure 11. For these chaqed phonon 
modes the electron-phonon coupling constants can be evaluated from a set of relations 
between the measured oscillator strengths S(o,,,) = (z~0/2)0~,, and the unrenormalized 
vibrational frequencies SZ, where op,,,, is the plasma frequency for the mth mode. These 
relations are evaluated as 

where N is the number of Cm molecules per unit volume and 01 is the static electronic 
polarizability for the tlu-tlg transition. The evaluated dimensionless coupling constants A,, 
for the two modes were found to be between 0.01 and 0.02. 

From the simple group theoretical analysis given in section 3 the total symmetric Ag 
modes and the Hg modes are not W active. However, they couple strongly to the t,. 
electrons in the conduction band of the A3Cm compounds and are presently considered 
to be responsible for the pairing process leading to superconductivity. This coupling can 
dress the gerade modes with a dipole moment and thus allows us to see them in an IR 
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Figure 10. Overall response of a thin Ca film in the various phases A,Cm, A = K. Rb, 
I = 0,1,3,4,6. The dotted line is as calculated for a multilayer response with a dielechic 
function similar to equation 3; after pichler er d [221. 
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Figure 11. Line position v, and square rmt of oscillator strength up versus charge x on the 
Ca molecule for the Flu modes. In the case of the oscillator strength only results for modes 
observed in all five phases are given. The open circles refer to the shift for the Ramaa-active 
pinch mode for comparison; after Echler et a1 [Z]. 

spectrum. This behaviour is well known for organic charge transfer systems and conjugated 
polymers [68]. For the special symmetry of (& some disorder tums out to be necessary 
to activate this process. Recent calculations showed that the intrinsic merohedral disorder 
in the A+& compounds is big enough to trigger this effect [69,70]. Structures in the IR 



Infrared specmscopy offullerenes 6617 

transmittance and reflectivity spectra of K3Cm have been observed by Pichler et al 1711 
and were assigned to the gerade modes of Ax and HZ symmetry, respectively. From this 
results electron-phonon coupling constants in reasonably good agreement with calculated 
values could be evaluated. The assignment was straightforward particularly for the higher- 
frequency Ag mode (pinch mode). 

6. Phase transitions and stability in systems with CG 

The phases with C& have very special propeaies which will be discussed in this section. 
C& has been obtained either from a doping process with alkali metals as described before 
or from a chemical reaction with a strong organic donor molecule l i e  TDAE (tetrakis- 
diaethylaminoethylene). Interestingly the two types of compound behave oppositely with 
respect to stability under ambient conditions. Whereas TDAE C6o is extremely air sensitive 
RbCm and probably also KCm are stable in air, at least at room temperature as will be 
discussed in detail below. 

6.1. The compounds AC60 

Alkali metal complexes ACm were first observed by Raman scattering from thin films 
moderately doped with potassium at high temperatures 1171. These films showed a downshift 
of the most characteristic Raman line from 1469 cm-' to 1463 cm-' which is known to 
be characteristic for a change to a c60 monoanion. Cooling the film below a critical 
temperatue resulted in a disproportionation of the system into undoped Cm and K3C60. 
These experiments were confirmed later by core level photoemission of the potassium atoms 
[18] and by Raman experiments from single crystals [72]. The crystal structure in the high- 
temperature phase was found to be rock salt [16] with the potassium ions at the octahedral 
interstitials. From line width measurements in NMR experiments the Cm ions were found to 
rotate with a moderate speed, much lower than that for the undoped material. Interestingly, 
the rubidium and the caesium compounds were observed to have the same high-temperature 
structure but exhibit a different dynamic on cooling. Instead of disproportionation they 
undergo a displacive phase @ansition of first order to an orthorhombic phase with possibly 
polymeric character as mentioned already. This polymeric character was claimed to be 
established by a 2 + 2 cycloaddition process along a face diagonal of the fcc lattice between 
two neighbouring C a  molecules. Support for this interpretation came from a detailed x-ray 
analysis from which an unusual short C ~ - C ~ O  distance of 0.91 MI in the direction of the 
cycloaddition ((1 10) of the original lattice) and an unusual extension of the carbon bonds on 
the molecules in the vicinity of the new bonds was found [73]. From a very recent analysis 
it was found that even for potassium a polymeric phase can be obtained if the samples are 
cooled with reasonable speed through the critical temperature of phase segregation [74,75]. 
There is some evidence from electron spin resonance [76], NMR [77], and recently also 
from IR [75] that the orthorhombic state represents a quasi-one-dimensional metal. For 
rubidium and caesium this state is claimed to undergo a metal-hulator transition at 50 K 
to a spin-density wave state 1761 whereas KC60 remains metallic to very low temperatures 
1751. Finally, it was claimed that KCm is stable to ambient conditions at room temperature 
1201. This was proved recently from IR spectroscopy [78, 791 as will be demonstrated 
below. 

Even though there are many open questions at present this system is obviously very 
multicoloured. As a general rule kinetic problems seem to play an important role for 
differences in the observed structural dynamics. . 
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6.2. IR respome for ACm 

IR spec!mscopy for ACm was first reported for thin films at room temperature as described 
above [221 but in these experiments no systematic study of the temperature dependence 
was performed and the signal to noise ratio in the spectra was too low to see the phase 
transition. In contrast recent measurements of the reflectivity from single crystals doped to 
RbCm by the above described load and equilibrate technique gave a very clear response to 
the fcc to orthorhombic phase transition [78]. Figure 12 shows a series of reflectivity spectra 
taken at various temperatures from an [Il l} face of a single crystal which was doped to 
RbCa. The first two parts of the figure are for the three lowest-frequency FI, modes with 
a low resolution in temperature and the third is for the highest-frequency mode with a high 
resolution in temperature. From the figure it is evident that all four lines split into three 
components which is consistent with the low symmetry in the orthorhombic phase. Since 
the crystallographic point group for the new structure has D a  symmelry the Fu species are 
correlated to the three IR-active modes with Bl,, B h ,  and Bfu character. 
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Figure 12. IR reflectiviry f" singlecrystal RbCa in the spectral range of the four fundamentd 
FI. modes for vatiou.~ t e m p " .  The values for the reflectivities are as measured. The arrows 
indicate the companenk of the FI. made in the orthorhombic phase. 

From the details of figure 12 the phase transition occurs in a very narrow temperature 
range'of a few degrees. This demonstrates its first-order character which was confirmed by 
a clear hysteresis between the cooling and heating cycle. With successive cycles through the 
transition Tc is downshifted and the transion broadens [go]. This indicates strong internal 
stresses accompanying the phase. transition consistent with the very short C&C@ distances 
revealed from the x-ray analysis. Also, the very strong splitting observed for the Fl,(4) 
mode in figure 12 is not consistent with a simple crystal field effect but rather indicates new 
covalent bonds. 

The optical conductivity in the far-IR region is particularly instructive with respect to a 
possible metallic character of the orthorhombic phase. For KCm this conductivity stays finite 
and even increases for a reduction of the frequency to zero. This means the conductivity 
behaves in a Drude-like way. For R b G  the low-frequency conductivity starts to drop at a 
certain frequency and for a low enough temperature, indicating a transition to a state with 
a gap in the energy spectrum. This behaviour is demonstrated in figure 13 for the 'K and 
for the Rb compound, respectively. 
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Figure U. Specwl response ofthe optical conductivity for K G  and RbCa Venus tempemhue; 
after Bommeli er ol [75l. 

The air stability for RbGO has been demonstrated recently very nicely from the IR 
reflectivity of a doped single crystal [781. The crystal was doped to RbGo and a spectrum 
in the full spectral range of the fundamental modes was recorded in situ in the cell. Then 
the cell was opened to air and the same type of spectrum was recorded during a full day. 
No change in the spectra was observed. An example of the recorded spectra is shown in 
figure 14. The original spectrum and the spectra recorded immediately after exposure to air 
and 24 hours after exposure to air are identical. This is proved in particular by the l i e  at 
the bottom of the figure which represents the difference between the original recording and 
the spectrum after 24 hour exposure. 

6.3. The system TDAE Cm 

Except for the alkali and earth alkali metals at least one organic molecule was claimed 
to be a donor strong enough to reduce Cm to its monoanion by a charge transfer process 
in a crystal. The corresponding compound TDAEXm,  where TDAE stands for tetrakis- 
dimethylaminoethylene, was found to undergo a 'soft' ferromagnetic or 'superparamagnetic' 
ordering transition at 16 K [SI]. This transition is unusual in the sense that no spontaneous 
magnetization and no hysteresis can be observed. From ESR experiments unpaired spins 
(and charges) are claimed to be on the Cm molecule yielding a C; ion which orders 
ferromagnetically below Tc. The corresponding other spin is claimed to be on the TDAE 
molecule and orders antiferromagneticdy below c. Because of the large distance between 
the spins on the C; ions the ferromagnetic coupling, if it exists, is very weak. Recent 
IR investigations on thin films and compressed pellets revealed several electronic interband 

. 
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Figure 14. Single-nystaJ reReedvity of R b G  as measured in vacuum (a). immediately a f k  
opening the cryostat (b), after 24 hours in air (e), and the difference between spectra (c) and 
(a); after Winkler et al US]. 

transitions in the background of the spectra which may originate from the extra electron in 
the tlu conduction band but a real metallic state could not be observed [82, 831. In addition 
to that a considerable number of sharp lines occurs which originate from vibrations of the 
Cm and of the TDAE molecule. Figure 15 shows as an example the transmission from 
a TDAE-Cm film on a gold substrate. The broad background absorption represents the 
electronic interband transitions. From the sharp absorption lines those at 524 cm-’, 572 
cm-’, 1185 cm-’, and 1427 cm-’ were assigned to the four fundamental and symmetry- 
allowed F1. modes of %. The surprising result is the lack of any charge-induced line shift 
if compared to e.g. the results of figure 11. This is in contrast to all observations from IR 
spectroscopy so far and not at all understood at present. 

In this connection it is very interesting to note that for another organic compound with 
CSO a charge transfer to C a  was found in the IR spectra but no significant consequences 
with respect to conductivity or unusual magnetic properties appeared. This crystal was 
(Ph4P)CaI where Kamaras et al observed a downshift of the highest-frequency F1, mode 
to 1394 cm-’ which is, according to figure 11, in reasonable agreement with a single 
negatively charged Cm 1841. 

7. Higher fullerenes, endohedral fullerens and carbon nsnohbes 

Only a few papers have reported on IR spectra from higher fullerenes and from endohedral 
fullerenes. As outlined at the beginning the simplest higher fullerene is C70 which has 
a single isolated pentagon isomer with D s ~  symmehy. This symmetry allows only one 
and two-dimensional representations for molecular wave functions. Accordingly, the 204 
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vibrational degrees of freedom yield a total of 122 vibrational modes distributed as 
r,,, = 1OA; + 21E; + 12A; + 22E; + 19E; + 9% + 9A;' + 20% (6) 

from which only the A'; and the E; species are IR active. In a recent paper by Jishi et ai [85] 
frequencies for all IR-active modes and for the 53 Raman-active modes were calculated and 
a reasonable number of them were observed experimentally. The IR spectrum is dominated 
by a stmng line at 1431 cm-' and several accumulated lines in the 500 to 700 cm-' region. 
Similar experimental results were previously reported by Varma et nl [86]. A temperahue 
dependence for some of the internal modes of the C ~ O  molecule was reported by Katayama 
et nl [87]. 

Going to even larger molecules like e.g. C76 the symmetry is reduced further and the 
number of modes increases correspondingly. The most stable isomer in the latter molecule 
has Dz symmetry which allows only one-dimensional representations and all species except 
the A modes are IR-active. This yields 165 IR active vibrations. A thin-film spectrum was 
reported recently by Michel et al [88]. It looks similar to that for C ~ O  but the dominating 
line in the C=C stretch region is shifted to 1441 a-'. Obviously this line tends to shift 
eventually to the well known E,, mode at 1587 cm-' in highly oriented pyrolytic graphite 
with fully planar carbon sheets. 

Before the final limit of planar carbon sheeb is reached the carbon nanotubes scale. 
Recently published IR s p m a  indeed showed an intermediate frequency of 1575 cm-' at 
least for the E,. mode [891. 

- 

" ~ ~ ' " " " " " "  ' " " ' " " " ' ' ' " " ' '  

8. Fullemides 

IR spectroscopy has bee used repeatedly to characterize new molecules derived from the 
fullerenes. Examples are organodihydrofullerenes were a double bond is opened and one 
hydrogen and various alkanes are added. Since in this case the symmetry is strongly reduced 
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but otherwise the influence on the rest of the fullerene is not very strong the IR spectra 
show a splitting of the R.-derived modes and new background lines but overall the original 
spectrum from C a  is still recognizable [go]. Similar results were obtained for fluorinated 
c6, [91]. In contrast, the IR spectrum of C, is completely changed for various degrees 
of bromination. The lower the degee of bromination the more complicated becomes the 
spectrum [92]. 
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