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Metallic salts formed from fullerenes became popular beeani their superconducting properties with a relativegjnitransition
temperature, and were initially regarded as conventiorehts and superconductors. Recently, owing to improvethstic
methods and a renewed interest in the study of their phygicalerties, many of them were found to exhibit exotic metalhd
superconducting phases. In this paper, we summarize red$ielts on unconventional metallic fulleride phases alé agthe
newly discovered extended fulleride superconductors. grogimity of the Mott transition, a typical solid-state e€f, results
in molecular crystals, where molecular spectroscopic pasiprove very successful. We concentrate on infrared atidabp
spectroscopy which is very well suited to follow metallc#tnd phase transitions in this class of substances.

1 Introduction nity; even in the early days of fullerene research, otheteexp
nations were put forward, and as, thanks to innovative chem-

Fullerenes were discovered more than 25 years ago, yet kegftry, more and more fulleride salts with sufficient purigve

scientists fascinated ever since. Their simplicity and symbeen synthesized, the signs are pointing towards novel-mech

metry, coupled with their versatility enables them to beduse anisms in both metallicity and superconductivity. We try to

as examples for many concepts in condensed matter physigsresent an overview of these results and put them in perspec-

mainly related to electronic instabilities as electronret®-  tive to show why we think fullerides, similarly to cuprates

tions and superconductivity. As many new members of theand organic conductors, are ready to take their place asimode

family are emerging, due to sophisticated chemical preparacompounds for these mechanisms.

tion methods, they can be used to illustrate phenomena as e adopt the point of view of the molecular spectroscopist,

correlated metallic and insulating behavior, the coeriste \yhich has proven surprisingly useful when extended towards

of superconductivity and electron correlations, and ev&mn 3 more general condensed-matter approach.

conventional superconductivity. Here we review recenetiev

opments in this direction, concentrating on the metaltiain

metallic character in the normal state. The family of fidiees 2 Electronic structure

is in itself a vast one, but we restrict the topic to its prime e

ample, the G molecule and its molecular anions. (Therefore, petallic fulleride salts are composed of fulleride ions and
throughoutthe paper, the term "fullerene” means stricdy.C  cations, in most cases alkali or alkaline earth metal iors. T
This paper is not meant to be a comprehensive review sincg first approximation, the latter act simply as electron a@sno
such already do exist. Many of the instabilities have besn di tg the fullerene molecules and the molecular ions can be re-
cussed on the experimental side by Forrd and Mihaind garded as the lattice sites providing the electrons thatrim t
theoretically by Capone et lThe properties of fulleride salts  form the band structure of the solid. The charge of these an-
of alkali and alkaline earth metals were presented in a unijons depends on the chemical composition, i.e. the charge do
fied framework by Iwasa and TakenoBuFollowing the first  npated by the cations per fullerene ball, the electronic erop
discoveries of superconductivity in alkali fulleridesetgen- ties are therefore largely determined by the composition.
eral assumption was to regard them as simple metals, tuming e first Hiickel calculation of the electronic structure of
to Bardegn—Cooper—Schneffer (BCS) superconductorsbelo Ceo by Haddor®7 is still a very good starting point to qual-
the transition temperature; in this sense, they were regard jiatively understand the situation in fulleride salts. Tée
"less mterestmg” th_an inorganic, for example cupratgest quence and population of thesomolecular orbitals (Fig. 1)
conductors. This view was not shared by the whole commuegemples that of atomic orbitals with increasing angular m

& Research Insiitute for Solid Sate Phvsics and Ontics. Waner R o mentum quantum number L. However, to regard the fullerene
esear nstitute for 1 ate Physics an ptics, Wigner Research Cen- . . . . e .
trefor Physics, Hungarian Academy of Sciences, Budapest, Hungary. Fax: 36 molecule as a simple atomic core is grossly oversimplified;

1392 2219: Tel: 36 1 392 2222; E-mail: kamaras katalin@wigner.mta.hu instead, it is truly a chemical entity capable of moleculiar d
b Department of Chemistry, Durham University, Durham, United Kingdom. tortions and chemical reactions. The icosahedral, instéad
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Fig. 1 The electronic structure ofdg and the band structure ofy8¢g after Hebard* Reproduced from Ref. 5
(http://journals.aps.org/rmp/abstract/10.1103/ReePlays.68.855). Copyright (1996) by the American Physicai&y.

spherical, symmetry causes the removal of degeneracy in theponds to ACgo. In the band picture of Fig. 1, when the
levels analogous tot3. The splitting relevant forthe HOMO LUMO-based band is partially filled, electrons have empty
and LUMO levels is that of the L=5 level, containing 11 states states to occupy in reciprocal space, meaning that they can
into hy, ty andtyg orbitals corresponding to the irreducible propagate freely in real space (i.e. they cannot be assigned
representations of the icosahedral point grpu®imple elec-  to any particular ionic core). An insulating state occurthé
tron counting yields that thig, level will be the HOMO con-  band is either empty or completely filled; this is called adban
taining ten electrons, and the LUMO and LUMO+1, respec-insulator. Already at the time of discovery of conducting fu
tively, will be able to accomodate six electrons each. lerides, it was noteth1?that the simple band picture yielded
Based on the molecular results, Saito and Oshiyaosé  an unphysically short mean free path (shorter than the-inter
culated the band structure ofgand found it to be an insu- fulleride distance). In such cases, instead of the band lhode
lator with a 1.5 eV direct bandgap. In this approximatiomr, th another one is used where the electrons are confined to the
HOMO band is based on the filg levels and the LUMO molecular ions, and move between them by "hopping”. If
band on the threg, levels, with bandwidths around 0.5 eV. the Coulomb repulsion between the electron and the nearest
Adding electrons to a § molecule and building up a solid neighbor is too large, then it will prohibit hopping and the
from it results in a very similar band structure where the-con system will become an insulator despite the partial band fill
duction band is partially filled (Fig. 1 illustrates the case for ing in the band picture. Such a system is called a Mott insula-
a solid built from trivalent fulleride ions). The band sttue  tor'3 and the change between metallic and insulating behavior
calculations based on the molecular orbitals give a verygooa Mott transition'4
starting point for the discussion of optical spectra. Thedi The concept of a Mott insulatd? is indeed easy to grasp
transition between the HOMO and the LUMO is optically for- for a chemistry-trained mind. We start with a solid consigti
bidden, but as soon as the LUMO becomes populated by eleof molecular ions, each keeping its electrons in its viginit
tron doping, the LUMO— LUMO+1 transition will become we move these ions closer to each other, the overlap between
allowed and show up around 1.1 eV. Higher-energy trangtionthe electron clouds increases until a collective electystesn
in the optical spectra do not show significant changes comis formed and the crystal turns into a metal. The intermolec-
pared to Go.1° ular distance can be tuned by external pressure or by "chem-
The tu LUMO band can accomodate up to six electronsical pressure” i.e. decreasing the size of the counterigh an
and the results of the first experiments of doping @ith  thereby the lattice constant. In condensed matter phyisies,
alkali metal$ showed that the highest concentration corre-parameters used in this model are the on-site Coulomb repul-

a precise stoichiometric composition, and not quite aralego doping of
semiconductors; however, because of the widespread ustigeterm in the
literature of fullerenes, we will use it in this sense here.

T The formation of alkali fullerides is, strictly speaking,chemical redox re-
action between the metal and the fullerene, resulting inoacisalt with
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consist of elongation or compression along these axesré-igu

,@?ngff,, %5;'3';5,’, :“:F:‘ b 3 illustrates the splitting for possible high-symmetry st
£ 8 ﬁé——{}-a:: < 1 1» structures. Itis worth noting that there occurs a threedpli-
(@ {?{@ S _5g° “.:‘;';V ,:: ting in tetragonal crystals, a consequence of the lack ofia fo
- A e fold axis in icosahedral symmetry. (The average symmetry
Dsq Dy D2, in tetragonal crystals is the result of orientational disrof

D,n-distorted fulleride anions in the tetragonal lattice fexn
by the cations, as shown in Fig.2(H). The crystal structure is
%P mostly determined by size effectdfor A = K and Rb, ACso

: salts are face-centered cubig@sg body-centered tetragonal
and AsCgo body-centered cubic. In salts with organic cations,
° the symmetry can be even lower but the splitting will stay
threefold as the degeneracy is completely lost alreadyén th
orthorhombic environment.

Fig. 2(a) Possible symmetry-lowering distortions in fullerides:
Dsq, D3g and Dy, The axis along which the distortion occurs is
perpendicular to the plane of the paper through the centeof
molecule. The atoms above the plane of the paper are blad& whi
those under it are grey. (b) The two "standard orientati@is”
fulleride ions in a crystal where the principal crystal axigncides _
with one of the molecular £axes. Static or dynamic average of —

these two orientations with 3 symmetry results in overall t —
tetragonal () structure. Reproduced from Ref. 15
(http://journals.aps.org/prb/abstract/10.1103/PleydR73.085415).
Copyright (2006) by the American Physical Society.
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cubic trigonal tetragonal

sion U, the energy required to add an electron to the ion, and hexagonal orthorhombic

the bandwidth W, which is related to the intermolecular ever

lap. The Mott transition occurs if the system reaches acatiti

U/W value, the "Mott limit”. U is in first approximation the

difference between the ionization potential and the edéctr Fig. 3 Symmetry lowering and crystal-field splitting af;tlevels in

affinity of the ion (the cost of converting a pair from two iden various crystallographic systems. In the case of twofolitig,

tically charged ions to one where an excess charge was takelme order of levels is arbitrary. 49 does not occur in crystals since it

from one of the ions and put onto the other). U is therefore ds not a crystallographic point group.

molecular property, and W is influenced by the intermolecula

distance and symmetry which determine the overlap. Considering the abundant orbital degeneracy, the Jahn—
An additional complication arises because here the "coresTeller distortion is obviously another possibility for syme-

are not atoms, but molecules. The icosahedral cage, considty reduction. As the prerequisite for Jahn—Teller couplin

ing of sixty atoms forming one of the most symmetric shapesds the partial filling of degenerate orbitals, it is easy toneo

found in nature, is inherently sensitive to symmetry-lowgr prehend that any fulleride anion with charges differentrfro

effects. (These play a much less important role in other or© or 6 should be a candidate. Details of the Jahn-Teller ef-

ganic conductors and superconductors, where the comgdicat fect in fullerides have been extensively discussed in ezies

organic molecules form crystals with very low symmetry.) works.'”*® Nevertheless, we recall the main results here to

The primary effect is the crystal field, determined by the ar-emphasize the difference from inorganic systéfhs.

rangement of the counterions. If the symmetry of the crystal In a coordination compound with a central metal ion, the

is lower than cubic, the degeneracy of thedrbitals is lifted ~ Jahn—Teller distortion means that following the splittofghe

and the formerly partial occupation can become full. The-sym degenerate orbitals of the central ion, the ligands regeana

metry lowering and the resultant splitting of the triply éeg  different geometry of lower symmetry. If the system is a erys

erate i, levels is determined by the largest common subgrougal, this change corresponds to a structural phase transiti

of the icosahedral group and the space group of the crystasince the rearrangement in one unit cell results in the rear-

Possible axes of molecular distortion into the three sulpgso  rangement of all others to obey translational symmetry gf C

Dsq, D3g and Dy, are indicated in Fig. 2(a). The distortions molecular ion, on the other hand, can undergo a Jahn—-Teller

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-13 |3



distortion by reshaping the molecule itself, without pdstu  abrupt decrease (the plasma edge). The optical conductiv-
ing the environment. Speaking in terms of electron—phonority calculated from reflectance spectra is the functionatiye
coupling, the vibrations coupled to the electronic systeen a comparable to band structure calculations.

intramolecular in the case of fullerenes, unlike the inaiga

compounds, where the relevant vibrations happen between th 1.0

central atom and the ligands. A striking example for this dif

ference is that fulleride anions can show Jahn—Teller disto ’V\\
tions in the gas phag@or in solution2? 0.8+

In a crystal the Jahn—Teller distortion competes with the
crystal field of the surrounding cations. While the crystaldi
induces a static distortion which can be detected by dififvac
methods???3the Jahn-Teller effect can induce several almost
equivalent distortions along symmetry-related axes ifedif
ent directions: six for By symmetry, ten for By symmetry
and twelve for By, symmetry. (When the crystal field is weak, Ceo \ A
translation symmetry is not obeyed any longer by the fudkeri .2
ions and therefore ) is also allowed.) If the barrier between T
these distortions is small, the system can move between therm: o
via pseudorotatiol if it acquires sufficient thermal energy. 0.0= ”6'1

The Jahn—Teller effect can only happen if the carriers are '
localized on the anions, i.e. they are below the Mott limit fo Photon energy (eV)

conduction. On the other hand, the Jahn-Teller effect POy 4 Room-temperature reflectance spectra gf @d KsCeo

motes the Mott transition by lowering the energy of the anion; icride. Note the logarithmic energy scale, 1 eV corresfsoto

in the distorted state. Using the concept of such "Mott—Jdahn gogs cnr. The frequency extends from the far infrared through the
Teller nonmagnetic insulators”, the electronic and maignet yitraviolet. Reproduced from Ref. 10

properties of ACgo salts were successfully modelét?®  (http://journals.aps.org/pri/abstract/10.1103/PledRett.69.2284).
Jahn-Teller distortions, like other types of symmetry low- Copyright (1992) by the American Physical Society.

ering, can be very sensitively detected by vibrational spec

troscopy?®

()
N

Reflectivity

<
I

T
o

]
N

T

-

P
—_

?

[t

{

._.
—
<

3.2 Vibrational spectroscopy and vibronic coupling
3 Optical and infrared spectroscopy in ful-

leride research The Gso molecule has 174 vibrational degrees of freedom, but

due to the high symmetry, only 4 of those are infrared ac-
tive.530 These infrared-active modes in unperturbegd @re

of Ty, symmetry (sometimes denoted by,J; same as the
Conclusions regarding metallicity can be reliably dravenir  LUMO. Thus the splitting of the vibrational modes, detected
the low-frequency optical spectra (in the far- and midirdd. by infrared spectroscopy, mirrors the splitting of the LUMO
The frequency-dependent (optical) conductivity is a fiorct  in the anions (Fig. 3). Lowering of molecular symmetry
which reflects charge dynamics in the solid and can be dewill cause splitting of allowed modes and activation of sile
termined from measured optical quantities as transmiszion modes in the infrared spectrum and is therefore a sensitive i
reflectance, provided the measurement extends over a widéicator of molecular distortions.

enough frequency rang€.For opaque samples as the metal- Contrary to conventional metals, vibrational transiticas

lic fullerides, the measurement of reflectance, evaluaied bbe present even in the metallic state of fullerides and the de
Kramers—Kronig transformatioff:?° yields the optical con- tails of these vibrational bands often convey importanoinf
ductivity. Extrapolating the frequency-dependent cortidity mation. These weak features cannot be very well measured
to zero gives the dc conductivity and can be compared to-trandy reflectivity, instead the usual chemical infrared metbbéd
port measurements. Figure 4 shows the reflectivity curves okBr pellets is used. Figure 5 shows the infrared transmis-
Cso and the metallic fulleride KCgo. Insulators as gy exhibit  sion of a metallic and an insulating fulleride salt compaied

a flat low reflectivity up to the first electronic transitioniftv =~ Cgp. These spectra can be recorded with very high resolution
a slight structure in the infrared due to vibrational tréinsis,  (typically well below 1 cmt1) and fine details of the vibra-
see below), while metallic electrons cause high reflegtivit  tional structure are detected this way. Because of the high
the low-frequency region (Drude absorption), followed lny a reflectivity of most fullerides, especially towards the far

3.1 Electronic transitions

4| Journal Name, 2010, [vol] 1-13 This journal is © The Royal Society of Chemistry [year]



frared, the optical density derived from the transmissiog(
T) does not correspond to the absorption with enough accu- ‘“ 1u 1“

racy to compare it to results from theoty.(This is the rea- |
son why we present our results as transmission curves in most ‘ ‘ ‘

cases.) The most important information is the frequency of
the vibrational bands, the lineshape, and their changeexith
ternal parameters like temperature or pressure. For the sam

pellet under varying conditions, a semiquantitative sicatian
also be done. In practical terms, the KBr method has the ad-
vantage of preserving the composition of the samples, often
arrived at by complicated synthetic pathways, and can b& use
under exclusion of air, as most fulleride salts are air-signs

KBr is transparent above 400 crh(0.05 eV) up to the ultra-
violet, therefore infrared and near-infrared spectra efth

bronic transitions and low-frequency interband transgioan v
be studied.
The samples have to be handled under strict exclusion of
air and water, preferably in an inert gas dry box. We press our \/7

pellets under argon atmosphere and perform initial scneeni
with a low-resolution FTIR spectrometer in an argon dry box, Lt T T L
then fill the sample into a cryostat and do all measurements 510 570 1100 1200 1330
under dynamical vacuum. Reflectivity is measured in the same Wavenumber (cm™)

way, except that in this case, neat peff8tsr films with high

surface quality® are used. It is a good idea to coat the pelletsFig- 6 Splitting of the T, modes in the infrared spectra of
with a metal layer after the measurement and use this spectruCso-based polymers: Riyg (Dzn) and rh-Go (Dsq).Reproduced
as reference instead of a flat metal mirror, in order to correcio™ Ref. 36

for surface imperfection&®

Transmission

M |
1430

(http://journals.aps.org/prb/abstract/10.1103/PleydR55.10999).
Copyright (1997) by the American Physical Society.

T T T T T
m C in the infrared, corresponding to the high reflectivity, ttleer
is the lineshape of the vibrational bands. Figure 5 shows the
W transmission of gy and two of its salts, an insulator and a
metal. Metallic KkCgo Shows a strong and almost featureless
absorption compared tosgand the insulator GE€go. In addi-
fcc Cs.C tion, the lineshape (_)f the highest fr_equency vibrationad_jmo
3760 changes as shown in the inset of Fig. 5. The mechanism be-
hind the lineshape is the Fano effétthe interaction of a
\\,\ localized excitation with a continuum. Here, the continuem
N formed by the delocalized electrons and the localized mede i
— the molecular vibration. The mechanism is further expldine
1200 1400 for infrared spectra of organic conductors by Tanner ébal.

The effect of symmetry reduction on the vibrational modes
can be studied on fullerene-based polymers, where the-struc
Fig. 5Infrared transmission spectra 0§ a metallic (KCqo), and  tural changes are considerable because of the formingast int
an insulating (expanded §3go) fulleride.3233The inset shows the ~ Molecular bonds®39Figure 6 illustrates the splitting of the
Fano lineshape of the;f(4) mode in KCgo. triply degenerate &, modes in two Gp-based polymers, lin-

ear RbGg with Dy, symmetry and two-dimensional rhombo-

Although the relationships connecting bulk reflectivitydan hedral (Go)n with D3g symmetry. We observe threefold split-
KBr pellet transmission are too complicated for an exact deting for the former and twofold splitting for the latter ofl al
scription (mainly due to multiple scattering in the pellets modes, in accordance with group theory predicti®#sThe
there are a few features in the transmission spectra indicat
ing metallic behavior. One is the high background absonptio: Ref. 36(a) should be read together with its erraftibecause of an error in

—

Transmission

K.C

360

800 1000
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Fig. 7 Splitting of the Ty (4) vibrational mode in the infrared
spectra of IgCqq at different temperatures. Reproduced from Ref.
42
(http://journals.aps.org/prb/abstract/10.1103/PleydR65.052103).
Copyright (2002) by the American Physical Society.

Fig. 8Infrared optical conductivity of KCgo and RI3Cgp.
Reproduced from Ref. 29
(http://journals.aps.org/prb/abstract/10.1103/PleydR51.3678).
Copyright (1995) by the American Physical Society.

frequency of the T,(4) mode, at 1429 cmt in Cgo, strongly
depends on the charffeand the bonding pattefhand is used
as q ggneral indicator for these characteristics. 41 Trivalent salts of K and Rb

Similar, but more complicated effects are expected for the
Jahn-Teller distortion in 4Cso, Where a competition exists The earliest measurements of IR transmis&omr re-
between the Jahn—Teller dynamics and the tetragonal trystgectancé® were conducted on thin films starting fromsdC
field. The splitting of the Ty(3) and T, (4) modes changes while in-situ doping by alkali metals and monitoring the re-
with temperaturé” (Fig. 7), while the crystal structure is pre- sistivity. As these measurements had to be conducted in spe-
served between 4 K and 300 K and thus there is no changgally constructed cells, no other type of characterizati@s
in the symmetry of the crystal fielt At low temperature the possible, making the assignment of stoichiometry difficult
anion assumes 4 symmetry, compliant with the tetragonal Nevertheless, these results showed that while the resjstiv
crystal field (Fig. 3), resulting in threefold splitting dfi¢  decreased towards the@eo composition and increased sub-
modes. At room temperature, a twofold splitting is appar-sequently up to ACso, the overall transmission also showed
ent, which corresponds to the inherent Jahn-Teller distort  an analogous pattern. Resistivity and optical data g6gf
of a G, ion.*3 This Jahn—Teller distortion is dynamic, so that (where A is both K and Rb) indicated metallic character df thi
the average structure will remain tetragonal but the dedéerm composition, which was further proven by reflectivity dara o
tion is observed on the time scale of the infrared measuresingle-phase powders pressed into pelféts.
ment. The pseudorotation in the dynamic Jahn-Teller state concerning the optical properties and metallicity, the pa-
is made possible by the lattice expansion, and consequentherS by Iwasa et al. on#s01%2%and ACqo2° are of funda-
the transition temperature scales with the size of the ®atio jenta] importance. Figure 4 shows the wide-range reflégtivi
in the A4Cgo (A=K,Rb,Cs) sene&? U”"k? poI_ymers, vv_here of Ceo and KzCgp at room temperature. The principal differ-
the bond lengths change considerably, in this case diffract gnce s the low-frequency absorption by free carriers, feit t

studies give an upper limit of 0.0%for the distortion ®indi- yihrational features in both samples are also evident. The o
cating the sensitivity of spectroscopy to detect molecd&r  tjca| conductivity of KsCeo and RBCe is compared in Fig.

4 Metallic fullerides

formation. 8. The higher intensity of the free-carrier absorption §CKy
indicates that it is a better metal, in accordance with italkm
the original correlation table. lattice constant and consequently higher overlap.

6| Journal Name, 2010, [vol] 1-13 This journal is © The Royal Society of Chemistry [year]



Optical Corductivity (Sfcr)

Fig. 9 Drude-Lorentz fits to the optical conductivity 0EKgo, Rb3Cgo and K4Cgo. Reproduced from Ref. 29
(http://journals.aps.org/prb/abstract/10.1103/PleydR51.3678). Copyright (1997) by the American PhysicaliSty.

Palstra et al®> based on the mean free path of the orderon trivalent alkali fullerides. The background absorption
of the interfullerene distanc¥, gave an estimate of 500-700 RbzCg increases with decreasing temperature, following the
(Qcm)~1 for the limiting conductivity value for the Mott tran-  increase in the conductivity. The lineshape around thé4y
sition in A3Cgo. Their experiments show that RBso reaches vibrational mode depends on the cationzG§p still shows
this limit around room temperature, whiles&gp stays in the  the metallic Fano lineshape at 300 K, while in Ry the
metallic regime up to much higher temperatures. There is ntow-temperature Fano lineshape starts to evolve towards a
saturation in the increase of the resistivity in either cisan-  Lorentzian around room temperature. The transition from
other sign attributed to electron correlations. A low meaef Lorentz to Fano corresponds to the Mott limit.
path and absence of resistivity saturation is called "baththe
t_)ehavior and is an intriguing and n(_)t fully ur_1derstood direc 4 5 | ow-dimensional polymers
tion of condensed matter and materials physics.

The dc conductivity derived from the low-frequency extrap- Due to |ts_ un§aturate(_j bonds, thgeUnolecule is prone
olation of the curves in Fig. 8 agrees remarkably well with th to pol_ymerl_zat|on reactions and the_sub_sequent formation o
resistivity measurements mentioned above. Comparing th@w-dlmensmnal structures. The f.'r.St mtermole(_:ular reac
"Mott limit” estimate of Ref. 45 with the room-temperature tion observed was [2+2] cyc_loaddlt!on._ Acc_ordlng to the
optical conductivity data shown in Fig. 8 (Ref. 29), the ex- Woodward-Hoffmannrules, this reaction is forbidden betwe _
trapolated zero-frequency value for o (355 @cm)-2) is two ground-state neutral molecules, but becomes allowed if

around this limit, while that of KCgo (870 @cm)~1) is on the one of the reactants is in a photoexcited triplet state oman a
metallic side ’ ion where the, level is populated (Fig 11). In the latter case,

the resulting polymer has an unpaired electron immitdevel,

Analysis of the optical conductivity revealed that it cahno 4,4 pecause of the shortened bond length, can propagate alon
be described by a simple Drude model, instead, two Lorentg,q polymerization axis (Fig. 12.

oscillators representing localized excitations had to daed The phase diagram of AG (A=K,Rb,Cs) is a very rich

(Fig. 9). Figure 9 compares the deCOI'lVO|2l;tI0n of the opti-ang varied one, depending not only on temperature but also
cal conductivity of KCgo, RbsCso and KsCeo. ™™ The appear- g thermal history:5 From structural, optical, thermal, con-
ance of such a "midinfrared absorption” has been noted begyctjvity, ESR and NMR studies and theoretical calculation
fore in other "bad metal” families: cupratésand organic consistent picture emerged. Three types of moleculaz-stru
conductors*® Here the low-frequency absorption bands Cany,re appear in the phase diagram: monomeric anions, singly-
be assigned to intermolecular electron transfer, in ot@d®  |,\qed dimers and [2+2] cycloadduct polymers. The poly-
hopping of localized electrons. In insulatingi®o and its ey phase forms during initial synthesis from the alkaliahet
analogues such excitations were observed by electronenerg g the fullerene powder; on heating, it depolymerizes into

loss spectro_scoﬁ? and IR transmis_sioﬁ:r’ It seems that in 5 fcc monomeric structure, consisting of separatgg@s;
the conducting phases these localized excitations pérsist 4t cooling of this phase results in dimers at low tempeeatu

side the free-carrier absorption. Slow warming of this dimer phase vyields first a monomeric
In Fig. 10 we present transmission data in KBr pelletsphase around room temperature, followed by repolymeriza-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-13 |7
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Fig. 10Infrared transmission spectra o§&gp at room temperature and RBgg at various temperaturé%in the T,u(4) vibration region. In
Rb3Cgg the lineshape evolves from a Fano lineshape to a LorentZidrinereasing temperature;slCgg, Which is a better metal, still shows

Fano behavior at room temperature.
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Fig. 11Energy diagram of frontier orbital interactions in [2+2]
cycloaddition reactions. The reaction between two grodatks
molecules is forbidden according to Woodward-Hoffmanesu®g);
reactions between a photoexcited and a ground state mel@mul
and between anions (c) are allowgtCopyright (1994) with
permission from Elsevier.

Fig. 12 Polymerization pattern in Ag. 59 Copyright (1994) with
permission from Elsevier.

tion to the [2+2] cycloadduct. These reactions were folldwe
by calorimetry and spectroscopy.Infrared spectroscopy is
especially suited for identifying various phases in thisesa
because of the changes in molecular symmetry. The splitting
of the Ty, modes (Fig. 13) is in agreement withlsymmetry

in the polymer?3 and G in the dimer (in the latter, one has to
take into account the full §5 symmetry of the dimer v'nit and
work out the correlation tables accordingfy. Becat se the
ions are rotating in the monomer phase, the symmetry there
can be taken ag,|l

Transmission

monomer

polymer

600 1000 1400
Wavenumber (cm™)

Fig. 13Infrared transmission spectra ogand various phases of
RbGCsg in KBr pellet.>* Except for G, the background was not
shifted along the vertical axis.

In Fig. 13, one KBr pellet is followed by infrared spec-
troscopy through a heat treatment sequence: starting fiem t
polymer, the sample was heated to 425 K where depolymer-
ization to the monomer phase occurred, then quenched to 77

8| Journal Name, 2010, [vol] 1-13
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K to produce the dimer phase. During the procedure, both g o o
the vibrational structure and the background change. The ki
netics of the phase transitions was monitored in a more de-

tailed way by Martin et aP® on films, using the background o
<10

(2+2) cycloadduct
dimer

transmission in the featureless part of the spectrum, at 900
cm 1. Both measurements confirm that the polymer is the

most conducting phase, followed by the monomer, while the (2+2) cycloadduct

10 nnlumar

dimer phase can be regarded as an insulator. With increas- N\ 7 ittt A
ing metallic background, the vibrational peaks become less ~
prominent, but there are still distinct Lorentzian linggésin ~t

the monomer and polymer phase. The polymer phase is con- singly bonded
sidered a correlated one-dimensional metal in this tentypera

XY 1/ dimer

range, based on ESR and microwave conductivity measure- N4
ments, turning into a three-dimensional correlated mietall
system with a lower conductivity upon depolymerizatir! Y™ N

Over the years, several other polymeric fullerene derieati vy N‘)\X__ singly bonded
have been prepared, many of them showing metallic charac- a7 10 polymer
ter. According to quantum chemical calculati8hshe pre- =
ferred bonding pattern changes from [2+2] cycloaddition at e
low anionic charge (0 or 1) to single intermolecular bonds at m

higher charge (3 or 4). Experimental facts prove these tesul
NayCgo has a two-dimensional structure where the tetrava-
lent anions are connected by single bof#ighe spin sus- <= ~
ceptibility measured by ESR indicated a strongly correlate
metal, similar to Rbgy or CsGo. NaRbGCso has a poly-
morph with a similar bonding pattern but a structure comsist
of one-dimensional chairf§:61 ESR measurements found a
Pauli-like susceptibility indicating a good metja_\As inthese to a Jahn-Teller distortedégt ion, with Dag/Dsg Symmetry.
structures the spcarbons prevent the formation of an aro- A special case of polymers is 4Gqo.6566 This structure
matic system and thereby a full delocalization of electiéhs  compines the [2+2] cycloaddition and single intermolecula
it seems that electron transport can be described as of thg,nding and results in a 2-dimensional network. Octahedral
Mott-Hubbard type rather than a band-like behavior. voids in the crystal can accomodate up to four lithium ions

and the diffusion barrier is very low (about 0.2 eV). These
4.3 Small cations: multiple site occupation and diffusion ~ conditions make ionic conduction possible angQgo indeed

is proven to be a superionic conducfdmiffusion of lithium
In fulleride salts with cations larger than Na, the size @& th ions was also observed in thin films ofsdso by photoemis-
trigonal aperture connecting the interstitial sites prtsghe  sion 8 It is interesting that for both the bulk and thin film
motion of the cations between these sites. For Na and small&amples, experimental evidence points to partial chasgesr
ions, however, interesting phenomena occur because idustefer from Li to Cgo: in the films, photoemission of¢g, %8 and
of more than one atom (not necessarily all ionized) fit in® th in the bulk, the shift of the Ramanyf?) mode®® Both esti-
interstitial sites, and these cations can be mobile. mates give around 2-2.5 electrons pep.CAs the mobility

The salt with the composition N&gg did not fit into the  of the lithium ions excludes possible coordination bonds be

series of the other alkali metal fullerides: by electroteho tween Li and the fullerene cage, it is more probable that the
symmetry it should behave as a Mott—Jahn—Teller insulatopartial charge transfer is related to Li ion mobility and the
analogous to the £Cqg salts, yet early results showed metal- mation of transient clusters with less than one charge per io
lic character at low temperatfe®3 and an infrared spectrum The depolymerization of 4iCsg 0ccurs above 600 K where
typical of multiphase material at room temperature. Asritgu  the charge transfer reverts to 4 (proven by Raman spectta) an
out, homogeneous single-phaseNg only exists above 460 metallicity is restored® The coexistence of tetravalent anions
K, below this temperature segregated nanodomainsegf C and metallicity indicates that Mott localization is abserthis
and metallic NgCeo are formed® The separation disappears material, i.e. the bandwidth is larger than the Jahn—Tsjibt-
on heating by jump diffusion of the Naions. In the high- ting. Recently, ionic conductivity has been found in g,
temperature phase, the infrared spectrum correspondtyexaca polymer isostructural to LCgo. °

Fig. 14 Possible bonding motifs of §gg-based polymers8
Copyright (1998) with permission from Elsevier.
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4.4 Anions with charge n>3 and non-ionic bonding of both the infrared and Raman band is further indication for

. . ) ) strong hybridization effects.
Intercalation of @Gy with alkaline earth ions adds electrons

to the tgy orbitals. The properties of these materials have R
been summarized by lwasa and TakendtMany of them
are metals, despite the low-symmetry crystal structuré) wi
(BasCsgp) ’* or without (BasCso, StsCso) '2 a superconducting
transition. Metallicity was attributed in these materi@dy-
bridization between 5d orbitals of Ba ang brbitals of G.

Mg.C_ polymer

5760

A special member of this family is Mfs), a two-
dimensional conducting polymé?.It is metallic at high tem- Na G ool
perature and turns insulating on cooling, the transitioimdpe S P
attributed to Anderson localization on impurities. Theanéd

: ; . . Na,RbC
spectrum of this polymer is very different from the ones dis- M
cussed so far; the highest-frequency infrared band is much L L L ,
higher than the 7,(4) mode of g and it coincides with a 500 750 1000 1250 1500
Raman mode (Fig. 15). The Raman frequency is also up- Wavenumber (cm”)
shifted from the Go Ag(2) value of 1468 cm’, unlike Ca and Fig. 16 Comparison of the infrared spectra of various singly bonded

Ba salts which show a downshift proportional to the nommalfulleride oligo- and polymers. Reproduced from Ref. 73

charge of the fulleride ior. (http://journals.aps.org/prb/abstract/10.1103/PleydR77.155431).
Copyright (2008) by the American Physical Society.

Transmission

—— Raman Infrared spectroscopy can also help in identifying bonding
patterns in polymers (Fig. 16). The intermolecular singlad
—R has a specific infrared signature around 815 &npresent in

all polymers containing such bonds, including single-beshd
dimers. From the infrared spectra the presence of singldon
in MgsCgp could be established.

The lineshape of the vibrational bands in metallic polymers
(Fig. 16) is not Fano-like, despite the delocalized charact
of the electrons inferred mostly from magnetic suscejitybil
This behavior is probably analogous to the "bad metal” phase
which develops above room temperature in®&4y (Fig. 10).

We have observed similar changes before, in organic conduc-
tors when changing the mean free path by the introduction of
Fig. 15Infrared and Raman spectra of Mgyo. Reproduced from defe_c:ts?7 In_g bad rr_1eta| state, both Iocal viprational an_d elec-
Ref. 73 tronic transitions (Fig. 9) seem to coexist with the freeriea
(http://journals.aps.org/prb/abstract/10.1103/PleydR77.155431).  response.

Copyright (2008) by the American Physical Society.

Transmission /Raman intensity

1 " " " "
500 1000 1500

Wavenumber (cm™)

5 Suppression of metallicity by correlations
The most probable explanation for the newly appearing

mode is that it is a Raman-active vibration activated by sym-Superconductivity of fullerides is certainly the prindijgiaiv-
metry reduction due to covalent bonding to the Mg ion. Aing force behind the study of their metallic properties. Vide d
similar effect was reported for g monolayers adsorbed on notintend to go into the details of the superconductingsted
metal’* and semiconductor surfac@sand attributed to the several excellent reviews on this subject eXi&.The search
Ag4(2) mode rendered infrared active by symmetry reductiorfor new metals was driven by the possibility of increasing th
and amplified by the "vibrational phase relaxation” mecha-superconducting transition temperatuge The T of early fcc
nism.”® This mechanism requires an electronic continuum anchlkali fullerides showed a linear dependence on the interfu
low-frequency vibrational and translational modes. The-lo leride distance, as was expected from the BCS theory. It was
frequency modes are present in the polymer as the vibrationtselieved that the best way to increasewiould be to prepare
involving intermolecular bonds, and the whole effect isshu new crystals with increased lattice constant. If we take cor
indirect proof for the presence of free electrons. The Wlifes relations into account, however, then at some interfuliere

10| Journal Name, 2010, [vol], 1-13 This journal is © The Royal Society of Chemistry [year]



distance Mott localization would occur and both metalicit leride CgCgo, discovered in 2008 (Ref. 84). It has also the
and superconductivity disappear. highest transition temperature ever seen in a molecular ma-
Dahlke et al’® prepared a series of trivalent Cs-containingterial, 38 K at 7 kbar pressure; however, at ambient pressure
"extended” fulleride salts, and found o decrease systemati- it is an insulator, showing antiferromagnetic orderingoiel
cally with distance. This "dome-like” dependenceis typwfa 50 K. The crystal structure stays cubic throughout the whole
other families of superconductors (cuprates, heavy femmio temperature and pressure range and the anions are rotation-
organic salts) where correlations play a significant roleré  ally ordered. Magnetic measurements indicate an S=1/2 mo-
recently, the bottom of the dome was reached with insulatment localized on the fulleride aniof8 The other polymorph
ing materials (NH)K3Cgo and two polymorphs of GEg, of CsCgo, With fcc structure, behaves similarly with a some-
which however turn superconducting at slight pressure. Alwhat lower T, of 35 K and a magnetic transition below 10%§,
these observations point to these systems being on the vergdich is less well characterized because of ferrorotatidisa
of a Mott transition with the interfulleride distance casiting ~ order and because the crystal structure does not permit full
the parameter U/W. The exact mechanism behind the meta&ntiferromagnetic ordering. NMR measuremé&ht§ prove
insulator transition, however, is thought different in tineo  both polymorphs metallic in the high-pressure phase abgve T
cases. A low-spin state in a symmetric environment can only oc-
cur if there is a symmetry-breaking mechanism other than the
crystal field, and the molecular Jahn-Teller effect is the ob
vious candidate. As the splitting of vibrational bands naisni
One of the first attempts to increase the lattice constant wakhat of the electronic ones, infrared spectroscopy is aelexc
the insertion of ammonia into the octahedral voids @k, lentindicator of molecular distortion$3and can distinguish
(Ref. 80). The crystal structure of the resulting (NKsCso ~ Petween the schemes shown in Fig. 3.
is orthorhombic with a very slight distortion compared to fc ~ The infrared spectrum at ambient pressure is typical of
K3Cgo, but it is an insulator. Localization of the electrons an insulator at all temperatures, with a low background and
on the G, sites is further proven by antiferromagnetic or- Lorentzian lineshapes for the vibrational bands (Fig. 5).
der developing at 40 K.As other ammonia-containing ful- The Jahn-Teller effect in these materials turns out to be dy-
lerides with similar interfulleride distances are condngl ~ hamic on a time scale comparable to that of the infrared
the source of the difference was suggested to be the symm#€asurement. The splitting of the infrared bands (Fig. 17)
try lowering. The site symmetry Ofg; is C,82 causing a  Proves the symmetry lowering and shows a continuous tem-
threefold orbital splitting shown in Fig. 3, and the observe Perature dependence which can be explained by the concept
S=1/2 spin state corresponds to double occupancy of the lowRf temperature-dependent solid-state conformers apfiied
est lying orbital and single occupancy of the next. DynainicaJahn-Teller systems (two distorted conformers with thefir-p
mean-field theory calculatio3indeed showed that the sys- Ulation changing on heatind}’
tem is so close to a Mott transition that the width of the split  Thus, C8Ceo proves the Mott transition and the Jahn—Teller
electronic bands is smaller than their energy differencesP  €ffect to be the driving force behind the metal-insulatantr
sure can drive the system across the Mott limit, resulting insitions in fulleride salts. Intense theoretical work todsthe
a superconductor with E28 K at 14 kbar. However, even explanation of their superconductivity complements theese
the normal state is not without special features: the antife Perimental findings.
romagnetic ordering below 40 K is preceded by a structural
transition to an orientationally ordered phase, where®&r ¢ Conclusions
tion of both ammonia and fulleride molecules is stopped and
neighboring fulleride anions are fixed in two distinct ot@n  In one of the earliest review papers on alkali fulleridedad-
tions related by a 0rotation around the axis (Fig.2(b)), in  don stated: "Although the nature of the pairing mechanism in
a regular pattern. This pattern is called "ferrorotative”an- the AsCgo Superconductors remains to be established, the sim-
tiferrorotative”, depending on the relative position oéttwo  plicity of the materials and the progress already made sigge
orientations. Rotational and magnetic order seem to beeeela that a definitive resolution of this question may be achieved
and analogous to multiferroic behavior in inorganic system more quickly than in the case of the high—3opper oxide
superconductors.” The bad news is that after twenty ydaes, t
race is still on; as in the cuprates, not only the supercatintyic
state remains unexplained, but many normal-state pregserti
as well. The good news, however, consists of the many new
The material where fulleride anions are enclosed in the mostxperimental facts and theoretical concepts that havegader
symmetric environment found so far is the A15 extended ful-along the way and the hope that the two problems may finally

5.1 Loss of metallicity by reduction of symmetry

5.2 Superconductors with Mott-Jahn-Teller insulating
normal state

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-13 | 11
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Fig. 17Jahn-Teller splitting of the {[;(4) mode in A15 CgCgp.33

converge into one solutiof?, One should not forget the fruit-

ful dialogue that emerged between many disciplines from con?
densed matter theory and quantum chemistry to sophigticate
physical methods and molecular spectroscopy to explosethe 27

beautiful structures full of surprises at every step.
28
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