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Abstract

Recent experiments on the normal-state and superconducting properties of

fullerene-based solids are used to constrain th_ proposal theories of the elecu_nic

nature of these materials. In general, models of superconductivity based on electron

pairing induced by phonons are consistent with electronic band theory and analyses of

• the measured normal-state transport properties. The latter experiments also yield

estimates of the parameters characterizing these type II superconductors, lt is argued

that, at this point, a "standardmodel" of phononsinteracting with itinerant electrons

may be a good first approximation for explaining the properties of the metallic

fullerenes.



Inwoduction

The highlevelofinterestandactivitysincethediscoveryofC_ [I]inthearea

offullerene-basedsolidshasyielded"answers"and"newpuzzles"relatedtothe

propertiesofthesefascinatingmaterials.Herewe attempttofocusmoreonwhat

appearstobeabodyofknowledgerepresentingthe"answers"toreasonableweil-

definedquestionsaboutthefullereneswiththegoalofgivingatleastatemporarybut

reasonablycompletedescriptionofa subclassofthesesolids.Of course,the

experimentalt:casurementsarestillopentointerpretation,andhereonlyoneviewis

presented.Thegoalistopresenta "standardmodel"whichissupportedbya number

ofexperimentalistsandtheoristsandtousethismodelasabasisforintc'Tpretation.

Eventually,perhapsthe"newpuzzles"willshatterthestandardmodel,butitisalso

reasonabletoexpectthatthesepuzzlesmay beexplainablewithonlymodificationsof

the mode!.

Since the C_-based solids are the most studied, the focus here will be on the

electronic and superconducting properties of these materials. Perhaps future studies

of solids based on C70or other molecules in this family C20+2hwith 12 five-fold and h

six-fold rings will be of equal interest or yield even more valuable information.

This paper begins with a description of the standard model for electronic struc-

ture and superconductivity. Some discussion of the evidence for this interpretation is

presented followed by a few examples of alternative views and conflicting experi-

ments.

TheStandard Model

lt is naturalto begin a study of a new material or class of materials with tools

that have been tested with success for so-called conventional materials. The covalent

natureof the C_ molecular bonds and their similarity to graphite suggest thatmodels

used for explaining graphiteand intercalated graphitemay be sufficiently robust to

explain properties of fullerenes. The interlayer bonding in graphitehas van der Waars

_"__ characterwhich is also presentin fcc C_ between molecules. The fact that the

molecules themselves contain a finite numberof atoms does cause concern particularly



for excited states where electrons and holes are confined to a molecule. For example,

studies of confinement of excitons in semiconductor clusters such as ZnSe have

" revealed unusual behavior. However, in the standard model discussed here, expected

effects of this kind and other correlation effects will be ignored. These omissionsJ

leave us with a one-electron type model for fcc C_ and for M3C.60where M is an alkali

atom.

Using the one-electroa model as a basis for energy band structure calculations

[2] has yielded consistent pictures of the electronic structure for fcc C_ and M3C_.

The bonding characteristics, the relation of the energy levels in the solid to those of

the molecule, and the doping from the M atoms are ali consistent and reasonable when

the interpretation of the experimental data is made within this one-electron "standard

model."
l

i The measured phonon spectrum and related experimental data also appear to

t be consistent with the above picture of the electronic properties. Hence, phonon

_i experiments provide few if any direct chaUenges to the standard model and, in general,

!_ the phonons of the C.60-based solids are viewed as conventional. A nonstandard fea-

:{ ture of the phonon spectrum is the wide range of frequencies arising because of the
i

i low energy intermolecular and high energy intramolecular vibrations. The former are

=l also grouped into librational, vibr_ional, and alkali-atom basedmodes. Rotational
t

motions of the C_ molecules in the undoped solid add to the zoo of possible lattice
t
t

, excitations. A list of phonon frequencies and their related symmetries is given in
I

:, Table I. Although the range and variety are large compared to those normally studied

_; regular "one" by condensed matter physicists, the neutron [3] and Raman [4] data
zl

_i . appear to yield a more or less standard view of the fibrational and vibrational modes.

Combining the phonons and electrons, we present a model of M3C_ with an

itinerant electron sea interacting with the phonons listed in Table I. If standard

electron-phonon theory is assumed, these interactions should give rise to electrical

resistance and superconductivity through BCS [5] pairing. Although this description

i resembles a theorist's prediction of what a system of soccer ball molecules should do,
1



the model is post hoc and was introducedby many researchers to explain

experimental measurements. In fact, up to now, little has been predictedby theorists

in this area;mostly, they have followed the lead of the experimentalists and provided

explanations for the observations.
L

Transport Properties and Superconductivity

One test of the standardmodel for the metallic fullerenes is an analysis of their

transportproperties. In particular,K3C_ has been viewed as an ionic metal with

charge transferredfrom the K atoms to the molecules and interstitial region. From a

band structurepoint of view, when alkali atoms occupy the two interstitial tetrahedral

sites and the octahedral site in fcc C_ solid, the outermost s electron dopes the sys-

tem yielding tlu derivedbands which are halffull. This pictureimplies that K3C60is

uniformly doped and that a rigid bandmodel is appropriatefor the doped material. This

view of a doped crystal does stretchthe usual definition since the K to C ratioof

atoms albeit small is not comparable to what is usually encountered for doped semi-

conductors. However, band structurecalculations for K3C-_ and fcc C_ do generally

supportthis conceptional approximation.

Since the Fermi level EF lies in a region of the density of states which is

rapidly varying, it is expected that relatively small changes in the lattice constant
i

caused by pressureor by substitutionof different _ atoms will cause the density of

states at EF, N(EF), to be a sensitive function of these changes. This sensitivity is

also the origin of the lack of consensus on the value of N(EF) among various calcula-

tions. Values in the range of 10 to 30 states per eV per C_ are ecommonly quoted.

The Fermi surface is relatively less sensitive to the placement of EF, and it is gener-

ally pictured as having multiple electron-like and hole-like bands.

In the standardmodel, the temperature dependent resistivity should provide a

measure of the electron-phonon scatteringand, hence, the electron-phononcoupling

constant _ where the subscript t indicates the fact that _ is derived from transport

=]" dam. For isotropic more or less ideal systems [6], _ can be taken equal to the

superconducting electron-phonon coupling parameters _ Hence, for an assumed



Coulomb repulsionI_or its frequencyrenorma_zedvalue and a knowledge of the

phonon spectrum, one can estimate the superconductingtransition temperatureTc.

" For example, if we introduce the standardelectron-phonon spectralfunction

a2F(o_)
J

0m dc0= 2 a2F(co) -_- ( 1)

where m and t@narethe phonon frequenciesand the maximumphononfrequencies

respectively. The Ziman resistivity formula [7] for the temperaturedependent

resistivity is

m_-I
p(T) = n-_ ' where (2a)

_"l =_T .1"7 1_,Oa2tF(_)[cosh (_T)-1] "1 dm (2b)

is an inverse time, n is the electron density, and the subscript t again refers to trans-

port properties. The connection between Eels. (1) and (2) is usually made in the high
Fro

temperatureapproximationwhere _-f :_ 1. Ignoring the difference between Xand _,

at high T the inverse relaxation time is

2x
z-1 =--_-_kT . (3)

This illustrates the lineardependence on T of the resistivity at high T which is found in

most solids. The slope of this curve yields a measure of ;L

For K3C_ the wide range of phonon frequencies makes an analysis of pfr)

particularly interesting. Because of the high frequency phonons, the linear portion of

the pO') curve is only attained at very high T. Recent measurements [8,9] on single

crystals from the superconductingtransition temperatt_reTc up to 260 K aregiven in

Fig_ !, A fit of Eq. (2) to these data reve_s the import_nc.eof va_.riousphonon .modes

I in the scattering. This analysis has implications for evaluating theoretical proposals of



phonon-induced electron pairing by assuming that the electron-phononprocesses

contributing to _t are similaror identical to those con_bufing to _. The difference

between Z2tF(co)and a2F(co)arises mainly through the wavevector dependence of

the electron-phononcoupling. ForK3C_, this effect is probablynot large [6].
c

To obtain a rough idea of the magnitudes of the relevant parameters,one can

use an Einstein phonon spectrum approximationto Eq. (2) with an average coupling

_,Eand a phonon frequencyroE;hence

1

Fitting this oversimplified model to the data yields _ = 0.6 and o_ = 400 K. Two

conclusions from this model are that _,_; 1 and that phonon frequencies above and

below 400 K are needed to explain p(T) and the superconductingTc.

If we limit _,to a range < 1.5, then it is appropriateto use a McMillan [10] type

equationfor Tc

1
-( )

Tc-EDe (5)

where ED is a constant of orderunity times an average phononfrequency and X*=

k/(l+k). Because of the difficulty in calculating the Coulomb parameterg, it is

common practice to use standardestimates or to scale _tor I_*directly. Almost ali

superconductors examined with BCS theory have _t*values in the range of 0.1 to 0.3.

The values of ED or related averages of phonon frequencies and Xare the distinguish-

ing features of the various phonon-inducedpairing theories. Jishi and Dresselhaus

(ID) [11] choose an average phonon frequency and X, (ED,X)of about (500 K, 1) and

emphasize the importance of lower frequency inwamolecularmodes. Schltiterct zt/.

(SLNB) [12] choose values near (1000 K, 1) and focus on contributions from a broad

range of Hg mode frequencies. Varmal ct a/. (VZR) [13] suggest that high frequency

-Jil"J! Hg modes are importantand use values of the parametersnear (2000 K, 0.5).

_._.



In principle, the p(T) curves can be used to determinethe role of the various

phonon contributionsto Ztand, hence, evaluate the appropriatenessof the various
o

theoreticalmodels. The fits of the threemodels discussed above to the PO') curve are

, given in Fig. 1. If the curves aref'ucedat the value of p(T = 260 K), then we find that

the SLNB and VZR models do not yield as good a fit as the _D model. The fit is

greatlyimprovedby adding couplingto phononmodes below 200 K. In particular,

when a mode at 150 K is added (Fig. 2), ali three models give results consistent with

experiment, lt has been argued that low frequency electron-phononcouplings should

be expected and that they can arise from intermolecular translationalmodes, libra-

tions, an_ polarizationsof the C_ molecules by alkali atom vibrations. The general

conclusion _f this study is that the superconductingTc is consistent with electron-

phonon inducedpairing via a broadrangeof intramolecularphononfrequencfies.This

analysis also yields a ratioof 2NkBTc - 3.6 - 4.0 which is roughly consistent with

infrared[14]andtunneling[15]measurements.

AnotherfeatureoftheanalysisofthenormalstateresistivityforT > Tcisthe

determinationofthedimensionalityofthesystemthrougha studyofthepropertiesof

thesuperconductingfluctuations.Inconventional3D superconductivity,paraconduc-

tivityarisingfromfluctuationsisnotobservedunlessconsiderabledisorderisintro-

ducedtoproveaneffectivelyshortcoherencelength.ForK3C60andRb3C_,therela-

tivelyshortcoherencelengthsmake astudyoftheparaconductivityadvantageous

eventhoughitisexpectedthatthesesystemsare3D incharacter.Infact,experi-

mentsrevealthatthisisthecaseandthereisno low-dimensionalcross-over.

Inthecasesstudied,theresistivelydeterminedTc'sare19.8K and30.2K for

• K3C_ and Rb3C_ respectively, and the excess conductivity given by [16]

" d - t"(4"d)_ (6)

wheret= (T-Tc)/Tc,allowsameasurement[17]ofthedimensionalityd. Forboth

1 cases, log-log plots of the dataover almost two decades yield a slope of-1/2 and,



hence, imply d = 3. No effects of granularsuperconductivityare seen down to t - 5 x

10"4 suggesting a limit on the domainsize of -0.6 ttm.

It is interesting to note that these are first observations of this kind for 3D

superconductivity. They are made possible by the short coherence length and the

relatively high resistivity of these C60-based solids.

Some Superconducting Propertics

In additionto the measurementsof Tc, other measured propertiesof the super-

conducting state include the pressure dependence of the transition temperature

_Tc/_P, the isotope effect parametersa = d _nTc/d_ M, and the temperaturedepen-

dence of the uppercritical field Hc2(T).

A negative FI'c_P ~ -0.8/Kbarfor both K3C_ and Rb3C_ has been interpreted

in terms of a decreasing N(EF) with decreasing lattice constant. This is consistent

with the observation of increasing Tc with larger alkali atoms and, hence, larger lattice

constants. This interpretation is based on the popular view that 7.,which represents

an averaged productof N(E) and the pairingpotential V involves contributionsdomi-

natedby intraballexcitations for V and interban excitations for N(E) for E near EF.

Hence, the decreasing lattice constant results in a smaller bandwidth and N(EF)

which, in turn,yields a lower Tc. A strikinglinearrelation has been found [18]
i

between the measured Tc and the calculated N(EF). This is not inconsistent with

BCS behaviorof Tc on _,for some rangesof

The isotope parametercan be expressed in terms of Z* and _t*for moderate

values of %as

111 ( _,* 32]- • . (7)

This expression has an upper limit of 1/2 and no lower limit. It is possible [19] to

obtain ¢z> 1/2 if anharmonicphonon effects _"e include. Formost conventional

superconductors,¢z_; 1/2, but reduced values are found for transitionmetals and high

t



Tc oxides. For M3C60, several values of a have been reported[20-24]. These values

depend on the percentagereplacementof 13C for 12C.
J

• Experimental values of 0.3 to 0.4 areconsistent with the electron-phononpair-

ing theories discussed earlier. There are constraintswhich depend sensitively on the

phonon frequencies assumedmost importantfor the pairing. For example, if a= 0.37

and Tc = 29 K, then for an averagephononfrequencyof 1000 K, _,= 0.81, and _t*=

0.19, whereas a phononfrequency of 200 K requires_. = 2.5 and _t*= 0.31. The

observation of a t'mitea in _:,e_ge of 1/4 to 1/2 adds supportto the standardmodel

for these systems. If the repon_ values of a > 1/2 are inwinsic to homogeneous

M3C_ systems, then the electron-phononmechanism is still strongly supportedbut

the role anharmonicphonons needs to be determined.

Measurementsof the uppercritical field Hc2(T)can give information about

wansport and superconductingand normal state parameterssuch as the coherence

length _0 and the scatteringtime _. There are differences between the datafor single

crystal and thin film or polycrystalline samples. Here we consider the measurements

made on single crystalsamples of K3C&.

The normalizedresistivity of K3C_ as a functionof applied field [25] is given

in Fig. 3. The resulting Hc2(T)curve is presentedin Fig. 4. Since the single-crystal

transitions near Tc arcrelatively sharp, a good determinationof I-Ic2(T)and the

relevant parameterscan be made using standardtheory for type II superconductors.

Similar data are obtainedfor Rb3C60125]. The resulting parametersextracted from the

dam are given in Table 2. In Table 2, _(0) is the zero temperaturecoherence length,

is the clean limit coherence length, "cis the zero temperaturescatteringtime and J

. is the mean free path. A fairly consistent picture for these materials results and these

data yield parameterswhich are consistent with the microscopic theories of the

underlying pairing mechanism.
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Some CbaUen_.s to the Standard Model

Some researchersfeel that it is naive to consider the M3C60 system using the

same model of a solid as one would use for common metals and semiconductors. In

particularit is felt that electron-electronscatteringeffects and correlationshould be k

dominant.

In f_t, at first glance, the experimentalptF) curve remindsone of the classic

T2 behavior for p arising from electron-electronscattering. The raw data do fit a T2

curve fairly weil, but when thermalexpansion effects are included, the fit is less

impressive. In addition, one expects a T2 behavior of this kind only at low T so that it

is probably not prudentto associate the "I'7"like" featureof Fig. 1 with electron-

electron scattering.

When one considers the length scales associated with M3C_, again effects of

electron-electroncorrelationate expected. For example, in K3C_ both the diameters

of the _0 molecules and the nearestneighbor distances are about 10 ,/_. When two

electrons are both on a molecule, strong correlation effects are expected. In addition,

the bandcalculations yield narrowband widths even for states with charge

concentratedbetween the molecules, and narrowband widths implying strong

correlations.

Recent photoemission and inverse photoemission spectra [26,27] question the

standardband models. One interpretation[26] suggests that alkali doping does not

lead to a rigid filling of the lowest unoccupied molecular orbitalband but causes charge

transfer. Mother model [27] suggests thatdoped C._ is a highly correlatedsystem

similarto the highTc cuprates.

Because of the above considerations, several researchers have questioned the

use of a conventional _t* in explaining the supen:a_luctivity of M3C_ lt is argued

thatcorrelationeffects and large N(F-.F)can yield large values of I_and g*. In principle

is possib'te,bm for most cases _n_-ning e,'=e_-_c_-_.eI _'_el_ge vslues of

N(EF)when the N(E) Vc (when: Vc is the appropriatelyscreened Coulomb potential)

function is averaged over the Fermi surface.
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Correlationeffects between electrons on the same C_ molecule have been

considered [28-30] as a mechanism for causing superconductivity. The theory is

" based on a Hubb_d Model, and it is claimed that the normally repulsive Co,-'_mb

interactionhas the effect of pairingelectrons. Within this elecu_n-elecu'onmodel, the

isotope effect is explained through isotopic variationin the matrixelement for hopping

between carbon atoms.

Conclusions

At present, the_ are interesting alternative models to the sumdardmodel and

the experimenuddam are not conclusive. A somewhat conservative but defensible

view is to keep the smn_srdpictureto a first approximation and to continue testing it

until failuresforce a new picture. In this model, elecwons are moreor less itinerant

and scatterfrom inmunolecular phonons. For the superconductingstate, electrons

pairprimarilyvia inu-amolecularvibrationsand behave generally accordingto the BCS

descriptionof superconductors.

The above standardmodel may be viewed as dull by some researchers. But if

it is a correctview, it does unify a lot of concepts about solids and demo.nsu'atesthat

spectacularpropertiesare possible within this model when the relevant parameters

are allow¢_ _ vary over a wider range.
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Table 1. Experimentalphonon frequencies for intraballmodes

in undoged C_ of the correct symmetryto mediate

electron-phononcoupling.Upon doping, the energies

shift by a few percent.

Mode ro(K)

Hg (1) 393

Hg (2) 629

Hg (3) 1022

Hg (4) 1071

Hg (5) 1581

Hg (6) 1799

Ug (7) 2055

Hg (8) 2266

Ag(l) 715

Ag (2) 2114

i
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Table 2. Macroscopic superconducting state and normal state parameters
' of Rb3C,60and K3C 60 single crystals (Ref. 25).

i r

Parameter Rb3C_ (unit) K3C,_ (unit)

Tc 30.0 (K) 19.7 (K)

dHc2/dT -3.8 (Tesla_) -1.34 (Tesla/K)

Hc2(0) 76 (Tesla) 17.5 (Tesla)

_(0) 20 (/_) 45 (A)

_o 40- 55 (,_) 95:1:15 (,_,)

z 5.3 + 2.0 x 10"15(see.) 1.7:1:0.5 (see)

l 9:t:3 31
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Figure Captions

Figure 1. Theoretical fits of electron-phononscatteringmodels for the experimental

temperaturedependent resistivity (circles). The models are discussed in

the text and referred to as VZR( solid fine), SLNB (dashed line), and JD

(dotted fine). The normalizationfactorPOffip(T ffi260 K).

Figure 2. The curves are the same as in Fig. 1 with an additional phononmode at

150 K.

Figure 3. Normalize resistivity of single crystalK3C60near Tc for varying applied

magnetic field. POis the room temperaturevalue and the insert shows the

zero fi_l temperaturedependence of the normalized resistivity.

Figure 4. Temperaturedependence of the uppercritical field He2 for K3C_.
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