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Mott-Hubbard-like Behavior of the Energy Gap of A4Cgp (A = Na, K, Rb, Cs) and Na¢Cg
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We have studied the low energy electronic excitationgff, (A = Na, K, Rb, Cs) and Na(Cg
using electron energy-loss spectroscopy in transmission. Our results provide evidence for a Mott-
Hubbard ground state in these compounds together with a Jahn-Teller distortion of the fullerene
molecules. The behavior of the energy gap as a function of lattice parameter and crystal symmetry
could be successfully modeled within this framework. We conclude that a comprehensive understanding
of the A;,C¢ and A3;C4, materials requires the consideration of both a Jahn-Teller distortion owing to
strong electron-phonon coupling and electron correlation effects. [S0031-9007(97)04198-7]

PACS numbers: 71.20.Tx, 71.27.+a

The intercalated fullerene compoundisC 4, andA4Cygg which is partly filled with an even number of electrons [15]
(A = alkali meta) exhibit a variety of intriguing physi- and its loss function is strikingly similar to those of the
cal properties. One of the most striking differences beA,Cgy materials [16]. We show that the energy gap of the
tween them is their electronic ground state. While thecompounds studied is strongly dependent on both the lat-
A3Cgp compounds are metals [1] and even supercondudice constant and the crystal symmetry. This behavior can
tors [2,3],44C¢ compounds are insulators [4—6], althoughbe understood by taking electron correlation effects into
both formally have a partly filled conduction band andaccount, which indicate a correlated ground state for these
are thus expected to be metals within a one-electron desompounds. In addition, higher-lying excitations indicate
scription. This demonstrates that a complete understandhe presence of a Jahn-Teller distortion of the molecules.
ing of the electronic properties of these materials require3hus, a combination of both Jahn-Teller and correlation ef-
the consideration of phenomena such as electron-phondacts is probably responsible for the different ground states
and electron-electron interactions that can significantly alef A4Cgy andA;Cgp.
ter the electronic structure of solids from the expectations The preparation of thin fullerene films is described else-
of one-electron theory. Indeed, it has been shown that botiwhere [17]. Alkali metals were added from an SAES get-
types of interaction are present in fullerene compounds$er source under ultrahigh vacuum conditions while the
and have considerable impact on various properties [7Film was held at 550 K untifl4Cgqy (A = Na, K, Rb, Cs)
Consequently, these materials are also of general intestoichiometries were reached, as determined frGin
est because, through their study, one can gain importagbre excitation and electron diffraction spectra. In or-
insight into the interplay of different quasiparticle inter- der to obtain films withA4Cgo Stoichiometry, the films
actions which plays an important role in many correlatedvere then heated to 570 K (130 h), 670 K (27 h), 680 K
systems such as, e.g., the high temperature supercondy26 h), and 690 K (12 h) foA = Na, K, Rb and Cs, re-
tors. Furthermore, fullerenes are ideal model compoundspectively, in order to distild;Cgp films [18]. Recently,
for investigating electron correlation effects in degenerateve have shown that vacuum distillation can be used to
systems. prepare single phase samples for transmission EELS stud-

Despite a large number of experimental and theoreticaes [19]. The films were characterized using electron
studies, the relative importance of electron-phonon andiffraction. The K4Cgy, RhyCgo, and Cs4Cqy Samples
electron-electron interactions as regards the ground stateere found to be body-centered tetragonal (bct), while for
of A3Cey and A4C¢y is still under discussion. The Na4Cgy a face-centered cubic (fcc) diffraction profile was
range of proposed scenarios reaches from the conclusimbserved, consistent with x-ray diffraction data in the lit-
that stoichiometricA;Cgy and A;Cgy are Mott-Hubbard erature [20,21]. We emphasize that with our preparation
insulators due to strong electronic correlations [8,9], vigprocedure we do not obtain the body-centered polymeric
descriptions 0fA;C¢y as a correlated metal antl,Cgg Na,C¢o phase which has been reported recently [22] but
as a Mott-Hubbard [10,11] or band [12] insulator, to thethat ourNa,Cg film clearly has fcc symmetry. No in-
inference thatd,Cg is a Jahn-Teller insulator owing to dication of other phases could be observed. EoCyg,
strong electron-phonon coupling [13,14]. Rb4Cg, andK4Cgo further annealing at the abovemen-

In order to elucidate these points we have carried outioned temperatures did not lead to further changes in
a systematic study of the low-lying electronic excitationsfilm composition or structure, demonstrating that the vac-
in A4Ceo (A = Cs, Rb, K, Na) using electron energy-loss uum distillation process was carried out to completion. In
spectroscopy (EELS) in transmission. We have also exancontrast, under similar conditions, the sodium concentra-
inedNayCgo as this compound also has a conduction bandion in NasCgy decreased, consistent with a solid solution
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behavior. NajoCg films have been prepared by subse-TABLE |. Parameters derived from a Lorentz fit of the
quent Na addition and annealing at 420 K for severafurves shown in Fig. 1«f; equals oscillator positiory; equals

oscillator width, andf; equals oscillator strength). Also given

cycles. Further details are described in Ref. [16].
The electron diffraction and EELS measurements wer

‘Ls the volume of the primitive unit ceW, (A3).

performed in transmission at room temperature using a CssCqy RDCgq  KuCgq  NasCq  NajoCeo
170 keV spectrometer descrlbgd elsewhere [23]. Th(?”l 061 061 05 025 038
energy and momenELfm resolutions were chosen to b 0.3 0.3 0.4 0.3 0.35
115 meV and 0.05 A~!. The raw data have been cor- 0.3 0.4 1.2 1.3 0.58
rected for contributions from the elastic line. In order ), 0.98 0.98 0.92 0.92 0.94
to obtain the optical conductivity from the measured lossy, 0.3 0.3 0.4 0.5 0.5
functions we have performed a Kramers-Kronig analysis.f> 1.0 1.08 1.06 1.15 1.25
Our results forK4Cgo are in very good agreement with @3 1.28 1.28 1.25 115 1.27
those obtained from reflectivity measurements [24] andY3 0.3 0.3 0.4 0.5 0.5
EELS in reflection [25]. g 0.37 0.38 0.4 0.6 0.67
In Fig. 1 we show the optical conductivity of the — “* é'gg é'gg 3'26 01'5? 6[.52
compounds studied in an energy range of 0-2.2 eV ' ' ' ' '
. L fa 0.33 0.48 0.35 0.39 0.46
When compared to the optical conductivity dfCg v, 831 788 758 713 778

materials [24], the curves shown in Fig. 1 are rich in

structure. Four features at about 0.6, 1.0, 1.3, and 1.6 eV

are visible. Going toNa9Cgo, K4Cgo, and NasCgp a

which is also given in Table I. In Fig. 2 we show the en-

broadening of the structures is observed and the firsi;gy nositions and relative oscillator strengths of the first
feature shifts to lower energies. To explore this behaviokgr transitions as a function df,. As can be seen, the

sum of Lorentz oscillators,
2
0 fv;
— @22 + wzij '

o(w) =€ Y. o 1)
i \@j

The results of this fit are given in Table I.

squares, circles, and triangles) is almost independei of
and their oscillator strength also hardly varies. In con-
trast, the first transition (filled squares), which represents
the energy gap, significantly shifts to higher energies with
increasingV, while its oscillator strength considerably de-

~ The crystal structures of the compounds under investigacreases. In a solid consisting of relatively weakly interact-
tion differ in both their lattice parameters and symmetry.ing molecules, one has to distinguish between electronic
i.e., the number of nearest neighbors. Both these quarxcitations that are confined to a molecule and those which

tities determine the volume of the primitive unit céi),
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FIG. 1. The optical conductivityr of A4C4 and Na;oCg

involve a transfer of the excited electron to a neighbor-
ing molecule. While the latter strongly depends upon the
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compounds as derived via a Kramers-Kronig analysis of the

measured loss function. The curves are offset inytdéection.
For Cs4Cgy we additionally show the decomposition af into

FIG. 2. The energy positiomw; and oscillator strength [rela-
tive to that ofCs,Cg (see also Table I)] of the four low-lying

the four Lorentz oscillators and the background due to higherexcitations shown in Fig. 1 plotted as a function of the volume

lying excitations.

of the primitive unit cellV,.
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interaction of the molecules, i.e., their distance and coordia half-filled correlated fulleride system roughly behaves

nation, the first is only weakly influenced by these parameas [11]

ters. We therefore conclude from Fig. 2 that the optical —

gap inA4Cg¢ andNa;(Cq is defined by an excitation to A~ (Uy = 8U) = VNW. (2)

an adjacenC¢ molecule. The higher-lying excitations, The parameters are the bare on-site correlation energy

however, are intramolecular transitions between different/y ~ 2.9 eV [7], the screening of this energy is due to

electronic levels. Comparing the data in Fig. 1 to thosepolarizationdU ~ 1.58 eV for a bct lattice with lattice

of AgCgo [24,26] (which exhibit only one structure cen- constantsa = 11.886 A and ¢ = 10.774 A, and sU ~

tered at about 1.1 eV arising from, — #,, transitions), 1.69 eV for an fcc lattice witha = 14.1 A [32], the

it is clear that the highly degenerate electronic levels obrbital degeneracyv of the moleculars;, levels which

Cgo must be split ind4C¢y andNa(Cgy. The most likely form the conduction bandv = 3), and the conduction

mechanism for such a splitting is a Jahn-Teller distortiorbandwidthW. For systems with fourfold occupied,

of the molecules, which has been predicted to be of thetates/N is reduced ta/Nyr = (v2 + +/3)/2 [33,34].

order of 0.2 eV for ther;, andt, derived levels of a The lattice dependence dfenters via those parameters

C¢; molecule [27,28], consistent with the energy separawhich are a function of the nearest neighbor distarice

tion of the observed structures in Fig. 1. B0Ce, IS SU = d~* (Ref. [8]) andW « 42 (Ref. [35]). Further-

has been shown that the charge transfer from sodium tmore, band-structure calculations give a width of the

Ceo is incomplete, resulting Lok [15,16], and it is rea- derived bands o = 0.61 eV for K3Cgy (d = 9.927 A)

sonable to assume a similar Jahn-Teller splitting for thesg81] and 0.56 eV for K4Ceo (d = 9.969 A) [30]. With

Cgo molecules. Our interpretation is supported by resothe figures given above we obtain the gap as a function of

nant Raman [29] and nuclear magnetic resonance [14] ext, A(d), (dy = 9.969 A):

periments in which an (optically forbidden) excitation has gt 22

been observed at about 0.2 eV fo1C ¢, compounds which A(d) ~ Uy — 8U —3 — Negt W —(2’ ) (3)

can be attributed to transitions between the splitlerived d d

states. Furthermore, optical studies [24] have reported a In Fig. 3 we show thed dependence o for crys-

splitting of theT',(4) vibrational mode im4C¢o, and asig-  tals with bct @4Ce0, A = K, Rb, Cs) and fcc symmetry

nificant broadening of th€1s excitation edges has been (NasCeo, Naj9oCeo). Additionally depicted are the gap val-

observed using EELS faf4Cgy [26] and Na;oCgo [16] ues as derived from the optical conductivities shown in

which is also fully consistent with a Jahn-Teller distortion Fig. 1. The agreement between the expectation derived

of the fullerene molecules. from the simple model in Egs. (2) and (3) and the measured
The insulating ground state df;C¢, and the observed gap values is remarkably good. This strongly indicates that

behavior of the energy gap, however, cannot be under-

stood within a Jahn-Teller scenario. Firstly, the Jahn-

Teller splitting of the molecular levels is considerably L B

smaller than the calculated one-particle bandwidth [30], [

from which one would therefore expect the system to re- 0.7 i

main metallic. Secondly, the calculated bandwidths for 06|

fcc and bct fulleride systems are very similar [30,31]. It s

is thus impossible to rationalize the observed difference 0.5

in the magnitude of the gap betwe&yCgy (bct) and = i

Na4Cg (fcc) on the basis of a Jahn-Teller model because % 0.4

the gap then would depend solely on the Jahn-Teller split- 0.3 i

ting and the bandwidths, both of which hardly change. al

The energy shift of the gap as a functiondf indicates 0.2 | Na,Ce,

transitions to adjacent molecules, and one should therefore X

seriously consider electron correlation effects. [Egp OLF
it has been shown that the on-site correlation endygy 100 101 102 103
in the solid is about 0.8—1.6 eV [7,8] and thus comparable

to the bandwidth of these materials. We therefore at- d(A)

tribute the first peak observed in Fig. 1 to transitions fromp|G_ 3. The experimentally determined energy gap of

the lower to the upper Hubbard band. These are d|p0|ﬂ4_C60 and Na,;(Cq compounds as a function of the nearest

allowed as they involve states on different molecules.  neighbor distance (symbols). The error bars give an estimate
In the following, we explore this idea further and of the uncertainties arising from the normalization procedure in

. . . the Kramers-Kronig analysis and the elastic line subtraction.
show that the size and the shift of the energy gap Prhe solid lines show the expected behavior for fcc (lower

th_e _mater_ials studied here can be gat_isfactorily explaineﬁhe) and bet phases (upper line) within a simple Mott-Hubbard
within a simple Mott-Hubbard description. The gApin  model (see text).

2716



VOLUME 79, NUMBER 14 PHYSICAL REVIEW LETTERS 6 @TOBER 1997

alkali metal intercalated fullerene compounds with conduc- [4] R.F. Kiefl et al., Phys. Rev. Lett69, 2005 (1992).

tion bands that are partly filled with an even number of [5] M. Kosakaet al., Chem. Phys. Lett203 429 (1993).

electrons have a correlated ground state, i.e., they are Mott{6] F. Stepniaket al., Phys. Rev. BA8, 1899 (1993).

Hubbard insulators. This seems to be in contradiction tol[7] O- Gunnarsson, Rev. Mod. Phy&9, 5754 (1997).

the observation that,Cg compounds are nonmagnetic [8] R-W. Lof etal.,Phys. Rev. Lett68, 3924 (1992).

[4], whereas Mott-Hubbard insulators are usually magnetic ! Sﬁgl Sg‘;}'\?;fil\(/i’s'neF:jTéS(;CSba”dHChETZ'f;ZnOf 'i]UIIeIE?:l(es

having local magnetic moments, i.e., alocal high-spin con-, "y, o0 "and s Roth {Worid Scientifc Singapore,

figuration. On the other hand, our results above also indi- 1995).

cate a Jahn-Teller splitting of th&s, molecular electronic  [10] 3.p. Lu, Phys. Rev. B9, 5687 (1994).

levels and such a splitting could stabilize a low-spin (non{11] 0. Gunnarsson, E. Koch, and R. M. Martin, Phys. Rev. B

magnetic) ground state if the Jahn-Teller splitting over- 54, R11026 (1996).

comes the Hund'’s rule exchange energy. Thus, both thg2] M.C. Bohm and J. Schulte, Mol. Phy&7, 735 (1996).

Jahn-Teller effecandelectronic correlations are important [13] Y. Iwasaet al., Synth. Met.70, 1361 (1995).

in understanding the ground stateAfCg, andNa;oCgy,  [14] R. Kerkoudet al., Synth. Met.77, 205 (1996).

and one is led to the conclusion that these materials dd15] W. Andreoniet al., Europhys. Lett34, 699 (1996).

serve the nameonmagnetic molecular Jahn-Teller Mott [16] J-F. Armbruster, M. Knupfer, and J. Fink, Z. Phys162

insulators[36]. [17] f/l5 élgg?laen et al., J. Phys. Condens. Mattef, 8219
The question now arises whether #gCq, compounds (1'99'5). o PIYS. ' ’

are metallic, although eleqtron!c corr_elatlons are stron 18] D. M. Poirier, Appl. Phys. Lett64, 1356 (1994).

and render the,Ceo materials insulating. A relatively [19] M. Knupferet al., Z. Phys. B98, 9 (1995).

small but important difference between these two classe®o] D.w. Murphy et al., J. Phys. Chem. Solid&§3, 1321

of compounds is the Jahn-Teller contribution to the  (1992).

correlation energy/;r [28]. While inA4Cg it provides a  [21] M. J. Rosseinsket al., Nature (London)356, 416 (1992).

positive contribution, thus stabilizing an insulating ground[22] G. Oszlanyiet al., Phys. Rev. Lett78, 4438 (1997).

state,U,r is negative ford;Ce¢y (Ujr ~ —0.2 eV) [28] [23] J. Fink, Adv. Electron. Electron Phyg5, 121 (1989).

which helps to reduce correlation effects. Considering24] Y. Iwasa and T. Kaneyasu, Phys. RevoB 3678 (1995).

the observed gap for fcdlasCgy Of ~0.25 eV and the 25] G.P. Lopinskiet al., Mater. Res. Soc. Symp. Pro859,

. g oo 301 (1995).
reduction ofU due to the Jahn-Teller contribution [23], [26] M. Knupfer, J. Fink, and J. F. Armbruster, Z. Phys181
one would expect thei;Cgq compounds to be metallic 57 (1996)

although stiI_I correlat_ed. '_I'his has also been concludegn] K. Harigaya, Phys. Rev. B5, 13676 (1992).
from theoretlc_al considerations [11]. [28] N. Manini, E. Tosatti, and A. Auerbach, Phys. Rev4g
To summarize, we have shown that a complete descrip- ~ 13008 (1994).
tion of the electronic properties of alkali metal intercalated[29] G. Ruaniet al., Physica (Amsterdam?35C-240G 2477
fullerides requires the inclusion of both electron correla- (1994).
tion and Jahn-Teller effects. A combination of these two[30] S.C. Erwin and C. Bruder, Physica (Amsterdah99B-
mechanisms most likely stabilizes an insulating correlated 2008, 600 (1994).
partly cancel, which places these phases on the metalljg2] ©- Gunnarsson (private communication). ,
side of the Mott metal insulator transition. 33] E. Koch, O. Gunnarsson, and R. Martin (to be published).

We are grateful to Olle Gunnarsson for fruitful discus-[34] It has been argued[ O. Gunnarsson, E. Koch, and
. . e R. Martin (to b blished)] that thi factoyNer) i
sions, and thank M. Sing and M. S. Golden for a critical artin (to be published)] that this prefac ir) 1S

> . larger for nonbipartite systems (e.g., with fcc symmetry)

reading of the manuscript. than for bipartite systems (e.g., with bct symmetry), and
we therefore multiplied/N.; by 1.1 for the fcc phases
(Na intercalation) to account for this effect.

[35] W.A. Harrison,Electronic Structure and the Properties of

[1] R.C. Haddoret al., Nature (London850, 320 (1991). Solids(Dover, New York, 1992).
[2] A.F. Hebbardet al., Nature (London}350, 600 (1991). [36] M. Fabrizio and E. Tosatti, Phys. Rev. B5 13465
[3] K. Holczeret al., Science252, 1154 (1991). (1997).

2717



