Polarons in linear chains of fullerenes
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Polaron states in linear chains of fullerenes are studied with the use of
the generalized model of Su—Shrieffer—Hee&8H) for the intermo-
lecular and intramolecular degrees of freedom. Electron charge distri-
butions over the molecular surface and Jahn—Teller distortions of car-
bon atoms in g, are calculated self-consistently for lineagz@olymer

and G polyanion chains. A polaron band narrowing is examined. It is
shown that the polymerization ofggmolecules in phase transitions
may be caused by the cooperative Jahn—Teller effect1986 Ameri-

can Institute of Physic§S0021-364(16)00220-4

PACS numbers: 75.10.Jm, 75.30.Ds

Recently a number of structural and electronic phase transitions have been found in
fullerides. In particular, the existence of a phase consisting of linear polymer chains in
A;Cso compounds(A=K, Rb, Cs, NaCs, NagRb) has come into focus:® The low
temperature structure of &4, is orthorhombic with an unusually short separation of
9.1-9.3 A between the centers ofg@nolecules along one of the crystallographic direc-
tions. It has been suggested that the anions in the orthorhombic phase of these com-
pounds are linear chains of covalently bondeg @olecules. Moreover, the amorphiza-
tion of Cgo under pressure has become a hot issue in high-pressure science and materials
science’.® Amorphous-carbon structures based on linear-polymerizgth@lecules have
been found at pressures above 5 GHae details of the reaction mechanism for the
Ceo and G, chain formation are as yet uncledr?

It is well known that the Jahn—Teller effect leads to a dynamic instability of sym-
metrical configurations of molecules. In crystal structures this effect can possibly become
static. The band structure of alkali-doped fullerides reflects primarily the molecular or-
bitals of high-symmetry €. It is now well established that the threefold degenetgute

lowest unoccupied state ofggis the conduction band of &£, compounds.

In our previous work we studied the band reconstruction ofQ%, (x=1,2,3,4
crystals caused by the cooperative Jahn—Teller effect. A simple model was proposed
there to describe non-rigid-band effects in alkali-doped fullerides. The band structures of
solid K,Cgo (x=1,2,3,9 and the cooperative Jahn—Teller distortions @f @olecules
were calculated self-consistently. The band calculations were performed in the frame-
work of the SSH model. The model takes into account#helectron hopping between
carbon atoms and local electron—phonon interactions and employs the adiabatic approxi-
mation. The SSH model has been extended to the case of doped fulleride ctystals:
besides the intramolecular electron transfer, we introduced there-#tectron hopping
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between the nearest neighbor molecules in crystal lattice. Electron correlation effects and
lattice oscillations were ignored.

Here we consider two types of linear chains. The first igg@pOlyanion chain in the
orthorhombic phase £, (Refs. 1-6, and the second consists of linear-polyermized
Ceo Molecules in the amorphous-carbon structdfésVe assume that the neutral and
charged molecules have the same position and orientation in the chain. The main purpose
of the present work is to study how the band structuregfa@d G, linear chains and the
Jahn—Teller distortions of carbon atoms igy@epend on the ratio of the intermolecular
overlap of them-electron orbital to the intramolecular one.

The SSH Hamiltonian has the following form:

H=Helel_pi Hpn, (€h)
Helel- pH— 2 2 (t— ap |r)C| s C|r - 2 Tnmnr? Cnm; nm s+h c., (2
mq)y (mnm’n’)s
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mon)

Herec["S creates an electron of spiron carbon sité of moleculem. T o andt are the
mtermolecular and mtramolecular hopping integrals, respectlvely The intermolecular

hopping matrix elemenfﬁm m,are determined by the-electron overlaps between carbon
atomsn andn’ of the different moleculesn andm’. There is only one type of elastic

term that enters the potential energy: the bond-stretching energy with spring cdgstant
pm, is the change of the bond length between ditead|’ at the moleculen. The term
proportional toa is the coupling between the bond-stretching modes and the electronic
structure. The notatiofl,l’Yand(mn,m’'n") refers, respectively, to the bonds between
nearest-neighbor sites of the single molecule and to the carbon pairs of nearest-neighbor
molecules in the one-dimensional structure.

A polymer bond is formed if the midpoints of two nearly parallel double bonds
belonging to neighboring molecules fall on the intermolecular &%%.Two facial pairs

of two carbon atoms in the adjacengs@nolecules form intermolecular bridges. Due to
the translation invariance, on each molecpfé, =p, |/ andT”m':n,—T.

After substituting the suni2) overm for the sum over the vectdsr of the reciprocal
lattice and averaging the Hamiltonidh) over

U (K)=cf{|0)
under the condition

E) pij = 0, (4)
(i

we obtain the system yielding the minimum of the enegylefined by Eqgs(1)—(3):

occ occ

« n* n « n* n
PN e s~ a2 2o sk u (k) ®
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FIG. 1. The linear chain without dopind—bridge-head atoms2,3,4—atoms situated near the bridge-head
atoms.T andt are the intermolecular and intramolecular hopping integrals, respectively.
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The condition(4) means that in contrast to Ref. 12, the changes ofahgond
lengths, including the dimerization, are determined solely bystkedectron interaction
with phonons.N is the number of unit cells of the chain, aldis the fundamental
translation vector of the one-dimensional lattice. The electron wave eigenfunctions
dfﬂs(k) at the sitel correspond to the eigenenergy(k). The energy levels are counted
from the m-orbital energy of carbon atom. The summation() is over all occupied
states. The self-consistent systés), (6) was solved numerically for the following pa-
rameterst=2.1 eV,a=6.0 eV/A, k=52.5 eV/ & (Ref. 10. The hopping integral was
varied from 0.1 to 1.5.

We calculated the charge distributions over thg Surface and the Jahn—Teller
distortions of carbon atoms for the cases of neutral and charged molecules in the linear
chain. Due to the Jahn—Teller effect, the carbon atoms are displaced from their normal
position in the isolated £, It should be noted that distortions of thg,Cage have been
found experimentally by the Reitveld refinemé&nrthe model predicts shortening of
intraball bonds between the bridge-head carbon atoms with incre@singdt is found
that the charge distributions, the widths of the bands, the yd@tween the highest
valence band and the conduction band, and Fermi-level positions ef-g&hectron sub-
system depend nonmonotonically on the ratio of the intermolecular hopping infetpal
the intramolecular hopping integrll The gapA decreases ab approaches the critical
value T* and increases again whd@m>T*. The charge densities per bridge-head atom
and per atom situated near it are plotted as functioris bfor Cgo and G in Figs. 1 and
2, respectively. The charges on the intermolecular bonds change Sigr=e0.68 for the
Cgo chain(Fig. 1) and atT/t=0.74 for the Gg chain(Fig. 2). This transition is smoother
in the G, chain than in the g linear polymer. The widening of the half-filled band
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FIG. 2. The linear chain with one doping electron on each molecdis#ebridge-head atoms2,3,4—atoms
situated near the bridge-head atoms.

(~0.1eV) asT—T* is followed by its polaronic narrowing whehbecomes larger than
T*. With increasingT/t an extra electron spreads from the regions of the intermolecular
bonds to the equator of the,gball (polaron statg(Figs. 3 and 4 Despite the rigid-band
predictions, the conduction band is of very small wi@th0.01 eV} and has weak dis-
persion both in the charged and the neutral systems fer T.l<1.5. One can surmise
that small polarons may act as charged carriers in the chain WhenR*.

When the lowering of the electronic energy of a carrier due to its being self-trapped
exceeds the width of the electronic band, this state collapses to a single mdf€cule
>T*). In contrast with three-dimensional cases, here this effect is enhanced by the

T/t=06775

FIG. 3. The charge density over the surface gf f6r T/t=0.68. The radii of the spheres are proportional to the
absolute value of the charge. Positive and negative charges are shown as light and dark spheres, respectively.
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T/t=108000

FIG. 4. The charge density over the surface gf f6r T/t=1.00. The radii of the spheres are proportional to the
absolute value of the charge.

one-dimensionality. Usually the extremely narrow band that is characteristic of a small
polaron provides a hopping-type motion of carriers, although magnetic data indicate a
metallic state in the g chain™’ However, coherent small-polaron motion can occur
under special conditions, for example, at low temperaturesTantd, whereU is the
effective energy of the screened Coulomb repulsion of electron§ asithe width of the
polaronic band. If this motion really does occur, the free-carrier optical absorption due to
the coherent motion in the conduction band of small-polaronic carriers should be limited
to frequencies below the characteristic intramolecular frequencies. It is expected that the
present approach for the neutral chain will give a deeper insight into the polymerization
and the amorphization of pure fullerene crystals under presstre.
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