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Field doping of C60 crystals: Polarization and Stark splitting
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We investigate the possibility of doping C60 crystals by applying a strong electric field. For an accurate
description of a C60 field-effect device we introduce a multipole expansion of the field, the response of the C60

molecules, and the Stark splitting of the molecular levels. The relevant response coefficients and splittings are
calculatedab initio for several high symmetry orientations. Using a group theoretic analysis we extend these
results to arbitrary orientations of the C60 molecules with respect to the external field. We find that, surpris-
ingly, for the highest occupied and the lowest unoccupied molecular orbital, respectively, the two leading
multipole components lift the degeneracy of the molecular level in the same way. Moreover the relative signs
of the splittings turn out to be such that the splittings add up when the external field induces charge into the
respective level. That means that when charge carriers are put into a level, its electronic structure is strongly
modified. Therefore, in general, in C60 field-effect devices charge is not simply put into otherwise unchanged
bands, so already because of this their physics should be quite different from that of the alkali-doped fullerenes.

DOI: 10.1103/PhysRevB.68.115412 PACS number~s!: 73.61.Wp, 73.90.1f, 74.70.Wz
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I. MOTIVATION

The proposal of doping C60 crystals in a field-effect de
vice ~FET! and the possibility of metallic conduction an
even superconductivity in such devices had raised w
spread interest. While the revelation of dishonest data h
dling in some cases1 led to a severe damping of the initia
enthusiasm, fundamental aspects of field effect doping
mains a timely and interesting problem. For field-effect tra
sistors made with self-assembled monolayers this ques
was addressed in Ref. 2 and for the reported enhanceme
the superconducting transition temperature in C60 crystals in-
tercalated with haloform molecules in Refs. 3. Attempts
observe the field effect in graphite were reported in Ref
Here we address, from a theoretical point of view, the qu
tion how strongly C60 can be doped in an electric field befo
its electronic structure is substantially changed and how
structure changes in even stronger fields. This is relevan
understanding the fundamental features of field-effect
vices based on C60 and involves a number of interestin
physical problems.

It appears that doping C60 crystals in a field-effect device
~FET! is very hard to achieve in practice, one of the reas
being the exceptionally strong fields that are required. V
strong fields, however, not only induce charge carriers,
also polarize the molecules, and, due to the Stark effec
general, lift degeneracies. These effects are of particular
portance, as C60 is quite polarizable, and as its molecul
levels are highly degenerate. The term ‘‘field doping’’ n
ively implies that these effects are small, such that the m
effect of the external field is inducing charge carriers in
electronic levels which are essentially unaffected by
field. It is clear that if the external field is strong enough, t
electronic structure of the crystal will be strongly modifie
by the field, and one thus can no longer speak of doping
fundamental question about field-effect devices is there
connected with the doping levels achievable, before the e
tronic structure of the active material is substantially alter
0163-1829/2003/68~11!/115412~14!/$20.00 68 1154
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Moreover we discuss in detail how the electronic structure
changed, when the external field is beyond this ‘‘dopi
limit.’’ In this regime the commonly used analogy of th
field-doped C60 with the alkali-doped fullerenes no longe
holds. Nevertheless a field-effect device with high carr
concentration would be an interesting device in its own rig
One might, e.g., speculate that for C60 in a strong electric
field the electron-phonon coupling is enhanced compare
unperturbed C60, as for molecular orbitals of lower symme
try less couplings are forbidden by symmetry.

For a first estimate of the fields involved in field dopin
consider a simple capacitor. Given a charge per areas on the
plates, the electric fieldbetweenthe plates isE54ps. As-
suming that in field-doped C60 the induced charge resides
the top-most layer,5 inducingn elementary charges per mo
ecules requires anexternalfield ~originating from the gate
electrode! of Eext52pn/Amol , where Amol is the area per
molecule in the top-most layer of the crystal. For a C60 crys-
tal with lattice constanta'14 Å typical areas per molecul
areA(111)5A3a2/4 for the ~111! plane andA(001)5a2/2 for
the ~001! plane. Even though these areas are quite large,
external fields necessary for field doping are substantial,
ing of the order of 1 V/Å per induced elementary charge p
molecule. This is, however, not the field experienced b
molecule. As C60 is highly polarizable (a'83 Å3), in the
solid, the external field at the site of a molecule is scree
by the polarization of the neighboring molecules: A mon
layer of dipolesp centered on the lattice sitesRi , generates a
field Edip52p( iÞ0uRi2R0u23 at R0, where the sum is ove
all sites in the monolayer, exceptR0. For the~111! layer, this
sum is about 31.2/a3, for the less dense~001! layer it is
about 25.6/a3. As the dipole momentsp of the molecules are
induced by the screened fieldEscr5Eext1Edip at the site of
the molecule (p5aEscr), we find, by self-consistent solu
tion, that the external field is reduced by about a factor o

Inducing charge and polarizing the molecules is, howev
not the only effect of the external field. In addition it als
©2003 The American Physical Society12-1
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leads to a splitting of the molecular levels—the Stark effe
As the molecular orbitals of C60 have a definite parity, a
homogeneous field splits the levels only in second ord
Thus for low fields the splitting is quite small, but increas
quickly for larger fields. We can expect that the splitting
the molecular levels disrupts the electronic structure of
crystal only when it becomes of the order of the band wid
which is about 1/2 eV in C60. Calculations indicate that th
splittings of theT1u and Hu levels in ahomogeneousfield
are surprisingly small, being less than 1/2 eV up toEscr
'2 V/Å ~see Fig 2!. Given the crudeness of the argument
thus seems entirely feasible that doping of a few elemen
charges per molecule could be achieved before the electr
structure of the C60 is substantially changed.

In the argument above we have described the C60 mol-
ecules as polarizable points. It is then natural to refine
model by considering also higher multipoles. Such a mu
pole expansion is particularly suitable for C60 as the mol-
ecules are nearly spherical. The approach is then the foll
ing. First we calculate the response of a C60 molecule to
external multipole fields. Then we self-consistently solve
electrostatic problem for a lattice of molecules in a homo
neous external field. This provides us with the multipole e
pansion of the screened field acting on each molecule in
solid. Given that screened field, we can then determine
splitting of the molecular levels as a function of the induc
charge.

The organization of the paper reflects this approach
Sec. II we describe the density functional calculations
determining the multipole response and the Stark splitt
for a C60 molecule in a multipole field for several symmetr
cal configuration. Using group theory, in Sec. III, the irredu
ible parameters for the multipole response are determin
This allows the calculation of the polarization for arbitra
configurations. In Sec. IV we give an analogous treatm
for the Stark splittings and explicitly show how the splittin
changes as the molecule is rotated relative to the exte
field. In Sec. V we use these ingredients to self-consiste
solve for the screened field seen by a molecule in a cha
monolayer. The splitting of the molecular levels in this se
consistent multipole field and the effect of this splitting
the density of states is presented in Sec. VI. Our conclus
are presented in Sec. VII. The methods for calculating
response and splitting for an arbitrarily oriented exter
field from the results of the density functional calculatio
that were performed only for special orientations are
scribed in the appendixes. Appendix A gives an example
how to calculate the response of a molecule using the i
ducible parameters derived in Sec. III. In Appendix B w
derive the coupling matrices needed for the calculating
level splitting when the molecule is rotated in the exter
field. Finally, Appendix C gives the derivation of the matr
describing the field generated by a lattice of identical mu
poles at the origin, which is needed for finding the se
consistent electrostatic field.

II. RESPONSE OF A C60 MOLECULE

To determine the response of a C60 molecule to externa
multipole fields we have performed all-electron density fun
11541
t.

r.
s
f
e
,

t
ry
nic

e
i-

-

e
-
-
e
e

n
r
g

-
d.

t

al
ly
ed
-

ns
e
l

-
f

e-

e
l

-
-

-

tional calculations using Gaussian orbitals.6 The basis set
comprises 5s4p3d for carbon7 and we use the Perdew
Burke-Ernzerhof functional.8

In our calculations we apply an external multipole fie
and study the change in the multipole moments of the cha
density and the splitting of the molecular levels as a funct
of the strength of the external field. To take advantage of
molecule’s symmetry we consider multipole fields with thez
axis along the twofold, threefold, and fivefold axes of th
molecule~see Fig. 1!. As these axes are each contained in
mirror plane, which we chose to be thex-z plane, we can
treat the thus oriented molecule as having symmetry gro
C2v , C3v , and C5v respectively. Applying external multi-
pole fields with l .0, this symmetry is maintained if the
fields are proportional to the real part of the spherical h
monic Ylm , wherem is an integer multiple of the order (n
52, 3, or 5! of the symmetry axis. Likewise, the response
the charge density will only have multipole components p
portional to Re(Ylm), with m an integer multiple ofn. Cal-
culations were done for such symmetry conserving multip
fields up tol 56. For the threefold axis oriented alongz, we
have, in addition, calculated the response to external fie
proportional to Im(Y5,3), Im(Y6,3), and Im(Y6,6), i.e., with a
symmetry lowered toC3. As we are interested in the linea
response, we have considered small multipole fields a
made sure that the calculated response of the charge de
is indeed proportional to the strength of the external field. W
find that the linear response of a C60 molecule is very similar
to that of a metallic sphere of radius 4.4 Å. This effectiv
sphere radius shows a slight increase withl. In addition there
are weak off-diagonal terms. To judge the accuracy of o
calculation, we have checked how well the selection rul
that are not already imposed by theCnv symmetry, are ful-
filled for these off-diagonal terms. From the calculated r
sponse, we have determined the irreducible linear respo
coefficients, which will be given in the next section.

In addition to polarizing the molecule, the external fie
also splits the degenerate molecular levels of the C60 mol-
ecule. As the unperturbed molecular orbitals have a defi
parity, for a multipole field with oddl there will be no first-
order splitting—the quadratic Stark effect. On the oth

FIG. 1. Orientations of the C60 molecule. The coordinate system
is chosen such that thex axis is pointing to the right, they axis
upward, and thez axis towards the reader. Thus, from left to righ
the molecules are oriented with their twofold, threefold, and fiv
fold axes alongz. The different orientations are obtained by rotatin
the molecule about they axis: by arctan(22t) to go from the first to
the second, and by arctan(t) to go from the first to the third orien-
tation. t5(A511)/2 is the golden ratio.
2-2
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FIELD DOPING OF C60 CRYSTALS: POLARIZATION . . . PHYSICAL REVIEW B68, 115412 ~2003!
hand, a multipole field with evenl can couple states of like
parity, so in that case the splitting is linear. This is shown
Fig. 2. In Sec. IV it will be demonstrated how the splitting
the highest occupied molecular orbital~HOMO! and lowest
unoccupied molecular orbital~LUMO! that were calculated
for high-symmetry geometries can be extended by gr
theory to arbitrary orientations of the molecule relative to
external multipole field.

All calculations have been performed for the equilibriu
geometry of the unperturbed, neutral C60 molecule. To esti-
mate the effect of an external field on the shape of the m
ecule, we have relaxed the structure in the presence of
mogeneous external fields of up to 1 V/Å. We find only sm
changes~up to about 0.005 Å! in the lengths of the bond
~1.40 Å for the short and 1.45 Å for the long bonds!. Like-
wise, the polarizability changes by less than 1.5%.

Finally, we have calculated the total energy of the isola
C60 ion as a function of its chargeq ~spin unpolarized calcu
lation with relaxed geometries! and extracted the second o
der term 1/2U0q2. To compare with previous calculations9

we find for the polarizability~multipole field with l 51) of
the neutral moleculea59.3 Bohr3/atom, andU053.2 eV.

III. IRREDUCIBLE RESPONSE PARAMETERS

The polarizabilitya of a molecule describes the linea
dependence of the induced dipole momentp5aE on the
applied electric fieldE. For a multipole expansion,a be-

FIG. 2. Splitting of theHu andT1u levels of a C60 molecule in
an external multipole fieldV(r )5VlmRlm* (r ) with z along a twofold
axis. Due to parity, for small external fields, the splitting for (lm)
5(10) is quadratic in the external field, while for (lm)5(20) it is
linear. TheVlm are given in atomic units andRg57 Bohr. (lm)
5(10) corresponds to a homogeneous field withEz52V10, thus
V10Rg

251 in atomic units corresponds to a homogeneous field
about 1 V/Å.
11541
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comes a matrixa l 1m1l 2m2
describing the response to all mu

tipole fields.10 To fix the notation~which follows Ref. 10! we
briefly review the definition of the multipole response m
trix.

The solutions of the Laplace equation“2V(r )50 are
given by

V~r !5Ve1Vi5(
lm

VlmRlm* ~r !1QlmI lm* ~r !, ~1!

where the two terms denote the external potential (Ve), and
the induced potential (Vi) due to a charge distributionr
located aroundr50. Note that both, the Laplace equation
well as the expansion ofVi(r ) into multipoles only holds for
r which lie outside the charge distribution. We have intr
duced the regular and irregular spherical harmonics10

Rlm~r !5r lA 4p

2l 11
Ylm~V!, ~2!

I lm~r !5
1

r l 11
A 4p

2l 11
Ylm~V!. ~3!

Special cases for the regular spherical harmonics areR00
51 and R105z, hence, the external fieldV005V0 corre-
sponds to a constant shift, andV1052Ez is thez component
of the electric field. For the irregular spherical harmonics
have I 0051/r and I 105z/r 3, thus for the induced potentia
Q005q gives the monopole charge whileQ105pz is the di-
pole moment. Generally, the coefficientsQlm are the multi-
pole moments of the charge distributionr

Qlm5E d3rr~r !Rlm~r !. ~4!

Decomposing the charge distributionr5r01Dr into the
unperturbed charge density and the change in the charge
sity due to the external potential, we obtain a decomposit
of the multipole momentsQlm5Qlm

0 1DQlm . Within linear
response, the coefficientsDQlm of the induced multipole
moments depend linearly on the coefficientsVlm of the ex-
ternal potential, which defines the linear-response ma
a l 1m1l 2m2

:

DQl 1m1
52 (

l 2m2

a l 1m1l 2m2
Vl 2m2

, ~5!

where the sign takes into account that the induced fie
oppose the external fields. Thena1m1 1m2

gives the dipolar

response tensor, whilea00 00 is the self-capacitanceU0.
The interaction energy of the molecule with the extern

potential isE ext5*d3rr(r )Ve(r ), which, using the previous
definitions, reduces to

E ext5(
lm

VlmQlm* . ~6!

f

2-3
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Therefore,Vlm andQlm are pairs of conjugate variables an
the total energy of the molecule as a function of the exter
field is given by

E tot52
1

2 (
l 1m1
l 2m2

a l 1m1 l 2m2
Vl 1m1

Vl 2m2
* 1(

lm
Vlm~Qlm

0 !* .

~7!

Since this is a quadratic form, we see that the matrixa is
hermitian. We can makea real and symmetric by unitarily
transforming to a real basis@using A2 Re(Ylm) and
A2 Im(Ylm) instead ofYlm andYl ,2m for mÞ0].

The structure of the response matrixa depends on the
symmetry of the molecule. For a metallic sphere of radiuR
the response is isotropic, i.e.,a is diagonal in the basis of th
spherical harmonics:a l 1m1l 2m2

5d l 1l 2
dm1m2

R2l 111. Lowering

the symmetry to icosahedral,I h , introduces some anisotrop
To understand the response matrix for C60 we have to con-
sider how the irreducible representations~IR! of the rotation
group SO(3) split into IR’s of theI h ~see Table I!. An exter-
nal multipole field of angular momentuml can only give rise
to a response with angular momentuml 8, if both IR’s of the
SO(3) contain a common IR of theI h . In particular, because
of parity, fields with even~odd! l can only give rise to re-
sponses with even~odd! l 8. Furthermore, as the irreducibl
representations withl<2 are also irreducible with respect t
the I h , for l<2 we havea lmlm85a ldmm8 . Thus, restricting
the multipole expansion tol<2, the response of C60 is iso-
tropic, with a0'8.1 Bohr, a1'556 Bohr3, and a2
'44100 Bohr5.

For l .2 the space spanned by the spherical harmo
Ylm is no longer irreducible with respect to theI h . Thus we
need to find linear combinations of the spherical harmon
that span the irreducible representations of the icosahe
group. We call themYlxk wherel andx denote the IR of the
SO(3) andI h , respectively, while the indexk labels the
functions within an irreducible representation of theI h . If in
the decomposition an IRx should occur several times, w
would have to introduce an additional multiplicity labe
However, as can be seen from Table I, up tol 56 each IR
appears at most once. We therefore suppress the multipl

TABLE I. Decomposition of the irreducible representations~IR!
of the rotation group SO~3! into the IR of the icosahedral grou
I h,SO(3).

l I h

0 Ag

1 T1u

2 Hg

3 Gu% T2u

4 Gg% Hg

5 T1u% T2u% Hu

6 Ag% T1g% Gg% Hg
11541
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label here. Explicit expressions for the basis functionsYlxk ,
can, e.g., be found in Ref. 12, Chap. 16, or Ref. 13, Ta
4.2.

In the new basis, the matrixa is built of blocks of diag-
onal matrices

a l 1x1k1l 2x2k2
5a l 1l 2

~x1!dx1x2
dk1k2

, ~8!

where a l 1l 2
(x1) constitute the minimal set of parameter

and,a being real symmetric,a l 1l 2
(x1)5a l 2l 1

(x1). The ma-

trix elements ofa were calculated up tol 56 using the re-
sults of the density functional calculations described in S
II. The a l 1l 2

(x1) are listed in Table II. From this minimal se
of independent parameters we can determine the respons
arbitrary orientations of the C60 molecule relative to the ex
ternal multipole field. An example of how to do this is give
in Appendix A. The practical advantage of this procedure
clear: We only need to perform density functional calcu
tions for a number of highly symmetric configurations, f
which the numerical effort is much reduced. Using gro
theory the response for arbitrary configurations can then
determined from these special cases.

TABLE II. Linear response coefficients of a neutral C60 mol-
ecule derived from the results of our density functional calculatio
The matrix elementsa l 1l 2

(x) are normalized withR058.25 Bohr.
By comparing matrix elements determined from the response
potentials applied along the twofold, threefold, and fivefold axis,
have determined, wherever possible, the uncertainties in the va
of the matrix elements. The value ofa00(Ag) is given by the qua-
dratic term of the change of the ground state energy upon char
of the molecule.

al1l2
~x!

R0
l11l211

a00(Ag) 1.019
a11(T1u) 0.990~0!

a22(Hg) 1.154~0!

a33(Gu) 1.268~1!

a33(T2u) 1.376~3!

a44(Hg) 1.542~6!

a44(Gg) 1.477~9!

a24(Hg) 0.074~6!

a55(T1u) 1.707~9!

a55(T2u) 1.430~4!

a55(Hu) 2.031~13!

a15(T1u) 20.077~5!

a35(T2u) 0.039~6!

a66(Ag) 1.598~5!

a66(Hg) 1.209~21!

a66(Gg) 1.964~2!

a66(T1g) 2.503
a26(Hg) 20.023~13!

a46(Hg) 0.195~12!

a46(Gg) 20.337~13!
2-4
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Note that the group theoretical approach presented in
section is particularly elegant in the case of a neutral m
ecule which has icosahedral symmetry. Upon charging, or
als become partially filled and the symmetry is reduc
which leads to a higher number of irreducible response
efficients. Furthermore, the symmetry of a charged molec
depends on how the additional charge arranges in the de
erate orbitals. This is a subtle question in the case of
isolated C60 molecule and involves Jahn-Teller effects a
Coulomb interaction in competition.11 In the present work
we restrict the analysis to neutral molecules.

IV. LEVEL SPLITTING

In this section, a minimal set of parameters describing
Stark effect in a neutral molecule is deduced using
Wigner-Eckart theorem for the icosahedral symmetry.12 This
is achieved in the framework of density-functional perturb
tion theory16 where an external perturbationV induces a
change in the effective potential~self-consistent field! V eff

which couples the degenerate energy levels. In linear o
the change is given by

DV eff~r !5V~r !1DVi~r !1
dv xc

dn U
n5n(r )

Dn~r !, ~9!

whereDVi(r )5e2*dr 8Dn(r 8)ur2r 8u21 is the change in the
induced potential due to the linear changeDn(r ) in the elec-
tron distribution. The last term is the exchange-correlat
potential. Within linear response, the change in the cha
distributionDn as well as the induced potentialDVi have the
same symmetry~with respect toI h) as the external perturba
tion Ve. Furthermore, ifn(r ) is the unperturbed charge dis
tribution, then the factordv xc /dnun5n(r ) in the last term of
Eq. ~9! hasAg symmetry and does not change the symme
of Dn. Consequently,DV eff has the same symmetry asVe

and, using the notation of the previous section, can be w
ten as

DV eff~r !5(
lxk

Vlxkf xk
l ~r !1O@Vlxk

2 #, ~10!

where f xk
l (r ) are partner functions of the IRx of I h . Note

that f xk
l contains spherical harmonicsYl 8xk with all l 8 al-

lowed by Table I. The coupling of the degenerate levels
given by the matrix elements ofDV eff with respect to the
eigenstates of the unperturbed molecule which are den
by unxk&, where n is the quantum number differentiatin
between orbitals with the same IRx. In this context, the
functions f xk

l play the role of tensor operators ofI h and the
Wigner-Eckart theorem can be used to write the matrix e
ments as

^n2x2k2uDV effun1x1k1&

5(
lxk

Vlxk(
l

tl~n1x1n2x2 ; lx !Ck2k1

k ~l;x2x1 ;x!.

~11!
11541
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The coefficientsCk2k1

k (l;x2x1 ;x) denote the 3jm symbols~or

Clebsch-Gordan coefficients! of I h and are entirely deter
mined by the icosahedral symmetry. In the present work t
were taken from Ref. 12 and are discussed in detail in A
pendix B. In order forCk2k1

k (l;x2x1 ;x) to be nonzero, the IR

x needs to be present in the decomposition ofx1^ x2. If x
occurs more than once inx1^ x2 then the multiplicity index
l is required. From this selection rule follows again th
even potentials couple linearly whereas odd potentials cou
only in second order~quadratic Stark effect!. Finally, the
factors tl(n1x1n2x2 ; lx) are the coupling constants whic
constitute the minimal set of parameters describing the le
splitting.

We analyze in more detail the level splitting of the LUM
(x5T1u) and HOMO (x5Hu) for l 51 and l 52 external
potentials which correspond to an electric field and a qu
rupole potential. We will see in Sec. V that these two mu
poles are dominant in the case of a charged C60 layer ex-
posed to an electric field. Within the icosahedral symme
I h , the two potentials form partners for the IRT1u andHg ,
respectively~see Table I!. Details of the calculation are give
in Appendix B. The coupling constant derived from the lev
splitting calculated by DFT are given in Table III. In the ca
of the odd l 51 potential, only second-order coupling t
closest-by orbitals was considered (T1g for the LUMO, Hg
and Gg for the HOMO, see Fig. 3!, which, however, as
shown below, gives very satisfactory results. For the splitt
of the HOMO under thel 52 (x5Hg) potential, there are
two coupling constants becauseHg occurs twice in the prod-
uct Hu^ Hu5Ag% T1g% T2g% 2Gg% 2Hg . In Appendix B
the coupling matrixHT1u

8 (HHu
8 ) describing the level splitting

of the LUMO ~HOMO!, due to an applied (lm)5(10) and
( lm)5(20) potential along an arbitrary direction of the mo
ecule, is calculated using perturbation theory. To a very g
approximation, the result can be cast into the form

HT1u
8 ~u!5~V10

2 c11V20c2!CT1u
~u!, ~12!

HHu
8 ~u!5~V10

2 d11V20d2!CHu
~u!, ~13!

TABLE III. Coupling constantstl(x1x2 ; l ) as defined by Eq.
~11! ~indicesn1 , n2 , l are dropped! among the energy levels nea
the Fermi energy. The coupling constants are given in units of
(7 Bohr)l 11e21 where l 51 for x5T1u and l 52 for x5Hg . The
negative sign of the coefficients is due to the negative charge o
electrons. Note that the coupling constantst(HuHg ;T1u) and
t(HuGg ;T1u) are equal up to the third digit which is due to fact th
the Hg andGg levels have almost the same radial dependence
cause of the their closeness in energy~see Fig 3!.

x1 x2 x l tl(x1x2 ;x)

T1u T1g T1u 20.663
T1u Hg 20.225

Hu Hg T1u 20.730
Gg T1u 20.730
Hu Hg 1 20.520
Hu Hg 2 20.018
2-5
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where c1 , c2 , d1, and d2 are constants depending on th
coupling constants of Table III and the energies given in F
3. CT1u

(u) and CHu
(u) are matrices within the LUMO and

HOMO subspace, respectively, and depend on the angu
between thez direction of the (lm)5(10), ~20! potentials
and the fivefold axis of the molecule.~for more details see
Appendix B!. In Figs. 4 and 5 the splitting of the LUMO an
HOMO is shown using the previous relations along with t
points calculated by DFT. The group-theoretical fit is ve
satisfactory. Note that the splitting of the LUMO is indepe
dent of the orientation of the molecule when only coupli
among the LUMO or to theT1g is considered~see Appendix
B!. Furthermore, relations~12! and ~13! are quite remark-
able, as they imply that the contributions of thel 51 and l
52 potential lift the degeneracy of the molecular levels
the same way, and thus the total splitting is given by the s
of the l 51 andl 52 splittings.

V. MOLECULES IN A LAYER

In this section a simple model of a C60 FET is considered.
As mentioned above a FET can be understood as capacit
where one plate is the gate and the other plate is the mat
~here C60) which is investigated. An analysis of this devic
in particular the calculation of the charge distribution, w
done in a previous work.5 It was found, that the charge con
centrates on the first layer in the high doping regime. In w
follows, we take this as a motivation to consider a sin
layer of C60 molecules which acts as a plate of a capacitan
We use the response of aneutral molecule~Table II! to de-
scribe the electrostatic behavior of the molecules in the la
The doped charge is taken care of by adding a monopole
every site. The molecules are then exposed to the ele
field arising from the gate as well as the monopole fields
the neighboring molecules. In order to simplify the calcu
tion, we assume a perfect lattice, either square, for the~001!,
or triangular, for the~111! plane of the fcc lattice formed by
the C60 molecules in the bulk. In order for the sites to b
equivalent we neglect the nonspherically symmetric par
the response of the C60 molecule and use the averaged r
sponse given by

a l 1m1l 2m2

spher.-sym.5d l 1l 2
dm1m2(xk

a l 1xkl1xk

2l 111
, ~14!

FIG. 3. Energy levels of the C60 molecule as calculated by den
sity functional theory. The Fermi energy for the undoped molec
is indicated.
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where the sum is taken over all components of thel 1 sub-
space. Since the response of C60 for multipoles l<2 is iso-
tropic ~see Sec. III!, this averaging is exact forl 51,2.

Because of translational invariance, the total potentia
given by

FIG. 4. Splitting of the LUMO for an (lm)5(10) and (lm)
5(20) potential as the molecule is rotated byp/2 about they axis.
The orientations shown in Fig. 1 are indicated. The splitting cal
lated with DFT at these high symmetry orientations are indicated
the filled symbols. The lines give the result of perturbation theo
fitted to the calculation for the threefold axis. Upper panel: (lm)
5(10) potential withV1050.143e(7 Bohr)22. The lower level is
twofold degenerate. Lower panel: (lm)5(20) potential withV20

50.180e(7 Bohr)23. The upper level is twofold degenerate.

FIG. 5. Splitting of the HOMO for an (lm)5(10) and (lm)
5(20) potential. See Fig. 4 for more details. In this plot the sim
larity of the splitting resulting from the different potentials@see Eq.
~13!# is particularly striking.

e

2-6



a
al
-

of
in

in

e

he

-
e

a

nt

d
re
e

er
s
be

ne
ld
e
-

th
lti-

he

per-
he
ous

ld
xi-
ble
las

her
ent
d
the
ger
the
the
s.

for

-
e is
cut
are

hr

FIELD DOPING OF C60 CRYSTALS: POLARIZATION . . . PHYSICAL REVIEW B68, 115412 ~2003!
V tot~r !5Ve~r !1(
Ri

Vi~r2Ri !, ~15!

where the sum is taken over all lattice sitesRi . At a given
site, sayRi50, the total potential can also be decomposed
V tot(r )5V scr(r )1Vi(r ), where the screened potenti
V scr(r )5Ve(r )1(RiÞ0Vi(r2Ri) contains the external po

tential Ve(r ) as well as the sum of all induced potentials
the other molecules. This sum depends linearly on the
duced potentialVi and, hence, the coefficients ofV scr are
given by

V l 1m1

scr 5Vl 1m1
1 (

l 2m2

b l 1m1l 2m2
Ql 2m2

. ~16!

The matrixb is entirely given by geometry and discussed
Appendix C. On the other hand, the screened potentialV scr

induces a potentialDVi as given in Eq.~5!. Therefore the
total induced potentialVi5Vi ,01DVi is

Ql 1m1
5Ql 1m1

0 2 (
l 2m2

a l 1m1l 2m2
V l 2m2

scr . ~17!

Equations~16! and~17! can be combined by eliminating th
coefficientsQlm which yields

V l 1m1

scr 5 (
l 2m2

@11ba# l 1m1l 2m2

21 V l 2m2

bare , ~18!

V l 1m1

bare5Vl 1m1
1 (

l 2m2

b l 1m1l 2m2
Ql 2m2

0 , ~19!

where theV l 1m1

bare describes the bare potential arising from t

external potential~the electric field of the gate! and intrinsic
moments of the molecules~the induced charge, i.e., mono
poles!. The square~triangular! lattice in the presence of th
electric field has the rotational symmetryC4v (C6v). As a
consequence, only components with these symmetries
nonzero and therefore they are given by Re(Ylm) with m a
multiple of 4 ~6!. Using relations~18! and~19! the screened
potential can be calculated. The nonzero components e
ing Eq. ~19! are the monopole chargeQ00

0 5q and electric
field V1052E gate. As the FET is overall neutralE gate
522pq/A mol with A(001)5a2/2 for the square lattice an
A(111)5A3a2/4 for the triangular lattice. The results a
given in Table IV and graphically depicted in Fig. 6. Th
components (lm)5(10),(20) are most dominant and high
ones are at least one order of magnitude smaller. This ju
fies a posteriori the assumption of spherical symmetry
cause Eq.~14! is exact for (lm)5(10),(20). From Fig. 6 it
can be seen that the electric field is efficiently scree
within the layer. Note that decrease of the electric field yie
negative sign ofv20 in Table IV. We also have checked th
influence of adjacent layers of C60 and of a close-by dielec
tric ~with a dielectric constant«510). The effects on the
parameters in Table IV were less than 2%. The reason is
the field inhomogeneities induced by a 2D lattice of mu
poles decay exponentially outside the lattice.
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VI. SPLITTING IN SELF-CONSISTENT
MULTIPOLE FIELD

We are now in the position to estimate the effect of t
external field on the electronic structure of the C60 molecules
in the monolayer that carries charge. To do so we have
formed density functional calculations for a molecule in t
self-consistent multipole fields as determined in the previ
section~see Table IV!. Figure 7 shows the splitting of the
molecular levels in the self-consistent field for a~001! mono-
layer, where the molecule is oriented with one of its twofo
axes pointing in the direction of the external field. The ma
mum energy difference between split states is given in Ta
V and compared to the result from the perturbative formu
~12! and ~13!, which is in good agreement foruqu<2. As
Fig. 8 demonstrates, similar results are obtained for ot
geometries. Qualitatively, the results are also in agreem
with an approximative tight-binding calculation publishe
earlier in Ref. 17. As expected we find that the stronger
external field, i.e., the larger the induced charge, the stron
the splitting. We notice also a pronounced asymmetry in
splitting: when the monolayer is charged with electrons
splitting is different from when it is charged with hole

TABLE IV. Components of the bare and screened potential
the square and triangular lattice witha/A2510 Å. The coefficients
are in units ofq/(7 Bohr)l 11, whereq is the charge per C60 mol-
ecule. Note that 7 Bohr'3.7 Å is about the radius of the C60 mol-
ecule.

square triangular

lm v lm
bare v lm

scr v lm
bare v lm

scr

10 0.862 0.499 0.996 0.530
20 20.230 20.189 20.280 20.219
30 0 0.039 0 0.053
40 0.0133 0.0030 0.0177 0.0015
4c4 0.0174 0.0097

FIG. 6. Screened potentialV scr across the layer with the param
eters from Table IV for the square and triangular lattice. The gat
assumed to be on the left. The lower lines correspond to a
through the center of the molecule whereas the upper lines
along half-circles with the radius of the molecule (7 Bo
'3.7 Å).
2-7
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Again, the reason is parity: Because of parity an exter
homogeneous field, and more generally any multipole po
tial with l odd, leads to a quadratic Stark effect. Hence,

FIG. 7. Splitting of the molecular levels of a C60 molecule in the
self-consistent multipole potential (l<2) for a ~001! monolayer
~square lattice! in a homogeneous external field as a function of
induced charge. The molecule is oriented such that one of its t
fold axis points in the direction of the external field~perpendicular
to the monolayer!. The top panel shows the positions of the sp
~from bottom to top! Hg , Gg , Hu , T1u , andT1g levels. The bot-
tom gives the splitting of theHu ~HOMO! andT1u ~LUMO! levels
relative to their respective center of gravity.

TABLE V. Maximum energy difference~in eV! between split
HOMO and LUMO states, respectively, as a function of dopingq of
the square lattice. The 2nd and 4th columns are the DFT res
from Fig. 7. The 3rd and 5th columns are calculated by perturba
theory as described in Sec. IV.

LUMO HOMO

q DFT Pert. DFT Pert.

22e 0.312 0.305 0.049 0.001
21e 0.105 0.102 0.062 0.060

0 0 0 0 0
1e 0.006 0.002 0.178 0.179
2e 0.057 0.097 0.455 0.476
3e 0.151 0.297 0.779 0.892
11541
al
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odd l the splitting is independent of the sign of the field. F
l even, however, the levels split already in first order~linear
Stark effect!, so the splitting changes sign with the extern
field. Thus the asymmetry originates from the multipol
with even l. Moreover, because of the first-order vers
second-order effect, even though the largest even multip
~20! is significantly smaller than the largest odd multipo
~the screened external field!, it contributes considerably to
the splitting.

We have seen in Sec. IV that for the HOMO and LUM
of C60 the splittings caused by~10! and ~20! multipole po-
tentials are essentially additive@see. Eq.~11!#. Thus we ex-
pect them to add up for one sign of the external field, wh
they should compensate for the opposite sign. In fact,
electron doping the splittings of the HOMO seem to alm
perfectly cancel, while upon hole doping the splitting of t
HOMO is essentially doubled compared to the splitti
caused by the screened homogeneous field alone. Thu
the HOMO, the splittings happen to add up for an exter
field that induces charge carriers into that orbital—a situat
that is particularly unfavorable for hole doping. For th
LUMO the situation is similar: For an external field th
induces electrons in the LUMO the splitting is enhanced.

o-

lts
n

FIG. 8. Splitting of the molecular levels of a C60 molecule in the
self-consistent multipole potential (l<2) for a~111! monolayer~tri-
angular lattice! in a homogeneous external field as a function of t
induced charge. The molecule is oriented such that one of its th
fold axes points in the direction of the external field~perpendicular
to the monolayer!. Otherwise the plots are as in Fig. 7. The thic
lines in the lower panel indicate the two-fold degenerate levels
2-8



es
th
g

fie
ul

f
f
p
o
f

s
s
p-
eb
th
nd
th
th
ne
c
na
om
s
w
ol

it
-

-

ts
h
si
th
or
O
l
ec
ne
pe

th

g
re
e

ht
i

-b

r-
e-
t

or

g
ill
ht-

-
trix

f
le-

h
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it turns out that the contributions of the higher multipol
conspire to enhance the splitting of the orbital that carries
induced charge. For both, HOMO and LUMO, the splittin
becomes comparable to the respective band width for a
that corresponds to about two charge carriers per molec

The calculations reported above have been performed
an uncharged molecule. Considering instead the splitting
a molecule that carries the proper induced charge, the s
tings are substantially reduced. This is easily understo
Due to the splitting, the electrons will fill only the lowest o
the split levels. But since the interaction between electron
the same orbital is larger than the interaction of electron
different orbitals, the occupied levels will be shifted u
wards, compared to the levels that were left empty—ther
reducing the splitting. We are, however, not interested in
splitting per se, but in the effect of the splitting on the ba
structure of a monolayer. Thus allowing electrons only in
energetically lowest levels would mean that in the lattice,
electrons are not allowed to hop to energetically higher o
of the split levels. This implies that the original band stru
ture would already be separated into a set of bands origi
ing from occupied, and another set of bands originating fr
the empty orbitals. To eliminate the undesired difference
the interaction between electrons in the split orbitals,
therefore work with the splittings obtained for a neutral m
ecule.

To estimate the effect of the Stark splitting on the dens
of states~DOS!, we have performed tight-binding calcula
tions for the~001! monolayer~square lattice!, assuming the
unidirectional structure~twofold axis of the molecules point
ing in the direction of the external field!. The basis for the
tight-binding Hamiltonian and the hopping matrix elemen
were taken from the parametrization given in Ref. 18. T
splittings shown in Fig. 7 were then used to derive an on-
coupling between the different orbitals. In the case of
LUMO, the on-site coupling is diagonal and reduces to
bital dependent on-site energies. The DOS for the LUM
(T1u) and the HOMO (Hu) bands calculated with this mode
for different charging are shown in Figs. 9 and 10, resp
tively. We find that already for an induced charge of o
carrier per molecule the change with respect to the un
turbed DOS is sizable. Forq522 one of theT1u-bands is
already completely separated from the other two. Also
HOMO density of states shows forq52 hardly any resem-
blance to the original DOS, and forq53 also theHu-bands
fall into two groups. We thus conclude that beyond fillin
uqu52 the electronic structure is distorted so much compa
to the unperturbed monolayer that one can no longer sp
of doping.

The calculation of the density of states in a minimal tig
binding basis involves, of course, approximations. First,
the lattice, not only is hopping between LUMO~HOMO!
levels allowed, but also hopping via energetically close
levels. An orbital atD« away will give a contribution to the
hopping of aboutt2/D«, wheret is the hopping matrix ele-
ment from the orbital, that we consider explicitly, to the o
bital at D«. The influence of this effect on the hopping b
tween molecules was studied in Ref. 18 and changes of
order of 5% were found. More importantly, due to the def
11541
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mation of the molecular orbitals in the field, the hoppin
matrix elements between the HOMO or LUMO orbitals w
change. For a simple estimate, we have performed tig
binding calculations of a C60 molecule in an external homo
geneous field and determined the average hopping ma
element between thet1u orbitals following the approach o
Ref. 19. We find that the change in the hopping matrix e

FIG. 9. DOS~per molecule and for both spins! of the LUMO
band taking into account the level splitting for dopingq50,21,
22. The Fermi energy is indicated.

FIG. 10. As in Fig. 9 but for the DOS of the HOMO band wit
q50,1,2,3.
2-9
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ments depends strongly on the orientation of the molecu
Typical changes are of the order of 10–20 %.

VII. CONCLUSIONS

We have analyzed the changes in the electronic struc
of a C60 monolayer in which charge carriers are induced
the application of an external homogeneous electric field.
find that the effective field seen by each molecule in
monolayer is strongly screened, but that there are additio
higher multipole potentials. Although these components
considerably weaker than the screened homogeneous
for even l, they give a significant contribution to the lev
splitting as they are of first order. In addition thel 51 ~ho-
mogeneous field! and l 52 potentials split the HOMO and
LUMO in almost the same way, so the splittings they p
duce add up or counteract, depending on the sign of
external field. For both, the HOMO and the LUMO, the sig
turn out to be such, that the splitting is enhanced when
charge is induced in the respective level. Thus the level
carries the field-induced charge is strongly changed by
effective field—a particularly unfavorable situation if on
wants to achieve doping, i.e., filling of a level without su
stantially changing its electronic structure.

There are, of course, some effects that have been
glected in our analysis: The polarizability of C60 increases
when charge is put in theT1u orbital. Thus when filling the
LUMO the screening of the external field should beco
somewhat more efficient. Second, due to the electric field
molecular orbitals are deformed and thus the hopping ma
elements between neighboring molecules change. This e
depends sensitively on the orientation of the molecules b
typically leads to a slight decrease of the band width w
applied field, making the Stark splitting even more imp
tant. Furthermore we have neglected the effect of electr
phonon coupling, which also tends to narrow the bands. T
should be particularly important for theHu band.20 Finally,
we have not considered correlation effects. It is known th
at integer filling, the alkali-doped fullerenes are close to
Mott transition and that they are metallic because of orb
degeneracy.22 Due to the reduced coordination in two dime
sions, a doped monolayer of C60 should be even more
strongly correlated, even if the orbitals are still degener
Lifting the degeneracy, e.g., by the Stark effect significan
increases correlations even further.21 It therefore seems in
evitable that for an integer number of induced charges a60
monolayer will be a Mott insulator, even though it is n
clear what effect the gate oxide might have on the Coulo
repulsionU between two electrons on a C60 molecule.23 To
summarize, it seems safe to conclude that the physic
field-effect devices based on C60 as active material should b
quite different from that of the alkali-doped fullerenes,
least at doping levels beyond two carriers per molecule.
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APPENDIX A: RESPONSE FOR GENERAL ORIENTATION

To illustrate the use of the response coefficients given
Table II, we show, how to calculate the response for a m
tipole potential with (lm)5(30) for different orientations of
the z-axis with respect to the C60 molecule. This is the first
nontrivial case, as the response for multipoles withl<2 is
isotropic. To start with, we need the basis functionsYlxk
spanning the irreducible representation of theI h , that were
introduced in Sec. III. For specific orientations, these can
found, e.g., in the Ref. 12, Chap. 16, or Ref. 13, Table 4
For arbitrary orientations, they have to be derived by exp
itly finding the basis functions that span the irreducible re
resentations of the icosahedral group. For the sake of
example, we consider the response forz along the fivefold
and the threefold axis of the C60 molecule. The correspond
ing basis functions are then both found in Ref. 12. Since
are interested in the response to an external multipole w
( lm)5(30), we have to identify those basis functions th
containY30. They are shown in Table VI. It turns out that fo
z parallel to the fivefold axis the (lm)5(30) potential corre-
sponds to a pureT2u potential. Thus the response is given b
DQ305a33(T2u)V30. For z along the threefold axis the situ
ation is more complicated, as the potential is now a mixt
of partner functions ofGu and T2u : As can be seen from
Table VI, it mixes with theY3c35A2 Re(Y33) component.
By construction, the response matrixa in the subspace
spanned by$Y30,Y3c3% is diagonal, with diagonal element
a33(Hu) and a33(T2u), when written in the basis function
listed in Table VI. However, to obtain the multipole respon
we have to use the basis (Y30,Y3c3), for which there are
off-diagonal elements:

a5
1

9 S 8a33~Hu!1a33~T2u! A8@a33~T2u!2a33~Hu!#

A8@a33~T2u!2a33~Hu!# a33~Hu!18a33~T2u!
D .

~A1!

We thus find

DQ305
1

9
@8a33~Hu!1a33~T2u!#V30,

DQ3c35
A8

9
@a33~T2u!2a33~Hu!#V30.

TABLE VI. Transformedl 53 spherical harmonics, which ar
partner functions for the IR ofI h and which containY30. The sec-
ond~third! column is for the case where the threefold~fivefold! axis
of the molecule is parallel to thez axis. The real spherical harmoni
is Y3c35A2 Re(Y33).

IR of I h fivefold axis threefold axis

Gu 2A2
3

Y302
1
3 Y3c3

T2u 2Y30
2

1
3 Y302

2A2
3

Y3c3
2-10
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APPENDIX B: COUPLING MATRICES

In this section we discuss the calculation of the level sp
ting for arbitrary directions within perturbation theory usin
the coupling constants of Table III. As discussed above,
restrict the analysis tol 51 and l 52 external potentials
which corresponds tox5T1u and x5Hg potentials in the
icosahedral symmetryI h . In first order perturbation theory
the splitting of the levels in the degenerate subspaceEnx is
given by the eigenvalues of the matrix

Hk1k2

(1) ~nx!5^nxk2uV effunxk1&. ~B1!

This matrix vanishes in the case of an odd potential and
splitting is given by the second order expression

Hk1k2

(2) ~nx!

5 (
(n8x8)
Þ(nx)

(
k8

^nxk2uV effun8x8k8&^n8x8k8uV effunxk1&

Enx2En8x8

.

~B2!

The matrix elements in Eqs.~B1! and ~B2! are given in Eq.
~11! and involve the icosahedral Clebsch-Gordan coefficie
Ck2k1

k (l;x2x1 ;x). In order for thek-indices to be defined we

consider the molecule oriented with the fivefold axis para
to the z axis ~see Fig. 1!. This allows to label the state
within a multiplet unambiguously with itsC5 index k. The
ordered basis of aT1u subspace hask indices (0,1,21)
whereas the ordered basis of anHu subspace is given by
(0,1,21,2,22). Note that in the case of appliedl 51 or l
52 potential, thek index corresponds to them index of the
spherical harmonics. For a detailed discussion we refe
Ref. 12. We will present the coefficientsCk2k1

k (l;x2x1 ;x) as

matrices with respect to the indicesk1 and k2. In order to
11541
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reduce the number of matrices, we will give the coupli
matrices for (lm)5(10),(20) potentials, which are rotate
around they axis by an angleu. The resulting matrices are
then given by

Cu~l;x2x1 ;x!5(
k

R0k
l ~u!Ck~l;x2x1 ;x!, ~B3!

whereRk8k
l (u) is the rotation matrix of the spherical harmo

ics in a givenl subspace. Using the previous relations a
Eq. ~11!, the coupling matrix for an evenl 52 potential is
given by

H (1)~nx,u!5V20(
l

tl~nxnx;Hg!Cl
u~xx;Hg!. ~B4!

Note that the multiplicity labell is only relevant for the
HOMO Hu becauseHg occurs twice in the productHu
^ Hu5Ag% T1g% T2g% 2Gg% 2Hg . The coupling matrix for
the oddl 51 potential is

H (2)~nx,u!

5V10
2 (

(n8x8)
Þ(nx)

t~nxnx8;T1u!2

Enx2En8x8

Cu~xx8;T1u!TCu~xx8;T1u!.

~B5!

In the following we restrict the sum over subspacesEn8x8
closest in energy toEnx which is theT1g subspace in the cas
of the LUMO and theHg andGg subspaces in the case of th
HOMO ~see Fig 3!. Below, the coupling matrices
Cl

u(x1x2 ;x) which are needed to calculate the splitting of t
HOMO and LUMO are given. They are traceless TrCu50
and normalized such that Tr(Cu)TCu51. The coupling ma-
trices which describe the splitting of the LUMO are
Cu~T1uT1g ;T1u!5
1

2 S 0 2sinu 2sinu

2sinu 2A2 cosu 0

2sinu 0 A2 cosu
D , ~B6!

Cu~T1uT1u ;Hg!5
1

4 S 24A2

3
12A6 sin2u A3 sin 2u 2A3 sin 2u

A3 sin 2u 2A2

3
2A6 sin2u A6 sin2u

2A3 sin 2u A6 sin2u 2A2

3
2A6 sin2u

D . ~B7!

The eigenvalues of these two matrices are independent ofu and given by (0,21/A2,1/A2) and (22/A6,1/A6,1/A6) which
implies that the splitting is independent of the orientation of the molecule with respect to the direction of the appliedl 51 and
l 52 potentials. The coupling of the HOMO (Hu) to the lower lyingHg andGg levels is given by
2-11
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Cu~HuHg ;T1u!5
1

2A5 S 0 A3 sinu 2A3 sinu 0 0

A3 sinu 2A2 cosu 0 A2 sinu 0

2A3 sinu 0 A2 cosu 0 2A2 sinu

0 A2 sinu 0 22A2 cosu 0

0 0 2A2 sinu 0 2A2 cosu

D , ~B8!

Cu~HuGg ;T1u!5
1

2A5 1
A3 sinu 2A2 cosu 0 2

1

A2
sinu 0

2A3 sinu 0 22A2 cosu 0
1

A2
sinu

0 2A2 sinu 0 2A2 cosu 2
3

A2
sinu

0 0 A2 sinu
3

A2
sinu A2 cosu

2 . ~B9!

The coupling of the HOMO among themselves is given by

Cu~1;HuHu ;Hg!5
1

4A5 1
28112 sin2u A3

2
sin 2u A3

2
sin 2u A3

2
sin2u A3

2
sin2u

A3

2
sin 2u 223 sin2u 23 sin2u 23 sin 2u 3 sin2u

A3

2
sin 2u 23 sin2u 223 sin2u 3 sin2u 23 sin 2u

A3

2
sin2u 23 sin 2u 3 sin2u 223 sin2u 3 sin 2u

A3

2
sin2u 3 sin2u 23 sin 2u 3 sin 2u 223 sin2u

2 , ~B10!

Cu~2;HuHu ;Hg!5
1

4 1
0 A3

2
sin 2u A3

2
sin 2u 2A3

2
sin2u 2A3

2
sin2u

A3

2
sin 2u 223 sin2u sin2u sin 2u sin2u

A3

2
sin 2u sin2u 223 sin2u sin2u sin 2u

2A3

2
sin2u sin 2u sin2u 2213 sin2u sin 2u

2A3

2
sin2u sin2u sin 2u sin 2u 2213 sin2u

2 . ~B11!

In Eq. ~B5! the productCu(xx8;T1u)TCu(xx8;T1u) enters. For the matrices given in Eqs.~B6!, ~B8!, and~B9! these products
can be expressed in terms of thel 52 coupling matrices~B7!, ~B10!, and~B11!:
115412-12
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Cu~T1uT1g ;T1u!TCu~T1uT1g ;T1u!

5
1

3
1

1

A6
Cu~T1uT1u ;Hg!, ~B12!

Cu~HuHg ;T1u!TCu~HuHg ;T1u!

5
1

5
1

A5

10
Cu~1;HuHu ;Hg!2

3

10
Cu~2;HuHu ;Hg!,

~B13!

Cu~HuGg ;T1u!TCu~HuGg ;T1u!

5
1

5
1

A5

10
Cu~1;HuHu ;Hg!1

3

10
Cu~2;HuHu ;Hg!.

~B14!

Using these relations, the total coupling matrix~neglecting
the constant terms in the previous relations! due to the ap-
plied l 51 andl 52 potential, is given by

H8~T1u ,u!5~V10
2 c11V20c2!Cu~T1uT1u ;Hg!, ~B15!

H8~Hu ,u!5V10
2 d1@cosd1Cu~1;HuHu ;Hg!

1sind1Cu~2;HuHu ;Hg!# ~B16!

1V20d2@cosd2Cu~1;HuHu ;Hg!

1sind2Cu~2;HuHu ;Hg!#, ~B17!

where

c15
1

A6

t~T1uT1g ;T1u!2

ET1u
2ET1g

andc25t(T1uT1u ;Hg). Similarly we have

d1 cosd15
A5

10 F t~HuHg ;T1u!2

EHu
2EHg

1
t~HuGg ;T1u!2

EHu
2EGg

G ,

d1 sind15
3

10F2
t~HuHg ;T1u!2

EHu
2EHg

1
t~HuGg ;T1u!2

EHu
2EGg

G ,

andd2cosd25t1(HuHu ;Hg), d2 sind25t2(HuHu ;Hg). Equation
~B15! implies that the contributions of thel 51 andl 52 to
the splitting of the LUMO add up trivially. Using the value
in Table III and the energies of Fig. 3 yields the valuesd1
50.064 andd250.037, which are almost equal when com
pared top. This can be understood by the following r
marks: d150 in the case oft(HuHg ;T1u)5t(HuGg ;T1u)
and EHg

5EGg
. Furthermore, it can be shown th

d25arctan(1/A125)'0.090 assuming that the angul
dependence of the HOMO is given byl 55 spherical har-
monics. Taking an average value ofd50.050 yields the
approximate relation
11541
H8~Hu ,u!'~V10
2 d11V20d2!@cosdCu~1;HuHu ;Hg!

1sindCu~2;HuHu ;Hg!#, ~B18!

which shows that, to a good approximation, the contributio
of the l 51 andl 52 potential to the splitting of the HOMO
add up trivially.

APPENDIX C: CALCULATION OF THE MATRIX b

In this section it is shown how to calculate the matrixb
appearing in Eq.~16!. The second term on the right side o
this equation describes the coefficients of the te
(RiÞ0Vi(r2Ri) which enters the screened potentialV scr and
which describes the potential induced by all neighbor
sites. Using the definition~1!, we can rewrite this expressio
as

(
RiÞ0

Vi~r2Ri !5(
lm

Qlm (
RiÞ0

I lm* ~r2Ri !

5(
lm

Qlm (
RiÞ0

~21!mI l 2m~r2Ri !. ~C1!

The functionI lm(r12r2) can be decomposed using the tran
lation formula~for r 1,r 2)

I LM~r12r2!5 (
l 1 ,l 250
l 22 l 15L

`

~21! l 2A ~2l 211!!

~2L11!! ~2l 1!!

3 (
m1 ,m2

Cl 1m1l 2m2

LM Rl 1m1
~r1!I l 2m2

~r2!, ~C2!

where Cl 1m1l 2m2

LM denote the Clebsch-Gordan coefficien

This formula can be found in different forms in the literatur
see for example Refs. 14, and 15. Substituting Eq.~C2! in
the sum~C1! with r15r and r25Ri yields

(
RiÞ0

Vi~r2Ri !5 (
l 1m2
l 2m2

b l 1m1l 2m2
Ql 2m2

Rl 1m1
~r !, ~C3!

where the matrixb is given by

b l 1m1l 2m2
5~21!m21 l 2A@2~ l 11 l 2!#!

~2l 1!! ~2l 2!!

3Cl 1m1l 22m2

l 11 l 2m12m2 (
RiÞ0

I l 11 l 2m12m2
~Ri !

5~21!m21 l 2

3A ~ l 11 l 21m12m2!! ~ l 11 l 22m11m2!!

~ l 11m1!! ~ l 12m1!! ~ l 21m2!! ~ l 22m2!!

3 (
RiÞ0

I l 11 l 2m12m2
~Ri !. ~C4!

In the last equality in Eq.~C4! the explicit form of the
2-13
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Clebsch-Gordan coefficients was used.14 One verifies, that
the matrixb is complex conjugate under the exchange of
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