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Field doping of Cg crystals: Polarization and Stark splitting
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We investigate the possibility of dopingggcrystals by applying a strong electric field. For an accurate
description of a g, field-effect device we introduce a multipole expansion of the field, the response ofghe C
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;nolecules 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, inggfield-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.
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I. MOTIVATION Moreover we discuss in detail how the electronic structure is
changed, when the external field is beyond this “doping
The proposal of doping & crystals in a field-effect de- limit.” In this regime the commonly used analogy of the

vice (FET) and the possibility of metallic conduction and field-doped G, with the alkali-doped fullerenes no longer
even superconductivity in such devices had raised wideholds. Nevertheless a field-effect device with high carrier
spread interest. While the revelation of dishonest data harconcentration would be an interesting device in its own right.
dllng in some Casésied to a severe damplng of the initial One might, e.g., Specu|ate that fO%OOn a Strong electric
enthusiasm, fundamental aspects of field effect doping refie|d the electron-phonon coupling is enhanced compared to
mains a timely and interesting problem. For field-effect tra”'unperturbed 6. as for molecular orbitals of lower symme-

sistors made W!th self-assembled monolayers this questi0@¥ less couplings are forbidden by symmetry.
was addressed in Ref. 2 and for the reported enhancement of £ 5 first estimate of the fields involved in field doping,
the supercoqductlng transition temperature Baystals in- - considera simple capacitor. Given a charge per area the
tercalated WI'[.h haloform moIecu.Ies in Refs. 3. Attempts toplates, the electric fielbetweerthe plates €= 4o As-
observe the field effect in graphite were reported in Ref. 4Sumin that i field-doped & the induced charge resides in
Here we address, from a theoretical point of view, the ques: 9 &g Pe | h g |
tion how strongly Gy can be doped in an electric field before the top-mos_t layet,in ucingn € em_ef‘tar_y charges per moi-
its electronic structure is substantially changed and how thi§CUleS requires amxternalfield (originating from the gate
structure changes in even stronger fields. This is relevant fdf/€ctrode of Ee=2mn/Anq, whereAn, is the area per
understanding the fundamental features of field-effect demMolecule in the top-most layer of the crystal. For g €rys-
vices based on & and involves a number of interesting tal with lattice constana~14 A typical areas per molecule
physical problems. are A(117)= \/3a%/4 for the (111) plane andA gqy=a2/2 for

It appears that dopinggcrystals in a field-effect device the (001) plane. Even though these areas are quite large, the
(FET) is very hard to achieve in practice, one of the reasongxternal fields necessary for field doping are substantial, be-
being the exceptionally strong fields that are required. Venjing of the order of 1 V/A per induced elementary charge per
strong fields, however, not only induce charge carriers, bumolecule. This is, however, not the field experienced by a
also polarize the molecules, and, due to the Stark effect, imolecule. As G is highly polarizable &~83 A%, in the
general, lift degeneracies. These effects are of particular insolid, the external field at the site of a molecule is screened
portance, as § is quite polarizable, and as its molecular by the polarization of the neighboring molecules: A mono-
levels are highly degenerate. The term “field doping” na-layer of dipolesp centered on the lattice sit&, generates a
ively implies that these effects are small, such that the maiffield Eg,= — p=i.olRi—Ro| 2 atRy, where the sum is over
effect of the external field is inducing charge carriers intoall sites in the monolayer, exceBp. For the(111) layer, this
electronic levels which are essentially unaffected by thesum is about 31.27, for the less dens€001) layer it is
field. It is clear that if the external field is strong enough, theabout 25.64>. As the dipole moments of the molecules are
electronic structure of the crystal will be strongly modified induced by the screened fielel.,= Eq+ Egjp at the site of
by the field, and one thus can no longer speak of doping. Ahe molecule p=«Eg.), we find, by self-consistent solu-
fundamental question about field-effect devices is thereforéion, that the external field is reduced by about a factor of 2.
connected with the doping levels achievable, before the elec- Inducing charge and polarizing the molecules is, however,
tronic structure of the active material is substantially alterednot the only effect of the external field. In addition it also
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leads to a splitting of the molecular levels—the Stark effect.
As the molecular orbitals of & have a definite parity, a
homogeneous field splits the levels only in second ordet
Thus for low fields the splitting is quite small, but increases
quickly for larger fields. We can expect that the splitting of
the molecular levels disrupts the electronic structure of the
crystal only when it becomes of the order of the band width,
which is about 1/2 eV in g. Calculations indicate that the
splittings of theT,, andH, levels in ahomogeneouseld

are surprisingly small, being less than 1/2 eV upBQ:;  FiG. 1. Orientations of the & molecule. The coordinate system
~2 VIA (see F'Q 2 leerl the Cruden_ess of the argument, itis chosen such that the axis is pointing to the right, thg axis
thus seems entirely feasible that doping of a few elementarypward, and the axis towards the reader. Thus, from left to right,
charges per molecule could be achieved before the electronige molecules are oriented with their twofold, threefold, and five-
structure of the g, is substantially changed. fold axes along. The different orientations are obtained by rotating
In the argument above we have described thg @ol-  the molecule about thgaxis: by arctan(2 7) to go from the first to
ecules as polarizable points. It is then natural to refine théhe second, and by arctaio go from the first to the third orien-
model by considering also higher multipoles. Such a multi-tation. 7= (/5+1)/2 is the golden ratio.
pole expansion is particularly suitable fogdCas the mol-

ecules are nearly spherical. The approach is then the followjonal calculations using Gaussian orbitiiFhe basis set

ing. First we calculate the response of g, @olecule to  comprises 54p3d for carbord and we use the Perdew-
external multipole fields. Then we self-consistently solve thegrke-Ernzerhof functiondl.

electrostatic problem for a lattice of molecules in a homoge- | oyr calculations we apply an external multipole field

neous external field. This .provide_s us with the muItipoIe: €X-and study the change in the multipole moments of the charge
pansion of the screened field acting on each molecule in thgensity and the splitting of the molecular levels as a function
solid. Given that screened field, we can then determine thgs the strength of the external field. To take advantage of the

charge. o . axis along the twofold, threefold, and fivefold axes of the
The organization of the paper reflects this approach. Ifnglecule(see Fig. 1 As these axes are each contained in a

Sec. Il we describe the density functional calculations formirror plane, which we chose to be tiez plane, we can
determining the multipole response and the Stark splittingreat the thus oriented molecule as having symmetry group
for a G mole_cule in a multipole field for several symmetri- ¢, C, , andCs, respectively. Applying external multi-
cal configuration. Using group theory, in Sec. Ill, the |rredluc-po|e fields with1>0, this symmetry is maintained if the
ible parameters for the multipole response are determinedig|gs are proportional to the real part of the spherical har-
Thls_ aIIovv_s the calculation of th_e polarization for arbitrary yonic Y,,, wherem is an integer multiple of the orden(
configurations. In Sec. IV we give an analogous treatment. 5 3 or g of the symmetry axis. Likewise, the response of

for the Stark splittings and gxplicitly show _how the splitting e charge density will only have multipole components pro-
changes as the molecule is rotated relative to the eXtem‘%IortionaI to Ret,), with m an integer multiple of. Cal-

field. In Sec. V we use t_hese ingredients to self-ponsistentl)émations were done for such symmetry conserving multipole
solve for the screened field seen by a molecule in a chargegh,yg up tol =6. For the threefold axis oriented aloagwe

monolayer. The splitting of the molecular levels in this self-p5.e in addition, calculated the response to external fields
consistent multipole field and the effect of this splitting on proportional to Im{fs 9, IM(Ys2), and Im(Yg), i.e., with a

the density of states is presented in Sec. VI. Our conc_:lu5|on§ymmetry lowered td:s. As we are interested in the linear
are presented in Se_c. VII. The me}hocjs for_ calculating th‘?esponse, we have considered small multipole fields and
response and splitting for an arbitrarily oriented externaly,,qe syre that the calculated response of the charge density
field from the results of the density functional calculations;q iqeed proportional to the strength of the external field. We

tha_t were performed .only for spepial o.rientations are de}ind that the linear response of ggdnolecule is very similar
scribed in the appendixes. Appendix A gives an exampleé Of, 4t of 4 metallic sphere of radius 4.4 A. This effective

hOW. to calculate the response of a molecule using the Irreéphere radius shows a slight increase Wit addition there
ducible parameters derived in Sec. Ill. In Appendix B we

. ) . . are weak off-diagonal terms. To judge the accuracy of our
derive the coupling matrices needed for the calculating they e jation, we have checked how well the selection rules
level splitting when the molecule is rotated in the externalthat are no,t already imposed by tie, symmetry, are ful- '
field. Finally, Appendix C gives the derivation of the matrix 04 for these off-diagonal terms. From the calculated re-
describing the field generated by a lattice of identical mum'sponse we have determined the irreducible linear response
poleg at the origin, \.Nhi.Ch is needed for finding the Se”’coeffic:it’-:‘nts, which will be given in the next section.
consistent electrostatic field. In addition to polarizing the molecule, the external field
also splits the degenerate molecular levels of thg r@ol-
ecule. As the unperturbed molecular orbitals have a definite

To determine the response of gy@nolecule to external parity, for a multipole field with odd there will be no first-
multipole fields we have performed all-electron density func-order splitting—the quadratic Stark effect. On the other

1. RESPONSE OF A Cgo MOLECULE
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0.40 . . . comes a matri>a|lml|2m2 describing the response to all mul-
0.20 tipole fields!® To fix the notationwhich follows Ref. 10 we
0.00 § briefly review the definition of the multipole response ma-
S 020 trix.
“ 040 The solutions of the Laplace equatidh?V(r)=0 are
< given by
-0.60
-0.80 )
.00 V(N =VEHVI= 2 VigRE(1) + Qinl (), (D)
010 where the two terms denote the external potent&) ( and
0.05 the induced potential (') due to a charge distributiop
o.oo located around=0. Note that both, the Laplace equation as
N _0'05 well as the expansion &f'(r) into multipoles only holds for
% 0'10 r which lie outside the charge distribution. We have intro-
@ :0'15 duced the regular and irregular spherical harmdflics
-0.20 2
-0.25 _ 77
o Rin(N) ="\ 5777 Yim(Q), @

1 [ 4
FIG. 2. Splitting of theH, and T, levels of a G, molecule in lim(r) = PV 21+ 1Y'm(Q)' 3
an external multipole fiel/(r) =V,,R},(r) with zalong a twofold

axis. Dge to parit.y, .for small extern.al fieldg, the splitting fd?rm.Q Special cases for the regular spherical harmonicsRae
_=(10) is quadratic in the _external_ fleld_, while famg) =(20) it is =1 andRy;=z, hence, the external fieloy=V, corre-
linear. TheV,,, are given in atomic unlts_anRg:7 Bohr. (m) sponds to a constant shift, and,= — E, is thez component
=(10) corresponds to a homogeneous field véith= —Vi, thus ¢ he electric field. For the irregular spherical harmonics we
ViRg=1 IR atomic units corresponds to a homogeneous field thavelooz Ur andl o= 2/r3 thus for the induced potential
about 1 VIA. Qoo=9 gives the monopole charge whi@;,= p, is the di-
pole moment. Generally, the coefficier@g,, are the multi-

hand, a multipole field with evehcan couple states of like pole moments of the charge distributipn

parity, so in that case the splitting is linear. This is shown in
Fig. 2. In Sec. IV it will be demonstrated how the splitting of
the highest occupied molecular orbif®flOMO) and lowest Q :f 43 p()Ry(T). ()
unoccupied molecular orbitdLUMO) that were calculated m m

for high-symmetry geometries can be extended by grou

theory to arbitrary orientations of the molecule relative to thePecomposing the charge distributign=po+Ap into the
external multipole field. unperturbed charge density and the change in the charge den-

All calculations have been performed for the equilibrium Sity dué to the extermnal potential,owe obtain a decomposition
geometry of the unperturbed, neutra,@olecule. To esti- Of the multipole moment&;,=Qjm+AQiy, . Within linear
mate the effect of an external field on the shape of the moll€Sponse, the coefficientsQy, of the induced multipole
ecule, we have relaxed the structure in the presence of hénoments depend linearly on the coefficiemg, of the ex-
mogeneous external fields of up to 1 V/A. We find only smallternal potential, which defines the linear-response matrix
changes(up to about 0.005 Ain the lengths of the bonds @i;m,i,m,’

(1.40 A for the short and 1.45 A for the long bondkike-
wise, the polarizability changes by less than 1.5%.

Finally, we have calculated the total energy of the isolated AQim =" Iz ), m,1,m,Viomy: ©)
Ceoion as a function of its chargg (spin unpolarized calcu- 2me
lation with relaxed geometriggnd extracted the second or- yyhere the sign takes into account that the induced fields
der 'germ 1/2) 492 To.compare W!th previous .calculatlo?ls, oppose the external fields. Theqml 1m, gives the dipolar
we find for the polarizabilitymultipole field withl=1) of response tensor, whileg i the self-capacitance .

the neutral moleculer=9.3 Bohr/atom, andUo=3.2 eV. The interaction energy of the molecule with the external
potential isE = [d3r p(r)Ve(r), which, using the previous
Ill. IRREDUCIBLE RESPONSE PARAMETERS definitions, reduces to
The polarizability « of a molecule describes the linear
dependence of the induced dipole moment «E on the E =E V.. O* 6
. . . . . ext ImQIm' ( )
applied electric fieldE. For a multipole expansiorny be- Im
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TABLE I. Decomposition of the irreducible representatigh®) TABLE Il. Linear response coefficients of a neutrajy,CGnol-
of the rotation group S@) into the IR of the icosahedral group ecule derived from the results of our density functional calculations.
1,CSO(3). The matrix elements | (x) are normalized witlRy=8.25 Bohr.
By comparing matrix elements determined from the response to
| I potentials applied along the twofold, threefold, and fivefold axis, we
0 A have determined, wherever possible, the uncertainties in the values
g of the matrix elements. The value af(A,) is given by the qua-
1 T dratic term of the change of the ground state energy upon charging
2 Hg of the molecule.
3 GU@TZU
4 Gy®Hy (0
5 Tu®T®Hy dofr—lfrl
6 Ag®T14®GydHy
aoo(Ag) 1.019
. . . T 0.9900
ThereforeV,,, andQ,, are pairs of conjugate variables and Z”EH“‘)) 1 152();
thetotal energy of the molecule as a function of the external azz(Gg) 1.2681)
field is given b 33 Zu '
’ g a3y Tay) 1.3763)
1 o a44(Gy) 1.4779)
*
Eioi=— E |1Em1 @) m, I2m2VI1m1V|2m2+ % VIm(QIm)*- a24(Hg) 0.0746)
Iom
o ) ass(Tru) 1.7079)
ass5(T2u) 1.4304)
ass(Hy) 2.03113
Since this is a quadratic form, we see that the madriis ay5(T1y) —0.0775)
hermitian. We can make real and symmetric by unitarily a35(Tou) 0.0396)
transforming to a real basigusing J2 Re(Y,n) and aa(Ag) 1.5985)
V2 Im(Y,,) instead ofY,, andY, _, for m#0]. age(Hg) 1.20921)
The structure of the response matixdepends on the aee(Gg) 1.9642)
symmetry of the molecule. For a metallic sphere of radRus @e6(T1g) 2503
the response is isotropic, i.e,is diagonal in the basis of the aze(Hy) ~0.02313
. . _ 2| l .
spherical harmor?lcm,lmﬂzmz—§|l|25m1m2R 1+l Lovyerlng ae(Hg) 0.19512)
the symmetry to icosahedra},, introduces some anisotropy. a46(Gg) —0.337113

To understand the response matrix foy @e have to con-
sider how the irreducible representatidiiR) of the rotation
group SO(3) split into IR’s of thé;, (see Table)l An exter-  label here. Explicit expressions for the basis functi¥ig,

nal multipole field of angular momentuhcan only give rise  can, e.g., be found in Ref. 12, Chap. 16, or Ref. 13, Table
to a response with angular momentlin if both IR’s of the ~ 4.2.

SO(3) contain a common IR of the. In particular, because  In the new basis, the matrix is built of blocks of diag-

of parity, fields with ever(odd | can only give rise to re- onal matrices

sponses with evefodd) |’. Furthermore, as the irreducible

representations with<2 are also irreducible with respect to gkl pxoky = @11, (X1) Oy, By ®
thel,, for I<2 we havea = @ 6mny - Thus, restricting : -
the multipole expansion th<2, the response of Gis iso- where a,l!z(xl) constitute .the minimal set of parameters,
tropic, with ag~8.1 Bohr, a;~556 Bohf, and a, and,« being real symmetrica;  (X1)=a,,(X1). The ma-

~44100 Boht. trix elements ofa were calculated up tb=6 using the re-
For |>2 the space spanned by the spherical harmonic8ults of the density functional calculations described in Sec.
Yim is no longer irreducible with respect to the. Thus we  Il. The @y 1,(x,) are listed in Table IIl. From this minimal set

need to find linear combinations of the spherical harmonic®f independent parameters we can determine the response for
that span the irreducible representations of the icosahedrakbitrary orientations of the g molecule relative to the ex-
group. We call thenY,, wherel andx denote the IR of the ternal multipole field. An example of how to do this is given
SO(3) andl,, respectively, while the indek labels the in Appendix A. The practical advantage of this procedure is
functions within an irreducible representation of the If in clear: We only need to perform density functional calcula-
the decomposition an IR should occur several times, we tions for a number of highly symmetric configurations, for
would have to introduce an additional multiplicity label. which the numerical effort is much reduced. Using group
However, as can be seen from Table |, up 66 each IR  theory the response for arbitrary configurations can then be
appears at most once. We therefore suppress the multiplicityetermined from these special cases.
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Note that the group theoretical approach presented in this TABLE Ill. Coupling constantst, (x;x,;l) as defined by Eq.
section is particularly elegant in the case of a neutral mol{11 (indicesn,, n,, | are droppelamong the energy levels near
ecule which has icosahedral symmetry. Upon charging, orbitthe Fermi energy. The coupling constants are given in units of eV
als become partially filled and the symmetry is reduced? Bohr)“*e™* wherel=1 for x=T,, andl=2 for x=H,. The
which leads to a higher number of irreducible response cobegative sign of the coefficients i; due to the negative charge of the
efficients. Furthermore, the symmetry of a charged molecul&'ectrons. Note that the coupling constar($1,H,:T,,) and
depends on how the additional charge arranges in the degefiHuCq:T1u) are equal up to the third digit which is due to fact that
erate orbitals. This is a subtle question in the case of af'¢Hg @ndGy levels have almost the same radial dependence be-
isolated Gy molecule and involves Jahn-Teller effects and“ause of the their closeness in ene(gge Fig 3.

Coulomb interaction in competitioft. In the present work

we restrict the analysis to neutral molecules. X1 X2 X A b (a2 %)
Tlu Tlg Tlu _0663
IV. LEVEL SPLITTING LEW Hg —0.225
) ) o o Hy Hy Ty —0.730
In this section, a minimal set of parameters describing the G T, ~0.730
. . . u .
Stark effect in a neutral molecule is deduced using the Hg H 1 —0.520
Wigner-Eckart theorem for the icosahedral symmé&iihis Ho He 5 _0.018
u g .

is achieved in the framework of density-functional perturba-
tion theory® where an external perturbatiovt induces a
change in the effective potentiéelf-consistent fieldvVe®  The coeﬁicientsﬂﬁzkl(x;xle;x) denote the 3jm symbol®r

which couples the degenerate energy levels. In linear ordef|epsch-Gordan coefficient®f 1, and are entirely deter-

the change is given by mined by the icosahedral symmetry. In the present work they
g were taken from Ref. 12 and are discussed in detail in Ap-
. ; k ) )
AV () =V(r)+ AVI(r) + Uxe An(r),  (9) pendix B. In order foCkzkl()\,xle,x) to be nonzero, the IR
dn n=n(r) X needs to be present in the decompositiorxpbx,. If x

: e , Sl . occurs more than once Xy ®X, then the multiplicity index
whereAV'(r)=e”fdr’An(r’)|r—r’|"is the change in the ) “is required. From this selection rule follows again that
induced potential due to the linear chanige(r) in the elec- ~ gyen potentials couple linearly whereas odd potentials couple
tron distribution. The last term is the exchange—correlat|orbn|y in second ordefquadratic Stark effegt Finally, the
p_ote_ntla_l. Within linear response, the chan_ge i|n the Charg?actorstx(nlxlnzxz;lx) are the coupling constants which
distributionAn as well as the induced potentiaV' have the  congtityte the minimal set of parameters describing the level
same symmetrywith respect td,,) as the external perturba- splitting.
tion V®. Furthermore, ifn(r) is the unperturbed charge dis- e analyze in more detail the level splitting of the LUMO
tribution, then the factodv ./dn|,_n in the last term of (x=T,,) and HOMO &=H,) for I=1 and|=2 external
Eq. (9) hasAy symmetry r';l?d does not change the symmetry,otentials which correspond to an electric field and a quad-
of An. ConsequentlyAV*®" has the same symmetry & ypole potential. We will see in Sec. V that these two multi-
and, using the notation of the previous section, can be W“tpoles are dominant in the case of a chargeg layer ex-

ten as posed to an electric field. Within the icosahedral symmetry
Iy, the two potentials form partners for the TR, andHg,
AV ey = Vi fl (1) +O[V2, ], 10 _respectlvelly(see Table)l D_etalls of the calc_ulatlon are given
") %‘2 had 1)+ OViad (10 in Appendix B. The coupling constant derived from the level

splitting calculated by DFT are given in Table Ill. In the case
Wherefl(k(r) are partner functions of the IR of I,,. Note  of the oddl=1 potential, only second-order coupling to
that f'xk contains spherical harmonicg ., with all |” al-  closest-by orbitals was considered, § for the LUMO, Hg
lowed by Table I. The coupling of the degenerate levels isand G4 for the HOMO, see Fig. 3 which, however, as
given by the matrix elements afV ™ with respect to the shown below, gives very satisfactory results. For the splitting
eigenstates of the unperturbed molecule which are denoteaf the HOMO under thd =2 (x=H,) potential, there are
by [nxk), wheren is the quantum number differentiating two coupling constants becaullg occurs twice in the prod-
between orbitals with the same IR In this context, the uct H,@H =A@ T3®T,®2Gy®2H,. In Appendix B
functionsf'Xk play the role of tensor operators bf and the  the coupling matri>H+1u (ng) describing the level splitting

Wigner-Eckart theorem can be used to write the matrix elepf the LUMO (HOMO), due to an applied!(n) =(10) and

ments as (Im)=(20) potential along an arbitrary direction of the mol-
o ecule, is calculated using perturbation theory. To a very good
(NaXoKo| AV ngx 1K) approximation, the result can be cast into the form
’ _ 2
:2 lek2 t)\(nlxanXZ;IX)Cllizkl()\;XZX:L;X)- HTlu( 0)_(V1001+V20C2)CT1U( 0), (12)
Ixk \
(11) Hf (0)= (Vigd1+Vad2)Chy (6), (13
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Bu 224 eV -4.193 : ;
Tig -3.10eV -4.194 | _C2v |, ‘ Cov—s
LMo Ty ~420eV > 41959 *oav Y5y *
————————————————————————————— Ep - 4196 | ! .
HOMO Hy——— -583eV S _a197 | | | ]
Gy —6.99 eV 5 -4.198 | | |
Hy -7.12eV —4.199 ¢ :. :b ®
G, —— -8.66eV - ! - :

FIG. 3. Energy levels of the ggmolecule as calculated by den- . —4.18 i i 8
sity functional theory. The Fermi energy for the undoped molecule% '= ag ®
is indicated. = -4.19 i i T

=y ! |
wherec;, c,, d;, andd, are constants depending on the & -2 : ]
coupling constants of Table Il and the energies given in Fig.!  _g21 | §
3. Cr  (0) andCy (6) are matrices within the LUMO and +———o " .
HOMO subspace, respectively, and depend on the afgle -4.22 ‘ ' 9 ‘ '

between thez direction of the (m)=(10), (20) potentials

and the fivefold axis of the moleculéor more details see FIG. 4. Splitting of the LUMO for an Ifn)=(10) and (m)
Appendix B. In Figs. 4 and 5 the splitting of the LUMO and =(20) potential as the molecule is rotated {2 about they axis.
HOMO is shown using the previous relations along with theThe orientations shown in Fig. 1 are indicated. The splitting calcu-
points calculated by DFT. The group-theoretical fit is Verylated_ with DFT at these high symmetry orientations are ir_1dicated by
satisfactory. Note that the splitting of the LUMO is indepen—t_he filled symbols. The lines give the result pf perturbation theory,
dent of the orientation of the molecule when only couplingftted to the calculation for the threefold axis. Upper panéi)
among the LUMO or to thd@, is consideredsee Appendix =(10) potential withVy,=0.143(7 Bohr) “. The lower level is
B). Furthermore, relation§l2) and (13) are quite remark- tWofold degenerate. Lower panelnf) =(20) potential withVy
able, as they imply that the contributions of the1l andl =0.18((7 Bohr) =. The upper level is twofold degenerate.

=2 potential lift the degeneracy of the molecular levels in

the same way, and thus the total splitting is given by the sunwhere the sum is taken over all components of lthesub-

of thel=1 andl =2 splittings. space. Since the response qf, ®r multipoles| <2 is iso-
tropic (see Sec. ll), this averaging is exact fdr=1,2.
V. MOLECULES IN A LAYER Because of translational invariance, the total potential is
given by

In this section a simple model of g§FET is considered.
As mentioned above a FET can be understood as capacitance
where one plate is the gate and the other plate is the materie¢ -5.83 ; : :
(here Gg) which is investigated. An analysis of this device, :
in particular the calculation of the charge distribution, was <~ _5.832
done in a previous worklt was found, that the charge con- @ 9
centrates on the first layer in the high doping regime. In Whats -5.834
follows, we take this as a motivation to consider a single g
layer of Ggo molecules which acts as a plate of a capacitance,§
We use the response ofreeutral molecule(Table 1) to de-
scribe the electrostatic behavior of the molecules in the layer
The doped charge is taken care of by adding a monopole ol
every site. The molecules are then exposed to the electri
field arising from the gate as well as the monopole fields of
the neighboring molecules. In order to simplify the calcula-
tion, we assume a perfect lattice, either square, fok@oé),
or triangular, for thg111) plane of the fcc lattice formed by
the G molecules in the bulk. In order for the sites to be
equivalent we neglect the nonspherically symmetric part of
the response of the g molecule and use the averaged re-
sponse given by

Energy (eV)

FIG. 5. Splitting of the HOMO for anlfm)=(10) and (m)
@1, xkl;xk =(20) potential. See Fig. 4 for more details. In this plot the simi-
21, +1" (14) larity of the splitting resulting from the different potentigisee Eq.
(13)] is particularly striking.

spher.-sym._
@) myl,m, 5I1I25m1m2%
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) TABLE IV. Components of the bare and screened potential for
Vi) =Ve(r)+ X VI(r—Ry), (15 the square and triangular lattice withy/2=10 A. The coefficients
R are in units ofg/(7 Bohr) ', whereq is the charge per & mol-
where the sum is taken over all lattice siRs. At a given ecule. Note that 7 Bohr3.7 A is about the radius of theggmol-
site, sayR; =0, the total potential can also be decomposed a§°“®-
Vil r)=V(r)+V'(r), where the screened potential
V() =Ve(r)+Zg 4oV'(r—R;) contains the external po-
tential Vé(r) as well as the sum of all induced potentials of ~ Im Ve Uim™ Ui Uim>"
the other molecules. This sum depends linearly on the in-

square triangular

o > sor 10 0.862 0.499 0.996 0.530

dyced potentiaM' and, hence, the coefficients ®f° are 20 0.230 04189 _0.280 0219

given by
30 0 0.039 0 0.053
40 0.0133 0.0030 0.0177 0.0015

r
Vi, =V 1m1+|22m2 B mtm, Qi m, (16) 4c4 00174  0.0097

The matrixg is entirely given by geometry and discussed in VI. SPLITTING IN SELF-CONSISTENT

Appendix C. On the other hand, the screened potektél MULTIPOLE FIELD

induces a potentiaAV' as given in Eq.(5). Therefore the _ - _

total induced potentiaV'=V"%+ AV is We are now in the position to estimate the effect of the

external field on the electronic structure of thg @olecules
0 or in the monolayer that carries charge. To do so we have per-
Q|lml=Q|lml_|2 @ my1,m,V om, - (17 formed density functional calculations for a molecule in the
2me self-consistent multipole fields as determined in the previous
Equations(16) and(17) can be combined by eliminating the section(see Table V. Figure 7 shows the splitting of the
coefficientsQ,,,, which yields molecular levels in the self-consistent field fofG®1) mono-
layer, where the molecule is oriented with one of its twofold
ser 1 bare axes pointing in the direction of the external field. The maxi-
V|1ml:|2m [1+Baldi mi,m,Yim,: (18 mum energy difference between split states is given in Table
2 V and compared to the result from the perturbative formulas
(12) and (13), which is in good agreement fdg|<2. As
(19 Fig. 8 demonstrates, similar results are obtained for other
geometries. Qualitatively, the results are also in agreement

bare . . - with an approximative tight-binding calculation published
where theVyr, describes the bare potential arising from theearlier in Ref. 17. As expected we find that the stronger the

external potentialthe electric field of the gajeand intrinsic  external field, i.e., the larger the induced charge, the stronger
moments of the moleculeghe induced charge, i.e., mono- the splitting. We notice also a pronounced asymmetry in the
poles. The squardtriangulaj lattice in the presence of the gpjitting: when the monolayer is charged with electrons the

electric field has the rotational symmet@, (Cs,). As a  splitting is different from when it is charged with holes.
consequence, only components with these symmetries are

nonzero and therefore they are given by Rg( with m a 0.5
multiple of 4 (6). Using relationg18) and(19) the screened
potential can be calculated. The nonzero components enter-
ing Eq. (19) are the monopole charg®5,=q and electric T
field Vio= —Egae- As the FET is overall neutrak g, ?'>
=—27q/A o With Agony= a®/2 for the square lattice and

Aqiny= J3a?/4 for the triangular lattice. The results are
given in Table IV and graphically depicted in Fig. 6. The —05 |
componentslfn)=(10),(20) are most dominant and higher

bare 0
= +
Viim =Vim, Izimlz Biymy1,m,Qlm,»

Square Lattice:
— Vv*(0,0,2)
Veff([1 _22]1/2’0’2)

Triangular Lattice:

ones are at least one order of magnitude smaller. This justi- P eeeeee Veﬁ(0,0,z)

fies a posteriori the assumption of spherical symmetry be- ——-= V*'([1-27]"%,0,2)

cause Eq(14) is exact for (m)=(10),(20). From Fig. 6 it -1 ' : '

can be seen that the electric field is efficiently screened -1 -0.5 z/?a 0.5 1
0

within the layer. Note that decrease of the electric field yields
negative sign ob in Table IV. We also have checked the g1 6. Screened potentis!*™ across the layer with the param-

influence of adjacent layers ofggand of a close-by dielec-  gters from Table IV for the square and triangular lattice. The gate is
tric (with a dielectric constant=10). The effects on the assumed to be on the left. The lower lines correspond to a cut
parameters in Table IV were less than 2%. The reason is th@irough the center of the molecule whereas the upper lines are

the field inhomogeneities induced by a 2D lattice of multi-along half-circles with the radius of the molecule (7 Bohr
poles decay exponentially outside the lattice. ~3.7 A).
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FIG. 7. Splitting of the molecular levels of ggmolecule in the FIG. 8. Splitting of the molecular levels of ggmolecule in the

self-consistent multipole potential €2) for a (001) monolayer  self-consistent multipole potentidl<2) for a(111) monolayentri-
(square latticein a homogeneous external field as a function of theangular latticgin a homogeneous external field as a function of the
induced charge. The molecule is oriented such that one of its twoihduced charge. The molecule is oriented such that one of its three-
fold axis points in the direction of the external figloerpendicular ~ fold axes points in the direction of the external fi¢prpendicular

to the monolayer The top panel shows the positions of the split to the monolayer Otherwise the plots are as in Fig. 7. The thick
(from bottom to top Hy, Gg4, Hy, Ty, andTyq levels. The bot-  lines in the lower panel indicate the two-fold degenerate levels.
tom gives the splitting of thél, (HOMO) andT,, (LUMO) levels

relative to their respective center of gravity. odd| the splitting is independent of the sign of the field. For

| even, however, the levels split already in first ordarear
. . . ) tark effect, so the splitting changes sign with the external
Again, the reason is parity: Because of parity an extemafig|q Thys the asymmetry originates from the multipoles
homogeneous field, and more generally any multipole potengjith even |. Moreover, because of the first-order versus
tial with | odd, leads to a quadratic Stark effect. Hence, forgecond-order effect, even though the largest even multipole
(20) is significantly smaller than the largest odd multipole
TABLE V. Maximum energy differencéin eV) between split  (the screened external fig|dit contributes considerably to
HOMO and LUMO states, respectively, as a function of dopjrug the splitting.
the square lattice. The 2nd and 4th columns are the DFT results \We have seen in Sec. IV that for the HOMO and LUMO
from Fig. 7. The 3rd and 5th columns are calculated by perturbatiomf Cy, the splittings caused bg0) and (20) multipole po-
theory as described in Sec. IV. tentials are essentially additijsee. Eq(11)]. Thus we ex-
pect them to add up for one sign of the external field, while

LUMO HOMO they should compensate for the opposite sign. In fact, for

q DET Pert. DET Pert. electron doping the splittings of the HOMO seem to almost
perfectly cancel, while upon hole doping the splitting of the

—2e 0.312 0.305 0.049 0.001 HOMO is essentially doubled compared to the splitting

—le 0.105 0.102 0.062 0.060 caused by the screened homogeneous field alone. Thus for

0 0 0 0 0 the HOMO, the splittings happen to add up for an external

le 0.006 0.002 0.178 0.179 field that induces charge carriers into that orbital—a situation
2e 0.057 0.097 0.455 0.476 that is particularly unfavorable for hole doping. For the
3e 0.151 0.297 0.779 0.892 LUMO the situation is similar: For an external field that

induces electrons in the LUMO the splitting is enhanced. So
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it turns out that the contributions of the higher multipoles | ' '
conspire to enhance the splitting of the orbital that carries the q=0
induced charge. For both, HOMO and LUMO, the splitting I ]
becomes comparable to the respective band width for a field 20 L 4
that corresponds to about two charge carriers per molecule.

The calculations reported above have been performed for £~ 0
an uncharged molecule. Considering instead the splitting for -
a molecule that carries the proper induced charge, the split- s
tings are substantially reduced. This is easily understood: 8

o
=
2

| =t

Due to the splitting, the electrons will fill only the lowest of
the split levels. But since the interaction between electrons in
the same orbital is larger than the interaction of electrons in I
different orbitals, the occupied levels will be shifted up- 40
wards, compared to the levels that were left empty—thereby _
reducing the splitting. We are, however, not interested in the 20 L
splitting per se, but in the effect of the splitting on the band i
structure of a monolayer. Thus allowing electrons only in the 0 : ' . : : ‘ :
energetically lowest levels would mean that in the lattice, the -0.4 -0.2 0 0.2 0.4
electrons are not allowed to hop to energetically higher ones Energy (eV)

of the split levels. This implies that the original band struc-
ture would already be separated into a set of bands originaE)—a
ing from occupied, and another set of bands originating from
the empty orbitals. To eliminate the undesired differences in
the interaction between electrons in the split orbitals, we

: o ; _mation of the molecular orbitals in the field, the hopping
tehcirleéfore work with the splittings obtained for a neutral mol matrix elements between the HOMO or LUMO orbitals will

To estimate the effect of the Stark splitting on the densityChange' For a simple estimate, we have performed tight-

of states(DOS), we have performed tight-binding calcula- binding ca!culations of a@_molecule in an external_ homo- _
tions for the(001) monolayer(square lattice assuming the geneous field and determined the average hopping matrix

unidirectional structurétwofold axis of the molecules point- element betw'een thy,, orbitals fol.lowmg the gpproach of

ing in the direction of the external fieldThe basis for the Ref. 19. We find that the change in the hopping matrix ele-
tight-binding Hamiltonian and the hopping matrix elements
were taken from the parametrization given in Ref. 18. The

q=-2

FIG. 9. DOS(per molecule and for both spinsf the LUMO
nd taking into account the level splitting for dopigg-0,—1,
2. The Fermi energy is indicated.

40

splittings shown in Fig. 7 were then used to derive an on-site g=0 i

coupling between the different orbitals. In the case of the I

LUMO, the on-site coupling is diagonal and reduces to or- 20 - 7

bital dependent on-site energies. The DOS for the LUMO

(T4,) and the HOMO H,) bands calculated with this model 0 ——+—

for different charging are shown in Figs. 9 and 10, respec- 40 |+ -

tively. We find that already for an induced charge of one __ | a=1

carrier per molecule the change with respect to the unper- 'S, o0 J

turbed DOS is sizable. Fay= —2 one of theT,,-bands is L I

already completely separated from the other two. Also the 8 0 ,

HOMO density of states shows fop=2 hardly any resem- a '

blance to the original DOS, and for=3 also theH ,-bands C§> 40 r q=2 1

fall into two groups. We thus conclude that beyond filling © I

|g|=2 the electronic structure is distorted so much compared T 20 7

to the unperturbed monolayer that one can no longer speak

of doping. 0
The calculation of the density of states in a minimal tight- 40 | E

binding basis involves, of course, approximations. First, in I q=3 F ]

the lattice, not only is hopping between LUMM®IOMO) o0 | )}k

levels allowed, but also hopping via energetically close-by I %‘_/ﬁ/ A

levels. An orbital atAe away will give a contribution to the ol T

hopping of about?/Ae, wheret is the hopping matrix ele- 04 -02 0 0.2 0.4

ment from the orbital, that we consider explicitly, to the or- Energy (eV)

bital at Ae. The influence of this effect on the hopping be-
tween molecules was studied in Ref. 18 and changes of the FIG. 10. As in Fig. 9 but for the DOS of the HOMO band with
order of 5% were found. More importantly, due to the defor-q=0,1,2,3.
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ments depends strongly on the orientation of the molecules. TABLE VI. Transformed| =3 spherical harmonics, which are
Typical changes are of the order of 10—20 %. partner functions for the IR df, and which contairY,. The sec-
ond (third) column is for the case where the threef(figefold) axis

of the molecule is parallel to theaxis. The real spherical harmonic
VIl. CONCLUSIONS iS Yae3= \/E Re(Y3).

We have analyzed the changes in the electronic structure

of a Gy, monolayer in which charge carriers are induced by 'R °fn fivefold axis threefold axis
the application of an external homogeneous electric field. We G, 2\2 .

find that the effective field seen by each molecule in the 3 Y3073 Yac3
monolayer is strongly screened, but that there are additional Tz —Yao iy &Y
higher multipole potentials. Although these components are 3730 3 '3

considerably weaker than the screened homogeneous field,
for_e_venl, they give a s_lgn|f|cant contrlb_u_tlon to the level APPENDIX A: RESPONSE FOR GENERAL ORIENTATION
splitting as they are of first order. In addition the 1 (ho-
mogeneous fie[dand | =2 potentials split the HOMO and  To illustrate the use of the response coefficients given in
LUMO in almost the same way, so the splittings they pro-Table Il, we show, how to calculate the response for a mul-
duce add up or counteract, depending on the sign of thépole potential with (m)=(30) for different orientations of
external field. For both, the HOMO and the LUMO, the signsthe z-axis with respect to the g molecule. This is the first
turn out to be such, that the splitting is enhanced when th@ontrivial case, as the response for multipoles Wit is
charge is induced in the respective level. Thus the level thgkotropic. To start with, we need the basis functiong,
carries the field-induced charge is strongly changed by thepanning the irreducible representation of the that were
effective field—a particularly unfavorable situation if one introduced in Sec. IIl. For specific orientations, these can be
wants to achieve doping, i.e., filling of a level without sub- found, e.g., in the Ref. 12, Chap. 16, or Ref. 13, Table 4.2.
stantially changing its electronic structure. For arbitrary orientations, they have to be derived by explic-
There are, of course, some effects that have been neiy finding the basis functions that span the irreducible rep-
glected in our analysis: The polarizability ofyCincreases resentations of the icosahedral group. For the sake of the
when charge is put in thé,, orbital. Thus when filling the example, we consider the response faalong the fivefold
LUMO the screening of the external field should becomeand the threefold axis of theggmolecule. The correspond-
somewhat more efficient. Second, due to the electric field thgng basis functions are then both found in Ref. 12. Since we
molecular orbitals are deformed and thus the hopping matri¥re interested in the response to an external multipole with
elements between neighboring molecules change. This effegtm)=(30), we have to identify those basis functions that
depends sensitively on the orientation of the molecules but igontainY,,. They are shown in Table VI. It turns out that for
typically leads to a slight decrease of the band width withz parallel to the fivefold axis thelifn) = (30) potential corre-
applied field, making the Stark splitting even more impor-sponds to a pur&,, potential. Thus the response is given by
tant. Furthermore we have neglected the effect of eIectror_rAQSOZ a35(T2u)Vao. Forzalong the threefold axis the situ-
phonon coupling, which also tends to narrow the bands. Thigtion is more complicated, as the potential is now a mixture
should be particularly important for the, band? Finally,  of partner functions oG, and T,,: As can be seen from
we have not considered correlation effects. It is known thatyapie v, it mixes with theYses=+2 Re(Yss) component.
at integer filling, the alkali-doped fullerenes are close to 8y construction, the response matrix in the subspace
Mott transition and that they are meta_llic pecguse Of,orbitalspanned by Y30, Yaca} is diagonal, with diagonal elements
degenerac§? Due to the reduced coordination in two dimen- asi(H,) and asx(T,,), when written in the basis functions

sions, a doped monolayer ofgLshould be even more jigieq in Table VI. However, to obtain the multipole response
strongly correlated, even if the orbitals are still degenerateWe have to use the basi&{,Yags), for which there are
Lifting the degeneracy, e.g., by the Stark effect significantly, 07 3c3>

) ) ¢ off-diagonal elements:
increases correlations even furtfeit therefore seems in-
evitable that for an integer number of induced chargeg@a C
monolayer will be a Mott insulator, even though it is not  1[ 8ass(Hy)+ ass(Tay) VB[ gy Tay) — az(Hy)]
clear vyhat effect the gate oxide might have on thezg:oulomb‘“ 9 \/g[a33(T2u)_a33(Hu)] ass(Hy) + 8asy Toy)
repulsionU between two electrons on g molecules® To
summarize, it seems safe to conclude that the physics of (A1)
field-effect devices based ory{as active material should be .
. . . We thus find
quite different from that of the alkali-doped fullerenes, at
least at doping levels beyond two carriers per molecule.

1
AQso:§[8a33( Hu) + as3(T2) Va0,
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APPENDIX B: COUPLING MATRICES reduce the number of matrices, we will give the coupling
matrices for (m)=(10),(20) potentials, which are rotated
around they axis by an angleg. The resulting matrices are

éhen given by

In this section we discuss the calculation of the level split-
ting for arbitrary directions within perturbation theory using
the coupling constants of Table Ill. As discussed above, w
restrict the analysis té=1 and|=2 external potentials,
which corresponds ta=T;, and x=H, potentials in the CON XoXqX) =, R'Ok(H)C"()\;xle;x), (B3)
icosahedral symmetry,. In first order perturbation theory, K
the splitting of the levels in the degenerate subsgages  whereR,,,(6) is the rotation matrix of the spherical harmon-

given by the eigenvalues of the matrix ics in a givenl subspace. Using the previous relations and

H(kl)k (n%) = (nxky|V ¢ nxky). (B1) E_q. (11), the coupling matrix for an eveh=2 potential is
1%2 given by
This matrix vanishes in the case of an odd potential and the
splitting is given by the second order expression HO(nx, 0)=V,0>, t,(nXnx Ho)Cl(xx;Hg).  (B4)
N
H{2) (nx) o _
172 Note that the multiplicity label\ is only relevant for the
(nxko|VETn'x k" Y{(n'x"k'|V T nxk, ) HOMO H, becauseH, occurs twice in the producH,
= 2 E . OH =A@ T 1@ Trg®2Gy®2H,. The coupling matrix for
(n'x’) Kk Enx= Enrx the oddl =1 potential is

#(nx)
(B2 H®@(nx,6)

The matrix elements in EqéB1) and (B2) are given in Eq.

. 2
(11) and involve the icosahedral Clebsch-Gordan coefficients :Vio E tnxnx’;Tyy) C

I(xx"; Ty) TCOUXX ; Tqy).

Ch i, (\;X2X1;X). In order for thek-indices to be defined we ('x')  Enx—Enryr
consider the molecule oriented with the fivefold axis parallel 7
to the z axis (see Fig. 1 This allows to label the states (B5)

within a multiplet unambiguously with it€g indexk. The | the following we restrict the sum over subspadgs,:
ordered basis of a,, subspace hak indices (0,1-1)  closest in energy t6,, which is theT,, subspace in the case
whereas the ordered basis of & subspace is given by of the LUMO and theH, andG, subspaces in the case of the
(0,1,-1,2-2). Note that in the case of applide=1 or|  HOMO (see Fig 3 Below, the coupling matrices
=2 potential, thek index corresponds to the index of the 0y x,-x) which are needed to calculate the splitting of the
spherical harmonics. For a detailed discussion we refer tqjomo and LUMO are given. They are tracelessCte0
Ref. 12. We will present the coefficient§ , (\;X;X1;X) @ and normalized such that Te¢)'C’=1. The coupling ma-
matrices with respect to the indic&s andk,. In order to  trices which describe the splitting of the LUMO are

0 —siné —sing
1 .
CoToTagiTr) = 5| —sin 6 —\/2cosb 0 , (B6)
—sing 0 \2 cosé
2 . .
—4\[5+2\/§sir120 J3sin20 —/3sin20
0 Ho= J3sin2¢ 2 J6 sir? V6 sirfg
CAT1uTy ng)_ 4 sin 2 3~ 6 sirro S| . (B7)
. . 2
—/3sin26 V6 sirfo 2 §—\/Esinz¢9

The eigenvalues of these two matrices are independesitasfd given by (0-1/y2,14/2) and (- 2/\/6,11/6,14/6) which
implies that the splitting is independent of the orientation of the molecule with respect to the direction of the lapfliadd
| =2 potentials. The coupling of the HOMQH() to the lower lyingHy and Gy levels is given by
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0 \/§ sing — \/§sin0 0 0
J3sind —2cosh 0 V2sing 0
1
Cﬂ(Hqu;Tlu)=ﬁ —/3sing 0 2 cosf 0 —\2siné |, (B8)
0 V2 sing 0 — 242 cosh 0
0 0 —\2sing 0 2.2 cosf
. 1
J3sind 22 cosf 0 — —sing 0
V2
. 1
—/3sing 0 — 2.2 cosd 0 ﬁsina
1
C/(H Gy Ty = —= (BY)
(Hy g 10) 2\/5 - 3
0 —+\/2sind 0 —+\2c0s# — —sind
V2
. 3
0 0 V2 sing —sing 2 cosh
J2
The coupling of the HOMO among themselves is given by
3 3 3 3
—8+12sirfo \ﬁ i \ﬁ i \ﬁ i \ﬁ i
5Sin 20 5 Sin 20 25|r120 25|n20
\/gsinZH 2—-3sifd —3sifd —3sin20  3sirtl
C%1;H H,H ):i \ﬁsinzg —3sifd  2-3sifd  3sifd  —3sin20 (B10)
’ ut fu» g 4\/5 2 3
\[gsmza —3sin29  3sifd  2—3sirfd  3sin2d
3 . . . .
\[Esir?a 3sirfe —3sin2¢ 3sin29 2-3sirfd
3 3 3 3
0 \/: i \ﬁ i _ \ﬁ i _ \ﬁ i
5 sin 20 5 sin 20 23|r126 25|n29
3 . . . .
S sin 20 2—3sirfd Sha sin 26 Sirfé
1 3 . . . .
CH(Z;HuHu;Hg):Z 5sin26 sirf 2—-3sirfg sifo sin 20 _ (B11)
3 . . . .
- Estg sin 26 Siré —2+3sirfe sin 26

- \[gsirﬁo ha) sin 26 sin 26 —2+3sirfe

In Eq. (B5) the productC?(xx’;T,,) 'C’(xx’";T,,) enters. For the matrices given in E4B6), (B8), and(B9) these products
can be expressed in terms of the2 coupling matricesB7), (B10), and(B11):
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Ce(TluTlg ;Tlu)Tca(TluTlg ;Tlu) H ,(Hu ' 9)%(Viodl""V20d2)[0055ce(1;HuHu ; Hg)
1 1 +sin6C%(2;H Hy i Hg) ], (B18)
=37t TCG(TluTlu ;Hg)l (B12) . . . I
3 6 which shows that, to a good approximation, the contributions
of thel =1 andl =2 potential to the splitting of the HOMO
CoHuH g T1) 'C(H Hg Tay) add up trivially.
1 3 .
_ _+ \]g:,@(l H H, H ) 1_000(2;HuHu ;Hg), APPENDIX C: CALCULATION OF THE MATRIX B

In this section it is shown how to calculate the matgix
(B13) appearing in Eq(16). The second term on the right side of
this equation describes the coefficients of the term

Co(HyGg;T1) "CY(H Gy T1y) Sg+0V'(r—R;) which enters the screened potenti&f" and
1 5 3 which describes the potential induced by all neighboring
=+ ——CUL;HHy Hy + _ch)(z;HuHu Hy). sites. Using the definitiofil), we can rewrite this expression
as
(B14)

ir_pR.)= *
Using these relations, the total coupling matfheglecting K70 VI(r=Ri) % Q'”‘Riio Him(r
the constant terms in the previous relatipdse to the ap-
plied =1 andl =2 potential, is given by _
2 leRiZ&O

—D"-m(r=Rj). (C1

H' (T, 0)= (V21 + Vo) C:(T1uT1y;Hy) (B15) . .
. (Videat Vae2) A TauTauiHg The functionl,(r,—r,) can be decomposed using the trans-

H' (Hy ,6) = V2,d,[ coss,C*(1;H HaiHg) lation formula(for r,<r,)

+8iN8;C%(2;H Hy i Hy) ] (B16) ||_M(f1_f2):| > O (—1)'2 /(Zii'i;a: ;
= H l .

1.12=

+Veda[ €0s8,C(1;H Hy s Hy) I—I=L
+5sin8,C%(2;H Hy  Hy) T, B1
in&,C%( uly g)] (B17) X E Cllml 1,m, 1m1(r1)||2m2(r2)’ (C2
where
where Ci- | . denote the Clebsch-Gordan coefficients.
1 (T Tyg T1w)? This formula can be found in different forms in the literature,
Cl:? E- —E see for example Refs. 14, and 15. Substituting &%) in
6 Ty~ FTig

the sum(C1) with r;=r andr,=R; yields
andc,=t(T1,T1y;Hg). Similarly we have

2 VI(r=R)= 2 Bimi,mQimRim(r), (C3
R #0 I1my

Iom;

t(HyHg:T1y)?  t(H Gg;T1y)?
d1C0551 \/—{( 1u) +( u~g 1u)

10| Ew,~En, Ew,~ Eq,

where the matrix3 is given by

' [[2(13+15)]!
Biim,m,= (= D)Mo

. _ 1Malom; (211 (215)!

andd,cosd,=t;(HH,;Hg), d; sin &=t,(H H,;Hg). Equation

(B15) implies that the contributions of tHe=1 andl=2 to %G I1+Izm1 m, 2

3[ t(HuHg:T1)? t(H Gg;T1)?
dlsin51: {_( ullg 1u) +( u~g 1u)

10 En,—En, En,~Es,

the splitting of the LUMO add up trivially. Using the values [imyl,—m, £ h +|zmrmz(Ri)

in Table Il and the energies of Fig. 3 yields the valugs e

=0.064 ands,=0.037, which are almost equal when com- =(—1)me*l2

pared tow. This can be understood by the following re- T | |
marks: 6;=0 in the case oft(HHg;T1,)=t(H,Gq;T1,) (it Totmy—my)t(ly +1p—my +my)!
and Ej =Eg. Furthermore, it can be shown that (Iy+my) (I =my)H(lx+my)! (1, —my)!
S,=arctan(1{125)~0.090 assuming that the angular

dependence of the HOMO is given Iby-5 spherical har- XF;O Ly +1,m - my(RD). (C4
monics. Taking an average value 6&=0.050 yields the '

approximate relation In the last equality in Eq(C4) the explicit form of the
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Clebsch-Gordan coefficients was uséddne verifies, that indices. The remaining sums over the lattice sResn Eq.
the matrixgB is complex conjugate under the exchange of all(C4) are easily performed by computer.
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