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Superexchange interactions in alkali fullerideSg, are derived for gy molecular ions separated by
interstitial alkali-metal ions. We use a multiconfiguration approach which comprises the lowest
molecular orbital states of theggmolecule and the exciteslandd states of the alkali-metal atom

A. Interactions are described by the valence bdhigitler—London method for a complex
(Ceo—A—Cgo)~ with two valence electrons. The electronic charge transfer between the alkali-metal
atom and a neighboringggmolecule is not complete. The occupation probability of excitenhd

s states of the alkali atom is not negligible. In correspondence with the relative positions ofgthe C
molecules andA atoms in the polymer crystal, we consider 180° and @0fgle superexchange
pathways. For the former case the ground state is found to be a spin singlet separated from a triplet
at ~20 K. ForT< 20 K there appear strong spin correlations for the 180° superexchange pathway.
The results are related to spin lattice relaxation experiments ogy@s@e polymerized and in the
guenched cubic phase. )05 American Institute of PhysidDOI: 10.1063/1.1844491

I. INTRODUCTION very close to orthorhombic. Parallel with the difference in

Superexchang%? i.e., the exchange coupling between _structure, the electronic properties are dlﬁeﬁén?olymer—

relatively distant magnetic ions by the intermediary of nor-Ized K_QSO is & 3D(three dmg_nsmn&lmgtal Wh'.Ch shows a
mally diamagnetic ions, together with strong electronmetal-lnsulator phase tran3|t1|é)n combined with a structural
correlations’ plays a foremost role in determining the elec- phase transition ngaT:SO K. On, the otherl hap(;l], Rb?f@
tron properties of a large class afpriori different materials. and CSQO are COQS|dered as qua5|—.lD metqs wit ‘,"mt' erro-
We mention the magnetic transition metal oxidake or- Magnetic fluctuations and 3D ordering of spin density waves

15,20
ganic charge transfer saftsthe high T, copper oxide below 50 K:

superconductorsand the molecule based magn®Strong The difference in structure and in electronic properties
electron correlatiorfsare also found in a new class of organic Petween Ko, on one hand, and Ri, CsC on the other,
conductors, the alkali-metal fullerides,Cqo, WhereA is an  SUggests that the alkali-metal atoms have a specific role. This
alkali-metal atom and where & is the fullerene led us to the proposal of an alkali-mediated quadrupolar in-
molecule? *° The x=3 materials exhibit superconductivity, teraction between & molecular ions of different chains,
while the x=1 compound¥ form polymer phase§* At ~ where the driving mechanism is the partial occupation of
high temperaturéT= 350 K) the x=1 compounds exhibit a €Xxcited electronid states of the alkali-metal atorA5This
plastic crystalline phase with cubic rocksalt struct(gpace indirect interaction always favors the ferrorotational structure

group Fm3m). NMR (Ref. 15 and electron spin resonance IZ/m, while the direct interaction between_ ch_ains favorg the
(ESR (Ref. 16 experiments show that the electron spin sus-antiferrorotational structurePmnn The indirect alkali-
ceptibility is of Curie type in the higif phase ofACg, Upon ~ Mediated interactions are stronger in Rp@nd Cs, than
slow cooling, stable polymer phag&s’ of reduced symme- N KCeo.
try are formed. The g molecules are linked througf2 In the present paper we study the alkali-mediated inter-
+2] cycloaddition and form chains along the former cubicaction between two £ ions within a configuration interac-
[110] direction. The orientation of the polymer chains is tion approach inspired by the concept of “interaction by in-
characterized by the angl¢ of the plane of cycloaddition direct exchange” or superexcharfgeSuch an approach
with the former cubid001] direction. The structure of K¢ includes electron correlation effects which are bey6hd
is orthorhombic, space groupmnn** with alternating ori- the reach of conventional electronic band structure calcula-
entations # of the polymer chains in successive planes pertions. One remedy would be to include in the model the
pendicular td001] and a same orientation of chains within a on-site Hubbard repulsioh However, this procedure does
plane. The structure of both RBg and CsG, is not exhaust all correlation effects such as electron
monoclinic}”*® space group2/m. Here the polymer chains density fluctuations due to higher multipole Coulomb
all have the same orientatigh The lattice structure remains interactions*?*> These correlations are included in a method
we have developed for the calculation of the valence electron
dAlso at Institute of Physical Chemistry of RAS, Leninskii prospect 31, and hole term scheme of the molecular iogﬁCm:Z_S-Z‘l
117915, Moscow, Russia. The method is inspired by the theory of many
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electron atomic stat€€. The present treatment of the Egs.(A2a), (A2b), (A3a), and (A3b)]. In the following we
(Cgo—A—Cs)~ complex with two valence electrons requires start with the Gy molecule in the standard orientation of Ref.
as an extension the combination of the configuration interac33. If the G molecule is rotated by three Euler angles
tion method with a Heitler—London approach of chemical=(«, 8, y) then thet;, molecular orbitals are rotated too. The
bonding?’ rotated orbitals are given by, =R(w)¢ (k=1-3), where
The content of the paper is the following. Starting from R(w) stands for the operator of the rotation. Knowing the
thety, lowest unoccupied molecular orbitalsUMO) of the  transformation law for allY_s in Egs. (2.13, (2.1b), and
Cgo molecule and the electrongandd states of the alkali- (2.19, one can find the expressions fgf.
metal atom, we formulate the two valence electron basis The radial partR(r) is common for allt;, orbitals. Here
states for the electronic configurations of &,—A—Csp)~  we use the radial part, which was deduced from a calculation
complex (Sec. I). In the following (Sec. Il) we use the of one carbon atom. It corresponds to model Il of Ref. 24
Rayleigh—Ritz variational method to derive the secular resoand is discussed in Sec. V there.
nance energy equation. Electron-electron Coulomb interac- The isolated alkali atom has only os&lectron which is
tions are treated by multipole expansions. In Sec. IV wetransferred to the fullerene molecu(@his is 4 for K, 5s for
study the charge transfer between the central alkali-metal ioRb, and & for Cs) However, two things are important here.
and the two surrounding fullerenes. We derive an expressioRirst, in a solid there is always a residual charge left at any
for the alkali-metal Knight shift ilACg,. Next (Secs. V and alkali site and second, the crystal environment imposes a
VI) we calculate the superexchange energy spectrum of theonspherical perturbation so that mixing with some excited
complex for various bond orientations in the polymer phasestates withl # 0 should be taken into accoufttTherefore,

PmnnandI2/m and in the quenched cubic phaBe3. Elec-  We consider a possibility for the transferred electron to oc-

tron spin correlations are investigated and compared witl§upy partly not only thes state but also one of the states,

NMR experiments. Conclusions are formulated in Sec. VII. Which belong to the first excited shell above thground
state level. The occupancy of excitddstates is favored by

Il. CONFIGURATION INTERACTION the large interstitial space between polymer chains in the
ACq, structure. The orbital part of thestate isY9, the orbital

We construct the space of quantum states of the tWyarts of thed shell are the five real spherical harmonits,,

valence electrons of theCgo—A—Ceo)™ molecular complex.  wherer=0, Egs.(A2a), (A2b), (A3a), and(A3b). The radial

Extendl_ng the Heitler—London treatment of the iHolecule, parts areR(r) and R4(r), respectively. They were obtained

we retainl=5 LUMO states of the g molecules as well as  from atomic calculationglocal density approximationof

exciteds andd states of the alkali-metal atom. K*, Rb*, and C&. In total, there are six orbital functions for
The G molecule(240 valence electrzgmsis treated as @ gach alkali atom, which we label by the indk3c1-6.
pseudoatom of icosahedral symmely'* Notice that here we do not assumeriori any particular
occupation ofs and d states. The populations will appear
A. Single-particle states quite naturally as a result of our calculation.

The G, molecule has the highest molecular point group
I, where the parentage ef-molecular orbitals in spherical B. Many electron basis states

harmonics can be clearly trac&&® Therefore, the type of . .
irreducible representatiofa, t;, t,, g, andh) and the orbital . The superexch_ange Interaction operates FhrOl_Jgh the. ex-
R cited states of the intermediate alkali atom, it implies a mix-

index | uniquely determine the angular dependence of the . : :
ing of several electronic configurations.

molecular orbitals. The angular functions are linear combi- . - . .
. ) : The three electronic configurations which are relevant
nations of spherical harmonics adapted to the symmetry . . R
or our calculation are shown schematically in Fig. 1.

the icosahedral groul,*° ) TE S .
Thet,, LUMO corresponds tb=5 and has the following The first conflgurat!on(A) comprises t\{vo G mono
mers. Two electron basis ket vectors are given by

three angular components in Cohan'’s orientation, where the

axis is taken as one of the 12 fivefold axes of thg @ol- 1) =iLi},). (2.2
,?:lzj.lgo,g?d thg axis as one of the twofold axes perpendlcular_l_he indices'=(k,s,) stand for thei,, orbitals(k=1,2,3 and

' the spin projection. The wave functions are

6 7
ty) = =Y2+ 4/ = VY2°, 2.1 - 1 oyer g |
alt) V50 ° 25 ° (213 <|'1,f2||A>:E((rlmxfzhh)‘<r1|'}|><l’2||f>), (2.3
B EIE 7 ae where(r|i%=R(r){n|i). HereR, is the radial component of
Palta) = H)YS B EY ' (21D he t,, molecular orbital,i stands for the polar angleQ

=(0, ¢). There are six orientationa], vectors(or spin or-

\/? e \/7 . bitaly (A|iY) (i.e.,i'=1-6),
Ya(ty) = EY5’ + E)Y5' . (2.10 <ﬁ|it>: ‘/’k(ﬁ)us(sz)- (2.4

Here the normalized real spherical harmonics are definetlere ¢ are the thre¢;, MOs as given by Eqg2.13, (2.1b),
with the phase convention of Ref. 3&e also Appendix A, and(2.1¢ for Cohan’s orientation of g, us is the spin func-
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|IC>:|i}|1ia>1 (28)

| I
A a
and the number of basis states is again 72.
T We will operate in the quantum space of these three
¢ electronic configurations, with the total number of basis
states 36+X 72=180. Notice that our quantum space is
much larger than that in the traditional linear combination of

atomic orbitals approach. The difference is accounted for by
two electron correlations which are omitted in the conven-

B tional molecular orbital approximation. Our configuration
space excludes states where the two electrons belong to a

T same Ggion such asi},j}), |i};,j};), or to the alkali-metal ion
such agi,, ). In this respect we consider a strongly corre-
lated electron system in analogy with the Heitler—London

theory.
Originally the idea of superexchange was applied to
MnO.2 There, is was assumed that the oxygen is in -2 state

(O™) so that its electronic shells are completely filled. Here
we start with the alkali atom in the ionized state §4'), so

¢ that its electronic shells are also completely filled, although
the charge of the mediatdie., an alkali atoris positive in

@ﬁ

contrast with the negative charge of oxygen in MnO.

Ill. SECULAR PROBLEM
FIG. 1. Electronic configurationsA,B,C) for the superexchanggA)
Coo—A*=Cqy; (B) Cgo—A—Cq; (C) Cgo—A—Cq,. B and C are excited con- Starting from a Hamiltonian fofCgo—A—Cgo)~ We for-
figurations wheres andd states of the alkali atom are allowed. The transi- mylate the secular problem in the configuration space
tionsA— B andA«~ C involve the corresponding electron transfer frog C (A,B,C) of Fig. 1. We take into account bond orientations
to the alkali atom and back. The arrowsr | stand for the presence of an T o . " .
electron with spin, they do not imply a specific spin orientation. depending on the relative positions of the alkali atom and the

Cgo molecules in the crystal.

The Hamiltonian for two valence electrons 1 andir?

tion (s= %) for the spin projections,=+1/2 on thez axis. atomic units is

Each basis vectqi2.2) corresponds to a2 2 Slater de-
terminant, Eq(2.3), and the order of indices in E§2.2) is
important. As follows from the dynamical equivalence of the
electrons the statg, ,i{) can be reduced t@},i},) by permut- 3.1)
ing the two electrons, i.e., '

1 1 1
H=- EV% - Evg + r_ + V;?P(I’l,l’z) + ng(rl,rz) + Ve
12

. . Here the first two terms describe the kinetic energy, while the
li iy == i) (2.5 third term represents the Coulomb repulsion between the
electrons Vg (r1,12) andVg,(r1,r,) stand for the attraction

5t the electrons to the fullerene molecules | and Il and to the

grlkali atom, respectively:

To describe the same quantum state we will use the bas

vectors (2.2) and apply the permutation la¥2.5) when

needed. Alternatively, one can use the corresponding Slat

determinants for the two electron wave functions, E43). VES(r1,15) = U () + UCBAN(r ) + YO (1)

In total, we find 6<x 6=36 independent vectors, or determi- ceall)

nants for the first configuration. +U (r2), (329
In order to describe the second configurat®nFig. 1, a i a

we introduce the following basis ket vectors: Varr(Ful2) = Uy + U(ro). (3.2

it Notice thatU®®° and U2 are single-electron potentials. Here

1) = filia), (2.6) oo refers to an effective attractive potential of thg,@ol-

ecule which includes the attractive potential of the carbon

wherei; labels the six spin orbitals of theggmonomer and ) ) _
i,=(k%,s,) stands for 12 states of one electron on the alkalinuclei and the repulsive potential of the core states. As core
a 1

site. The orbital index? comprises either onglevel or five states we consider all electronic shells except the valgpce

orbital d states. The basis wave function is given by level, because they are c%rg)plet_ely occupied and lie lower in
energy. Here we considé&r~°® being spherically symmetric.

.. (N T In our electronic system there are two molecules and there-
(fy,olle) = E((thxfzha) = (ia)(P2lil)). 2D fore we consider tv)\:o attractive potenti&)§5%) andyceai),
respectively. Analogously, we introduce an effective attrac-
The total number of basis states iX82=72. tive potential of the alkali atort)?. We discuss the potentials
Analogously, in the third electronic configuration, Fig. U and U? in Appendix B. Finally,V,. in Eq. (3.1) de-
1(C), the basis ket vectors are scribes the repulsion between twggOnolecules and the
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alkali atom. The calculation scheme 1@, is also discussed o 1

in Appendix B. v(r,r) = - (3.7
Starting from the basis state vectdfs,), |Ig), |Ic)) and

the Hamiltonian(3.1), we use the Rayleigh—Ritz variational The multipole expansion in terms of real spherical harmonics

procedure to obtain the secular equation for the engrgy (Y, Y™, and Y is given by

IH-E-§=0, (3.3 V(F,F) = 2 o) (r,t ) Y(R)YT(R'), (3.8
I, 7

whereH andS are 180 by 180 matrices of Hamiltonian and
overlap, correspondingly. As follows from the basis states th

matricesH and S have a block form

|
- « A N 41
HAA HAB HAC Ul(r,r)—(r(|+l))2|+la (39)
>

herer stands fom=0, (m,c) or (m,s) of the real spherical
armonics and

H=| Aga Fgs Hac |- (3.4 _ .
BA ''BB TBC ) with r—=maxr,r’), r-=min(r,r").

|:|CA |:|CB |:|cc Now we calculate the matrix element of the Coulomb

_ A - repulsion for the electron transitidif,i,) — |j},j.). The di-
with the submatricesHan=(IalH|Ja), Hag=(IaH|Je), etc.  oct coulomb repulsion is obtained if we consider ihe

The submatrice#\A, AB, etc., have dimensionality 3636,  _, jt yransitions for the first electron and thig— j, transi-

36 72, and so on. Notice also thie,x=H}g, etc. The over- tions for the second. We call this transition “direct” transition
lap matrix S has a similar structure with submatric8s,  after the Heitler—-London mod€I** which distinguishes di-
=(Ia]3a), Sag=(I|Jg), etc. Since we work in the basis with rect and exchange integrals. In order to calculate the repul-

real spherical harmonitsour overlap matrixS is real and ~ Sion and make an advantage of the simple expresSid
S SI\B, etc., whereT stands for transpose. we write the coordinate wave functions ofdand the alkali

at a same site, which can be either the first fullerene, Fig. 1,

or the alkali atom. Details are given in Appendix A. Suppose

we choose the fullerene site. Then we consider a set of alkali
We limit ourselves to the nearest neighbor approxima-statesi,, projected from the initial alkali statg, onto the

tion. This implies that there is no overlap between two elecfirst fullerene site. Each of the projected alkali states has its

tronic functions on two fullerened, Fig. 1, i.e.,Ssa=1and  radial dependenc®;_(r) which for simplicity we label by

HAA:EO'l where 1is the 36<36 unit matrix and E, indicesi, andp(q). Starting from Eq(3.8) we obtain

=2E;,,. HereEy,, is the one-electron energy of the valence (I V(F,7")|Jg)dr = s> vlpyq x Cl,r(im)CLT(ia,pja,q),

electron on one L monomer. In the absence of superex- L7 pq

change the electronic states of two fullerene molecules are

completely uncorrelated.

A. Matrices of A-A block

(3.10

where the transition matrix elements, are defined by
B. The technique of multipolar interaction:

Application to the  B-B block Cl,r(ij):J dQi|RYYT(R)(ALj). (3.11
The matrices of Hamiltoniatlgg and overlapSsg be- o ) )
long to theB-B block, Eq.(3.4h). Since two electrons with Here (i) stands for the orbital part of the corresponding

overlap on different sites are involved, we distinguish directvave function. In case of & it is given by Egs.(2.1a,

and exchange terms: (2.1b, and(2.10. Forv'plyp2 in Eq. (3.10 we obtain
Sop =S5+ 5" (3.9 v'p’q:Jdrrzfdr’ r'2u,(r,r")
where ,
g X RANR;_o(r R 4", (3.12
g= o) diaja), (3.69

whereR(r) describes the radial dependence of themo-
cexch_ _ it i \ofi it lecular orbitals. Extinction rules impose some restrictions on
S5 =~ Sja)Sliad)- (3.60 the values ofl in Eq. (3.10. Indeed, since,=5, Egs.
Here & are Kronecker symbols ansli,,j})=(i,|j|) are the (2.1a, (2.1b), and(2.19, from the theory of addition of an-
overlap matrix elements between alkali metal atom andyular momenta we know thalt,,=li1y—li1,=0 and Il
fullerene molecule wave functions centered at different ori=I,+l1,=10. Furthermore, the odd valueslaire excluded
gins [see Eq.(B7)]. The same consideration applies to thedue to the parity of the integrand in E(.11). In the basis

configurationC, Fig. 1, and theC-C block. with the realt,, orbitals, and with the real spherical harmon-
We next consider the two particle interactions and willics Y| the coefficients , are real.

use a multipole expansi%‘hof the Coulomb repulsion be- The other possibility are the transitiois— j, for the

tween two electrongchargee=-1). The Coulomb potential first electron and the transitiorig— j} for the second. This

between two electrons reads type of electron transition is called exchaﬁ@%‘ because the
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Ceo molecule and the alkali atom interchange their valenceand to the other electron which is delocalized between the
electrons. We use E@2.5) to return to the standard order of alkali atom and the secondsgmolecule, Fig. 1.

the spin orbitals, and the parity is —1. As before, we project  The single-particle part of the problem is dealt with as
the alkali states, andj, onto the states at the fullerene site. before. The coupling between the states,|i},i},), and B

We find states|j!,j.), is possible only for the transitioi) — j, of the
(1V(F,F")|Jg) = _g % v,’,',q x Cl,T(i}J'a,q)cLT(ia,pj}), Zz&{:ond electron while the first remains at the same site. We
o (3.13 (1Al AL3g) = 8(iL )i .- (3.19
where the coefficients, , again are given by Eq3.11), and
v;,!q is found as D. Coupling between B and C configurations

, L , , , The coupling between th& states,|i,i,), and theC
Upl,q:f dr rzf dr'r 2o, (1,1 YRRy o plr YRA(T). states|j!,,j), occurs as a result of a tv|v|0 electron transfer:
(3.14) i}—»ja andiaﬂj},. The parity of the transition is =1, and as
' for the A-B and B-C cases we omit the two electron Cou-
The multipole indeX here can be even or odd, the selectionlomb repulsion because of the nearest neighbor approxima-
rules reduce the number of terms. The matrix element of théion. For the one particle quantitied (overlap, kinetic en-
Coulomb repulsion of two electrons is found as ergy, attractive pseudopotenjiale find

(16| V(F, 7)) = (1| V(F, )| 3g)™" + (Ig|V(F, )| 3g) " (16| A = = sl ja)ialhlii) = CGilhlj2)s(ia ). (3.20
(3.15

Analogously, we treat the single-particle interactionsE. Bond orientation
which include the kinetic energy and the effective attractive
potentials (nucleus plus the core electrgndn general a
single-electron operatod can be written as

The matrix elements are easily calculated if the center of
mass of the g molecule and of the neighboring alkali-metal
atom are located on a line parallel to thexis. We call this

A=h(1) +h(2), (3.16 situation az bond. However, in general we have to consider

) ) a bond orientation described by the polar andles(0, ¢).
whereh is the operato.r.whlch acts pnly on the electron 1 Ol The correspondind =5 h orbitals and thel=2d orbitals
2. For the direct transition we obtain have to be transformed by a rotati®tw) according to the

(gl A3 = &L, i ighlj + (iih[jHYéiaja),  (3.17  rules given for real spherical harmonig§® and Y| in Ap-

. . el pendix B of Ref. 24:
where § is the Kronecker symbol and,|h|j, and(ijh|j;)

refer to the one-electron matrix elements which we describe R(@)Y{ =2 Y U, (), (3.2))
in Appendix B. The exchange transition reads 7

(g AJJg)¥M= = (it j )Nl = (i )s(injD), (3.18  where r=(m,c), (m,s) and wherew stands for the Euler
o ) ) anglesa=0, B=0, y=¢. Here the rotator functionBl'T,T(w)
wheres(i,j)=(i|j) is the single-electron oyerlap matrix. IN" gra linear combinations of WignerB functions32

order to calculate the one-electron matrix elements of the \ve consider bond orientations and resulting superex-

type (i,/hlj}) where the wave functions belong to different change pathways that correspond to the plastic pkimse
sites, we also use the multipole expansion of the one particlgytice) or to the polymer phases oACg, (orthorhombic
quantityh and the technique of projection of states onto anqattice*17-8for both Pmnnandl2/m) (Fig. 2.
other site, see Appendix B. Finally, the matrix element |y particular, we will consider the superexchange path-
(IgA|Jg) is given by the sum of the contributions from Eds. way 1-a,-2 wherea,—2 is az bond and where 1a, is
(3.17 and(3.18). perpendicular to the bond. We call this pathway a 90° su-
Using the expression@.17 and(3.18, we have calcu- perexchange. The pathway &s—3 is called a 180° super-
lated the overlap matriXlg|Jg)=Sge. Equations(3.17 and  exchange. With the help of E¢3.21) we transform the ma-
(3.18 can be applied to the spin-orbit coupling or to the trices computed for the bond and obtain them for the bond
interaction with external fields. with the polar angle$). The procedure for tensors with two
indices is well known in the tight-binding method of Slater
and Koster® The transformation of one-electron matrix ele-
C. Couplings between A and B, and between A ment of overlap reads

and C configurations (Rly, 74|Rl, 7,) E U ( )U'Z (0)l1,7 |15 7")
, T \To) = 1 @)U 5 KON, T {2, 7).
Here we find the matrix elements of the Hamiltonian v oA T e ! ?

HAB:<|A|H|‘]B> and OVerlaFSAB:<IA|\]B>. (3 22)
Since we limit ourselves by the nearest neighbor ap- '

proximation we do not take into account the repulsion whichThe same law applies to all quantities which depend on two

refers to one electron located at the first fullerene moleculerbital indices. We also have some quantities which are
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FIG. 2. Relation between the cubic and the orthorhombic unit ceNGg.
Open circles stand for & moIeCLies and full black circles foA atoms.
Polymerization occurs along tHé 10] direction of the cubic system con-
necting 1-1 fullerene sites. The orthorhombic starting position of thg C
molecule requires a rotation by the angle/8 about thez axis.

given by four orbital indices. Those are transformed accord-

ing to

(RIVIR) = bZd g, Uz, Ug Ug, (1IV]J). (3.23
a,n,c,

Each bond geometry requires the complete solution of the

secular problem.

IV. CHARGE TRANSFER

We present quantitative results obtained from the nu

merical solution of the secular problem, E¢3.3) and(3.4).
In the limit of large distancegd(Cl)—A)=d(Cl'-A)

— o] all overlap and transfer integrals become zero, and thé&

J. Chem. Phys. 122, 064310 (2005)

probability

probability

-6.5

-6.0 -55

E_ (eV)

tiu

FIG. 3. Probabilities of configurationg1l) Two electrons occupy two

Tullerene molecule§Cqzo—Csol; (2) one of the electrons occupies one of the

Cgo molecules while the second one is in thetate of C{Cgo—CH9)]; (3)
one of the electrons occupies one of thg @olecules while the second is in
ne of thed state of CqCg—Cdd)]. Upper panel: 90° superexchange 1
a;—2; Lower panel: 180° superexchanged,—3. The Gy molecules are

ground state is characterized by uncorrelated electronic stat§Sstandard orientation.

of two electrons occupyinty,, molecular orbitals of two g,

molecules. The electron energy spectrum then consists of ju

three levels(1) 2E;;,—A configuration,(2) E;;,+E,, and fi-
nally, (3) E;1,+Eg4. The levels 2 and 3 correspond to tBe

and C configuration if the electron of the alkali atom is in a

s or d state, respectivelfE;>E,). Here E;;, is the one-
electron energy of thg,, molecular orbitals of g, while Eg

and E, are the energies of the and d states of the alkali
atom. The position of the levels 1 and 2 is reverseddf
< Eqyy. (In our calculations for Cs we find th&,=-5.3 eV,

while E4=-4.7 eV)

%r one electron on g and the other in the state of Cs, and
P[Cgo—Cdd)] for one electron on g and the other in the
states of Cs. These occupation probabilities are calculated by
using the components corresponding to the configurations
A,B,C, respectively, of the 180-dimensional eigenvector of
the ground state. For the case of 90° superexchange geom-
etry, upper panel of Fig. 3, we find that f&f;,=-5 eV there

is still a significant weight ofs and d states of CsP[Cgq
—-Cq9)]=0.089 andP[Cgzy—Cdd)]=0.244. The probability

. P(Cqp) to find an electron on thg, level is calculated as
Here we treatE;, as a parameter, because in our ap- (Ceo B

proach the core states are not known accurately enough. We P(Cgg) = P[Cgo— Cgol + %[P[CGO— Cqs)]
estimateE,;, from photoelectron emission experiments by _
consideringE,;,=IP-A, where IP is the ionization potential + PlCoo~ CAd)]] = 0.834.

of the G molecule in the solid and whetk is the highest This result has to be confronted with the commonly ac-
occupied molecular orbital-LUMO energy separation. Takingcepted opinion that the charge transfer from the alkali-metal
IP~-7.5eV>*® and A=-2.5eV (Ref. 37 we get Ey, atom to the LUMO states of the g molecule is almost
~-5 eV. This energy is in the region where one expects th«ﬁomplete.‘lO However, there are many reservations in re-
hybridization with thes andd states of Cs. Our calculations spect to this conclusion coming from first principles calcula-
support this viewpoint, see Fig. 3. In our calculations thetions. For example, Andreorit al®® have found that if the
distance betweenggand Cs was taken from the cubic phase,crystal space is divided into Voronoy polyhedfae.,

(4.1

ie., d(CGO_ CS) =7.065 A.

Wigner—Seitz-like cells then the integrals on the cells give

In order to analyze the results we have calculated threéhe charge 0.2—0e3for potassium sites in §Cg, (Table 111

occupation probabilities or statistical weigh®fCgzy— Cgol
for finding two electrons on each moleculeCgy—CH9)]

of Ref. 38. The same conclusion has followed from the cal-
culation of ACg, (A=K, Rb, C3 of Jorissen and Lamoef,

Downloaded 06 Sep 2013 to 146.175.11.111. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



064310-7 Superexchange in alkali fullerides J. Chem. Phys. 122, 064310 (2005)

s-h (m=0)

who used Bader’s partitic‘}ﬂ of crystal space. Their calcula- 0.08
tion indicates that a large portion of charg®1—0.15e) is
located close to the alkali atom and is aspherical in agree-
ment with our idea of partial occupancy dforbitals. This

g d-h (m=0)
conclusion is not unexpected in connection with incomplete QED
@)

charge transfef0.7 e) found in alkali graphite intercalation
compound$! On the other hand, the common opinion on the
charge transfer is drawn from NMR Knight shift
experiment¥’ where the shift at the alkali-metal atom line is
very small. The experiments of Tyclat al*> demonstrate an
increase of the Knight shift with decreasing temperature in
the highT cubic phase oACgq. For a theoretical explanation,
Tycko et al. consider the excess electrons as primary local-
ized on G, ions where they act as quasifree paramagnetic o,
centers. Replacing then the Pauli spin susceptibility by a Cu- 3
rie law type susceptibility for free electrons, Tyc&bal. give &
a well founded explanation of the temperature dependence ol E
2

-0.02 4

the measured Knight shift. Their view of paramagnetic elec-
trons on the G, ions has been corroborated later by ESR
measurements of the electron spin susceptidffitye now

show that within the frame of the present theory a small

value of the measured Knight shift can be understood. Within d-h(m=1)

the standard theory, the Knight shift due to Fermi contact CsC
coupling is given by .10 60
A 8 6.0 6{5 7:0 715 8i0 8{5 9.0
K="= "2 g0 Pxe. (4.2 A-Cy, DISTANCE
Vo

. FIG. 4. Overlap integrals betwearor d states of the alkali atortK or Cs)
a 2
Here<|¢s(0)| > IS an average over the squar:eahave func- and theh manifold (11 functionsY_ with | =5) representing the orbital part

tion, taken at the position of the alkali nuclews,is the Pauli  of t,, molecular orbitals. Only integrals with the same azimuthal dependence
susceptibility. In a first step we follow Tycket al™® and  7[(m.c) or (m,s)] are not zero. Distance is in angstrofds.
replacey, by the paramagnetic electronic susceptibijfya

1 ygﬁzNe The present theorlsee Eq(4.1)] gives a non negligible

Xpara™ 4 T 4.3 occupancy foss electrons and even a higher occupancydor
B electrons at the alkali nucleus site. In order to understand this

wherey, is the magnetogyric ratio of the electron aNgthe  fact we calculated the overlap integrals betwegg dhd the
number of paramagnetic electrons per unit volume. In a seclkali atom in positions 1a&,, Fig. 2. The overlap was com-
ond step we notice that the paramagnetic spin density at theuted betweers and d states and the 1h states with the
alkali-metal nucleus is due to thg, electron localized on the ~orbital index =5 (real spherical harmonicé; with the radial
Ceo molecule. Hence we have to calculate the overlap of thélependence for the g LUMO). The results for Csg are
s wave function, centered at the alkali nucleus with the  shown in Fig. 4.

wave function centered on the molecule: There is an important selection rule here: only the inte-
(9 it (@ it grals between orbitals with the same azimuthal dependence
(ig"Jp =slig’j)- (4.4 (¢) are not zero. By inspecting the orbital partstgf func-

tions, Egs.(2.19, (2.1b, and(2.109, we conclude that the
state of Cs can only couple with the first functign(ty,)
containing Y2, while the d states hybridize with all three
orbitals #(t1,), k=1-3. Therefore, mixing withd states
gives more variational degrees of freedom and explains the
fact thatP[Cgo—Cgd)]> P[Cgo—CHs)]. The overlap withd
states is larger for Cs than for K. This fact corroborates our
hypothesi%1 about the decisive role af states mediated in-
teractions between gg chains in competition with the direct
- (9 ty /A |2 interactions.

K= 16mP(Cag "1 )| 42(0) Xpara 49 All these findings refer to the regime wherg,,
for the Knight shift. We see that the facte?i(i;s),j})~1cr3 <-4.4 eV. At higher energies the behavior of superexchange
leads to a major reduction of the Knight shift. We concludechanges drastically, especially for the 180° superexchange,
that the small experimental value of the Knight shift does notrig. 3, lower panel. Increasing;,, we observe that at
imply an almost complete charge transfer oglectrons. ~=—4.4 eV P[Cgy—Cgol abruptly changes to zero. This im-

The overlap matrix elemerg has been introduced in Eg.
(3.6b. Numerical evaluation by means of E(B7) gives
s(igs),j}):0.0326 and 0.0348 for Cggand KGy, respec-
tively. Account of this overlap leads to a reduction of
(|42(0)|?» by a factorsz(igs),j}). Furthermore, we take into
account the probabilityp(Cgp) =0.834 to find one electron
on G5 and notice that there are sixgInolecules around the
alkali-metal atom. We then obtain the expression
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-10.30 3 1-a -2 E

) 3 1 3

-10.35 3 l-a -2 3

¢ ] 2 ]

-10.40 4 .

S 1045 E
2 ]
> 1015
(D -10.20 -
E -10.25
E -10.30
¢ 0] Ly 1035+
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4 b = 1015
(7p] ]
-10.20 3
FIG. 5. Antiferro- and ferro-orientations of two fullerene molecules with % E
180° superexchangéa) ¢,=—¢1, (b) ¢;=¢1. ) '10'25':

o K

plies that the electronic system resonates between configuracry -10.25 3
tionsB andC, Fig. 1. In this regime the weight afstates is -10.30 3
larger than the weight ofl states. The 90° superexchange, -10.35 3

Fig. 3 (upper pangl also undergoes a transition to this re- -10.40 3
gime but in a continuous way. This region of our calculations -10.45 3
is unrealistic because it corresponds to the situation when the i
alkali atom acts as an electron acceptor by retaining its elec-
tron in the crystal. In the following we discard the resonating ANGLE OF ROTATION (DEG)
regime and pug;;,=-5 eV.

FIG. 6. The energy of the ground state as a function of rotation of two
fullerene moleculesg,=¢,. Each plot corresponds to different superex-

V. POLYMER PHASES change pathways as shown in Fig. 2.

A. Superexchange interactions
o . . As one can see the ground state energy strongly depends
The polymerization and transition to the orthorhombic j o angle of rotation. The 90° superexchange complexes
lattice occur below about 350 K. In fact, the low temperature,, e 1-a,-2 and 1-8,-2 pathways give the same results

phase of Rbgo and CsG, is monoclinic(12/m) but the dl,g' as is also obvious from symmetry. In general, different path-
viation from the orthorhombic symmetry is very sm it ways lead to different results and sometimes competing in-
The polymerization takes place along one of the former Cusq actions.

bic [110] directions. In Fig. 2 the polymer chains connect the One of our motivations for the study of superexchange

fullerene molecule 1 and’13 and 3, 4 and 4, etc.(the  jnieraction was to understand the difference between
[110] cubic direction. antiferro- and ferro-orientations of the polymer chaifb’

As a superexchange complex we can choose thghe first is realized for K¢, the second for Rbg (Ref. 17
fullerene molecules 1 and 2 with the alkali atom at sif®r  and CsG,.'® The important pathway then is Br—2. In
a. We label these complexes as &;—2 and 1-8,-2, re-  Table | we have quoted part of the energy spectrum obtained
spectively. Among other possibilities we consider complexes

— _ —_a. —-A' — i1f-

foront energies of e grocnd state. W have studied thel/SLE N spectum of antferc=—¢,=45")and o,

. ) . . =45°) orientations of two fullerene molecules. The 90° superexchange path-
energy spectrum as a function of molecular orientation. Fofyay is 1-a,-2 or 1-a,-2, E,;,=-5 eV. The triple degeneracy corresponds
two Cg, molecule we considered antiferro- and ferro- to spin components,=+1,0, thesingle toS,=0.
orientations as shown in Fig. [gases(a) and (b), respec-

tive|y]_ 2=~ =45° 2= =45°
The molecular starting orientation is such that one of its

twofold axis coincides with the twofold cubic axié.e., E (eV) (deg E-Egs (K) E (eV) (deg E-Egs (K)
[110] axis). The starting position is obtained from the stan-  -10.361893) 0 -10.362 193) 0
dard orientation of the cubic phégethrough a rotation by -10.361 68(1) 24 -10.362 0Q1) 2.2
57/4 about thez axis?® Therefore, the starting position in ~ -10.33522(1) 3095  -10.334223) 324.6
the orthorhombic phasdiffers from the standard orientation -10.33499(3) 3122 -10.334 081) 326.2
of Cg in the cubic crystal. We then rotate the molecules by ~— ~10.29707(3) 7522 -10.297 461) 7512
an angleg about the twofold axigcubic[110] axis) which is ~10.297 05(1) 7524 -10.297113 7552
also the direction of polymerization. The results for the ferro-  _g 49 82('3'5 18475.2 —8.770 743) 18 468.0

rotations are shown in Fig. 6.
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TABLE 1. Energy spectrum of antiferr@p,=-¢,=45°) and ferrote, TABLE Ill. Ground state and first excited states for different superexchange
=¢,=45°) orientations of two fullerene molecules. The 180° superexchangepathways of the orthorhombic structufé.stands for ferrdw,=¢,;=45°)

pathway is 1-a,-3, E;;,=-5 eV. andA for antiferro{¢,=-¢,;=45°) orientations of two molecules.
@r=—¢,=45° @,= ¢ =45° Superexchange  Cgo—Cgyo Ground First excited Gap
pathway orientation state state (K)
E (eV) (deg E-Egs (K) E (eV) (deg E-Egs (K) 1-a,-2 F Triplet Singlet 2.2
-10.289 40(3) 0 ~10.286 86(1) 0 1-a,-2 A Triplet Singlet 2.4
-10.287 95(1) 16.8 -10.283 153) 43.1 1-8,-3 F Singlet Triplet 43.1
-10.206 12(1) 966.4 -10.208 493) 909.4 1-a,-4 F Triplet Singlet 0.5
~10.205 80(3) 9701  -10.207631) 919.4 1-8,-4 F Singlet Triplet 20.2
-10.204 93(1) 980.2 -10.205 723) 941.6 1-3-1 F Singlet Triplet 0.5
-8.504 36(3) 207145 -8.491 613) 20833.0

(1-ay-2,1-a;—4,1-a,-1') the gap is extremely small. If
there is no energy difference between a singlet and triplet
from the solution of the secular problem. From the lowestStates, the two electron spins are independent. This implies
energy levels we see that the ferrorotational orientation bethat there are no spin correlations due to superexchange be-
tween two G, molecules 1 and 2 around the alkali-metal tween two electrons on the fullerene molecules 1 and 2, or 1
atoma, is only by ~3.3 K lower in energy than the antifer- and 4, or 1 and 1 Notice that all these cases are 90° super-
rorotational orientation. Notice however that the alkali-metal®xchange pathways, and that 1 aridate intrachain neigh-
atoma, is traversed by eight equivalent 90° superexchangdoring sites.
pathways which favor the ferrorotational structure. The fer-  In the 180° interchain pathways B;—3 and 1-8,-4'
rorotational interaction mediated by the excitedstates of the gap is much larger. The first excited state for these cases
the alkali-metal atona,; can be regarded as the product of is a triplet, while the ground state is a singlet. Characteristic
two electric quadrupole-quadrupole interactions of the alkalifemperatures arg~ 20 K and~43 K. At high temperatures
metal atom with the two surroundinggEmolecules 1 and (T>T,) the triplet level is populated and contributes to the
2.2 Our calculations are based on thgLUMO states of the ~ Susceptibility according to the Curie law. Upon cooling be-
structurally undeformed & molecule. The corresponding oW Ts, @ spin gap becomes effective, imposing spin correla-
guadrupole moment has been calculated in Ref. 43. Recentiffons for electrons on fullerenes 1 and 3 or 1 aridotated
it has been shovif that the electric quadrupole moment of On different polymer chains. It is tempting to relate these
the deformed §, monomer in the polymer chain is substan- theoretical results to NMR experimefit§° in polymerized
tially larger than for the undeformed molecular ion. HenceCSCeo Where a transition to a nonmagnetic spin singlet state
we expect that in the real crystal the superexchange interaéakes place afs~13.8 K.
tion is larger than for the idealized complé&gy—A—Cqp) " We conclude that the singlet ground state binds electron
In any case the superexchange effect is quite substantial. SPins on different chains through 180° superexchange. The
The energy gain of the ground stafy-2E;, is spins of electrons at 90° superexchange are almost free.
~0.4 eV and the overall energy splitting s1.5 eV. Therefore, we expect a correlated state of electron spins at
In fact, the effect of superexchange here is inseparablfllerene site sequences 41-3-... or 4-1-3'~... and
from the phenomenon of chemical bonding. In Table Il weSO On, with weak or no correlations between those series.
have given the energy spectrum for a 180 superexchangaynchrotron x-ray powder diffraction experimefitseveal
pathway. that a spontaneous strain appears along both the polymer
chain axis and the interchain orthorhomlipid1] direction
below the spin singlet transition temperatdrig

B. Low temperature spin correlations of the polymer
phase of CsC ¢ VI. CUBIC ORDERED CsCg,

The important feature is the existence of low lying ex-
cited states. Depending on the orientations of two moleculeﬁO

and_ the posmqn of the alka_h atom, th_e ground ;tate IS elth_eEubic ordered phase, also called quenched cubic phase, is
a triplet or a singlet. The triplet state is magnetic. Its contri- —

bution to the magnetic susceptibility is of Curie type. In the Obtained’ with space groupPa3. (Notice that the same
singlet state the contribution to the magnetic susceptibility iSSP2C€ 9roup is realized in the orientationally ordered phase
temperature independeftan Vleck paramagnetigmif the ~ belowT.~255 K in pristine Go->>***) The Pa3 structure is
ground state is singlefnonmagnetig then the first excited Simple cubic and it has four different sublatticeg—n,,
state is triplet(magneti¢ and vice versa. The energy gap Which contain the sitef0,0,0, a/2(0,1,1), a/2(1,0,1), and
between ground state and first excited state becomes crucidf2(1,1,0, respectively. The sublattices differ by molecular
at low temperatures. Both the ground state and the gap affientations. The molecular threefold axes lie along the four
very sensitive to the molecular orientations and the alkalimain cube diagonalg111], [111], [111], and[111] for n,,
position, as summarized in Table IlI. n,, s, andn,, correspondingly. The molecules can be rotated
From Table Il we also notice that for a number of casessimultaneously by a setting angéeaway from the standard

By quenching Csgp in the cubic plastic phas@FmEm)
m T>350 K to liquid nitrogen temperature, a metastable
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PR T- T A LA LALLM AL AL M TABLE IV. Energy spectrum for the 90° superexchange pathwag,+2
E E or 1-a,—2. The setting angleg; and ¢, correspond to two competing
minima of the G, ordered phase.

0.16 3

0.14 3

R $,=38° $,=98°

> 1 2

)

£ E (eV) (deg E-Egs (K) E (eV) (deg E-Egs (K)

& -10.395 913) 0 -10.283 44B) 0

0] -10.395 841) 0.8 -10.283 301) 1.97
-10.287 401) 1259.2 -10.238 04) 527.4
-10.287 313) 1260.2 -10.237 98) 528.1
-10.286 383) 1271.6 -10.237 18) 537.4
-10.286 181) 1273.4 -10.237 04) 539.0

-8.779721) 18 755.1 -8.789 51) 17 336.2

triplet, Fig. 7 and Table IV. As a result the electron spins of
fullerenes 1 and 2 are almost independent at temperatures
T>1K.

However, the electron spin correlation are enabled by the
180° superexchangé —a,—3) which connects two g mol-
ecules belonging to the same sublattite(i=1-4). The

ENERGY (eV)

1042 Frerrrrrr e characteristic temperature hereTig~22 or 39K, Table V.
0 10 20 30 40 50 60 70 80 90 100 110 120 At temperaturesT > T, spins are uncorrelated. The thermal
SETTING ANGLE ¢ (DEG) occupation of the triplet state gives a Curie contribution to

the magnetic susceptibility. At low temperaturés: T the
FIG. 7. Lower panel: Superexchange energy of the ground €tgitet) as  spin gap sets in which accounts for the singlet ground state

a function of simultaneous rotation by an anglef two fullerene molecules ; i ;
¢ ) ; y and a decrease of the magnetic susceptibiifig. NMR spin
in the cubic ordered phase. The pathway isa1—2 or 1-a,-2, Fig. 2. The 9 P P

two Cg, molecules belong to two different sublattices. Upper panel: Energy/@ttice relaxation _eXperim_ents in qu?nChedz%Sé_hOW f(_)r
gap between the ground stdteiplet) and the first excited stai@ingled. T<50K the partial opening of a spin g%ﬁ:? which indi-

cates a deviation from metallic behaviol**Cs NMR

_ o _ . spectra™®® indicate the existence of localized spin
orientation in the following way: those which belong ng singlets. While in Ref. 52 it is suggested that the spin

are rotated about thil11] cubic axis, the molecules which gjnglets are localized on thegghalls (i.e., ), we rather
belong ton, about the[111] cubic axis, etc. In pristine §g  suggest that the spin singlets are localized on the
the crystal energy exhibits two minima as a function of the(Cg—A—-Cgg)~ complexes as a consequence of superex-
setting angleg: a primary minimum at$;=98° and a sec- change. The latter mechanism avoids the need to overcome
ondary one at$,=38°3*% The quenched cubic phase of the strong onsite Coulomb repulsion. We notice that each Cs
CsGy arose special interéSt” because it is metallfé with- site in thePa3 structure is traversed by three possible 180°
out formation of the polymer chains. We have solved thesuperexchange pathways and hence a random distribution of
superexchange problem for two neighboring, @olecules  singlet carrying(Cgo—A—Cgo)~ complexes in the Csg crys-

in the Pa3 phase of Csg, In Fig. 7 we show the energy as tal becomes possible.

a function of the setting anglé for various pathways. The

starting position of the molecule before rotationdys now  1ag g v Energy spectrum for the 180° superexchange pathwag,3.

the standard orientatiot. The ground state is singlet, the first excited state is triplet. The agglaad
The pathway 1-8a,-2, referring to the energy plot in ¢ correspond to two competing minima of thg,®@rdered phase.

Fig. 7 connects two fullerene molecules belonging to the

sublatticesn,; and n,. The same plot is obtained for two $1=38° $2=98°
molecules belonging to other sublattices:and n;, andn,
andn,, as anticipated from the symmetry. E (eV) (deg E-Egs () E (eV) (deg E-Egs ()
The calculated energy spectra for thed,—2 and 1 -10.25 0091) 0 -10.173 481) 0
—a,— 3 superexchange pathways are quoted in Tables IV and -10.24 67%3) 39.0 -10.1715®) 225
V. The superexchange binding energy~9.3 eV and the -10.18 07%3) 804.7 -10.149 6(1L) 276.7
total span of energy levels is1.5 eV. -10.180521) 807.3 -10.148 88) 285.1
The 90° superexchange which connects two fullerene ~10-1789%9) 825.5 ~10.147.98) 296.3
molecules belonging to different sublattices, for example ~10.17 6881) 849.6 ~10.14542) 324.1
andn, (1-a;-2 or 1-a,-2), leads to a triplet ground state. —8.5.7“9063) 103 914.7 8.695 W@ 17 156.3

The first excited states is singlet which lies very close to the
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From our theoretical study of the low temperature cubicband structure calculation. The second ingredient of the
phase of Csg, emerges the picture of a singlet ground statepresent theory, VB treatment, is generically a many electron
for any pair of G, molecules belonging to the same sublat-approximation® involving many electron determinants. The
tice and no spin correlations betweeny@nolecules from VB method yields automatically the desired atomic electron
different sublattices. Anomalies may be presenfTatl K  term splittings, which is not the case for the molecular orbital
because of correlations between electron spins from differemhethod. The combination of the VB treatment with the ClI

sublattices. approach allows us to construct and to solve the secular
equation from first principles rather than to use perturbation
VIl. CONCLUSIONS theory. In the present paper we deal with two valence elec-

We h d . f o ._trons, but the treatment can be easily generalized for a larger
e have presented a systematic configuration Interactio,, yper of electrons. Then one has to take into account the

study of the superexchange mechanism itCgy-A-Ceo™  cojomb multipole interactions on the same site which gives
pompl_ex whereA is an alkali-metal atormon_). We have rise to atomic electron term structure and Hund rules.
investigated the resonance energy proﬁrem'th two va- While the present work has been motivated by our inter-
lence electrons as a function of the positions of ghatom est in the alkali-metal fullerides,Cqo, our approach to the

and the G molecules(superexchange bond geometand problem of superexchange is suitable for application to other

as a function of molecular orientations. The method is approz, o rials As example we mentiahand f elements® i.e.,

g\r(lzate 0 mves’gggthe_ shuperexchange Iln V?‘”OES pha_sis O_f Hfansition metals and lanthanides or actinides, respectively.
s0 COMpounds: high temperature plastic phase with oreng - method should be useful for the description of strongly

tational disorder(space groug=m3m), polymer phases for correlated electrons in other alkali fullerid@such asA;Cgo
T<350 K with Space grOUFPmnn in KCGO and 12/m |1 and in h|gth superconducto%?'SG

RbGso, CsGo, quenched cubic phase with space grégs

in CsGo. By solving the secular equation we obtain the en-

ergy spectrum and the corresponding wave functions. W

then find (Sec. 1V) that due to superexchange the charge%‘CKNOWLEDGME'\ITS

transfer between the alkali-metal atoms ang @olecules is The authors acknowledge useful discussions with K.-P.
not complete. There is a significant weight for excited elec-pinse, V. Brouet, B. Verberck, D. Lamoen, and K. Jorissen.
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the probability of finding one electron onsgand the otherin  Onderzoeksfonds, Universiteit Antwerp&BOF-NOI).
the d state of the neighboring Cs is 0.224. This effect is

larger for Cs and Rb than for K. The relatively large value
(0.089 of the probability of finding one electron onggand

the other in thes state of the alkali is not at variance wit
NMR Knight shift results on’’Rb and*33Cs in ACq, We

have derived a theoretical expression for the Knight shift,  \ye consider an electron wave function,

taking into account the overlap between electroniwave

functions centered at alkali-metal atom ang wave func- Po(r) =Ry Y[ (), (AL)
tions centered on the g molecule. The small value of the

experimental Knight shift is compatible with our theoretical
results of rather incomplete charge transfer.

h APPENDIX A: EXPANSION OF A COORDINATE WAVE
FUNCTION AT ANOTHER SITE

at a site one centered at poidt Here the index- stands for
0, (m,c), or (m,s) of real spherical harmonicé,

The theory provides an information on electron spin cor-  Y[*%(©, ¢) = C(I,m)P["(cos®)cosme, (A2a)
relations. BelowT = 20 K, we find the opening of a spin gap
in polymerized Csg, (Sec. J where the singlet ground state Y™S(0, ¢) = C(I,m)P"(cos®)sinmg, (A2b)

binds electron spins on different chains through 180° super- . ] )
exchange. We relate these results to NMR experirfiefftn ~ whereP"is the associated Legendre function, and
polymerized Csg, We have applied the theory to the _

- 2+ =m)r
quenchedPa3 phase of Csg,. We find that afl below 20 K C(l,m) = o) if m=#0, (A39)
a spin gap sets in which accounts for the singlet ground state. '

Spin correlations occur due to 180° superexchange between
neighboring G, molecules on a same simple cubic sublattice ¢, 0) =

of the Pa3 structure. There are no spin correlations between
different sublattices. Experimental evidence for localized  we write for expansion of this function in terms of
spin singlets has been given by NMR experlmé;ﬁfﬁ spherical harmonics’f,'(Q’) given at a site two and centered
The present method allows to calculate superexchangg, . L :
. ) : ) . at a different pointO’, see Fig. 8,
spin correlations and chemical bonding. It combines the con-
figuration interactior(Cl) approach with the valence bdtid Yo (F)= > Rﬁ,(r’)Yﬁ’(Q’)- (A4)
(VB) treatment. In fact, that the Cl is an essential part of :
superexchange was realized by Keffer and ngﬁ:uper—

exchange cannot be described in the framework of electroimhe radial dependendé[;,(r’) can be written as

21 +1)

if m=0. (A3b)

r !
"7
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FIG. 8. The connection between r’, ®, ®’, anda. O and O’ are the
centers of expansion.

2w ™
RlT,I’(r,):f qu’f sin®’ d®’ y(NY), (0, ¢),
0 0
(A5)

wherer is an implicit function of(®', ¢’), Fig. 8. It is con-
venient to consider as a variable, whil® and®’ as func-
tions ofr,

2 2

-r’+4a
2ar’

12 2 2 r/2

r'2-r?-a
cos®’|, =

T (A0

cos®|, =
We notice that changes from maa-r’,r’'—a) till a+r’ (a
is the distance betwedd andQ’, Fig. 8 while ®’ is chang-
ing from 0 till 7. Substituting in Eq(A5) Eq. (A1) for (T
and Egs.(A2a) and (A2b) for the spherical harmonics, we
arrive at

N(,1",m)

m o
'R”,(I’ ) - 5m,m’ ar’

rmax
xf P"(cos®|,)P(cos®’|,)R(r)r dr.
min
(A7a)
Hereri,=maxa-r’,r'—a) andr,=a+r’, and
N(,1”,m) =k=C(I,m)C(l",m), (A7b)
wherek=1 if m# 0, andk=2 if m=0. Notice that the azi-
muthal integration ensures that=r and the radial depen-
denceRln,’(r’), Eq. (A7a), is exactly the same fot' =(m,c)
and(m,s), provided thatk,(r) in Eq. (Al) stays the same for

J. Chem. Phys. 122, 064310 (2005)

=0, in practice we limit it byL,,,=6. Analogously we treat
the d states of the alkali atom. We start with the coordinate
function

Ina, A1) =Ra(NYL, (A10)
at the siteO, which becomes
Lmax
Ung (F) = 2 REHYQ) (A11)
I=m

at the fullerene sit®©’. Here =0, (m,c) or (m,s).

The procedure outlined in Eq§A8)—(Al11) can be for-
malized in the following way. The state of the alkali atom is
described by index,=(k?,s,), Sec. lll A, which include the
spin [u(s,)] and orbital part[k?=1 for the s state ork?®
=2-6 ford states;7=0, (m,c) and(m,s), m=1, 2]. Expand-
ing the orbital part of, at the fullerene sit®’, we introduce
the states, ,, which in the following we call projected states.
They have the same spin compongunts,)] as the initial
alkali statei,, while the indexp refers to different spherical
harmonics on the right hand side of Eq49) and (All).
The corresponding radial functions are Iabeledlaagp(r’).
Thus, formally we can write

<F|ia>0 = 2 Ria,p(r’)<ﬁ,|ia,p>0’- (A12)
p

The same expansion can be introduced for tfhjemo-
lecular orbitals. However, since for a general rotatRim)
of the Gy, molecule, the orbital functiongy, =R(w)y are
expressed as linear combinations of all spherical harmonics
Y5 it is convenient to consider first all 11 orbital basis
states(h state$

(i) = Ra(r) Yizs(€D),

where =0, (m,c), and(m,s) with m=1-5. Theseh states
taken at a sité can be also expanded in terms of projected
states(i;) at a siteQ’,

(fiNo=2 Rirg(r M@ [iDor.
p

(A13)

(A14)

The t;, molecular orbitals are restored if we take the linear
combinations oh states as in Eq$2.13, (2.1b), and(2.10.

r=(m,c) and(m,s), which is usually the case. In the present APPENDIX B: SINGLE-ELECTRON OPERATORS

work the integration in Eq(A7a) has been performed nu-
merically.

We start with the coordinate wave function of thetate
at the siteO:

lr/fA,s(F) = Rs(r)YO,

wherngzllxyf’ZT. The expansion of the state at the Sdé
(first fullerene site, Fig. Lreads as

(A8)

Lmax

lr//A,s(F’) = E Rs,l(r’)YP(Q,)a

1=0

(A9)

where the spherical harmonib’g and the radial functiofR
are written now for the radius vectot of the fullerene site
O'. In principle, the sum in EqA9) runs over all values of

The effective potential of the alkali atom is defined as

Ua(r)=- % +Ve(r) +V,Jr). (B1)
Here Z is the nuclear chargén e), V. is the Coulomb po-
tential of the core electrons, and,. is the exchange-
correlation part of the core electrons calculated in the local
density approximatiofiLDA).

For the fullerene molecule as a core we consider all oc-
cupied states except the valertgglevel (360 electrons To
describe their electron density we employ the expansion
tabulated by Saviret al®>’ In this work we have used only
the spherical symmetric compon%%po(r) quoted in Table
Il of Ref. 57. Starting withpy(r), we have constructed the
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effective potentialU®®(r) comprising the potential of 60

J. Chem. Phys. 122, 064310 (2005)

1

dR4(r) dRy(r)
dr dr

2

1

carbon nuclei and the potential of the core electrons as in Ed<12= J redr + 5|(| +1) f Ra(r)Ry(r)dr.
(B1). In the following we discuss the matrix elements which
involve the effective potentials? and U®®°, (B8)

If an electron stays at the fullerene site, i.e., we considefyere R andR, refer to the radial parts of the corresponding
one-electron transition,— j,, then the attraction to the ef- |\ ..o functions.
fective potentialu®(r) is found as Finally, the repulsion energy.. between the core alkali
site and the core fullerene site is calculated as follows. We
expand the potentidd“®%(r) in terms of spherical harmonics
on another site which is the alkali site as described in Ap-
pendix A. We need only the spherically symmetric compo-
To describe an electron transferred to the fullerene site waentugg’o(r). Then the energy of the alkali nucleus in the
first introduce auxiliary 11h states|j™, Eq. (A13). We ex-  potential U is
pandjin terms of spherical harmonics at the alkali site and

(iU ) = B jo) f dirR, (NUADR (). (B2)

1 C60/. _
use notationg; for these states, Appendix A. The attraction Up=-Ug (r=02. (B9a)
to the alkali site then is found as The energy of the alkali core electronsf® is
— C60,
IRGIVE J dr r2R; (NUATRy-p(0). (B3) Uz= f dr %p3(n)Upo (1), (B9Db)

) ) ) ) ) where p(r) is the density of the alkali core electrons. The
Notice that in the latter expression there is no summation o, repulsion energy i8)®P=U,+U,, and the matrix ele-

P, becausenly one state qf t_he same angular symmesy,  qents are given by

gives the contribution. This is a consequence of the fact that

U?(r) has the spherical symmetry. (I[U™®A) = U™X(1|J).
Analogously, we can find the attraction to thg,@nol-

ecule, i.e., the matrix elements ofi{U%%r)|j* and

(iUC89(r)|j». The total attraction for a transferred electron

is given by

(B10)
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