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Ab initio calculation of the metal-insulator transition in lithium rings
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We study how the Mott metal-insulator transition~MIT ! is affected when we have to deal with electrons with
different angular momentum quantum numbers. For that purpose we applyab initio quantum-chemical meth-
ods to lithium rings in order to investigate the analog of a MIT. By changing the interatomic distance we
analyze the character of the many-body wave function and discuss the importance of thes-p orbital quaside-
generacy within the metallic regime. The charge gap~ionization potential minus electron affinity! shows a
minimum, and the static electric dipole polarizability has a pronounced maximum at a lattice constant where
the character of the wave function changes from significantp to essentiallys type. In addition, we examine
rings with bond alternation in order to answer the question that under which conditions a Peierls distortion
occurs.

DOI: 10.1103/PhysRevB.68.235115 PACS number~s!: 71.30.1h, 71.15.2m, 36.40.2c
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I. INTRODUCTION

When the lattice constant of a metallic system is su
ciently enlarged it will become an insulator, before even
ally we end up with a collection of well separated atom
This metal to insulator~MI ! transition was first pointed ou
by Mott ~Ref. 1, and references therein! and has stimulated a
tremendous amount of work for a better understanding o
The standard model for these investigations has been
Hubbard Hamiltonian.2 It assumes one orbital per site, an
the electronic Coulomb interactions are reduced to an on
Coulomb integralU. By applying different approximations
Hubbard was able to quantify the conditions for the occ
rence of a MI phase transition. For that reason it is of
called a Mott-Hubbard transition. More recently, the dynam
cal mean-field theory has been applied to the Hubb
Hamiltonian with one electron per site and has further elu
dated details of the transition~for an overview and further
references see, e.g., Ref. 3!.

The purpose of the present work is to go beyond the H
bard model in order to understand better how other featu
might influence the transition in a realistic system. Lithium
a metal with a strong contribution ofp electrons to the con
duction band. With increasing lattice constant the ratio op
and s electrons is changing and in the atomic limit we a
dealing with a pure 1s22s atomic state. One of the question
we would like to answer is the effect of low-energy atom
excitations from 2s to 2p on the MI transition. In order to
come close to a realistic description of metallic systems
investigate a ring of Li atoms applying quantum-chemi
methods for a treatment of electronic correlations.

In terms of a Hubbard model the Li-Li distance wou
correspond to the hopping termt. Instead of only an on-site
Coulomb repulsion as in the Hubbard model here we t
into account all possible Coulomb matrix elements. But
the limit of large separations of atoms only the on-site C
lomb repulsion remains.

The largest ring which we can treat at the multireferen
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configuration-interaction~MRCI! level, without excessive
computations, consists of ten Li atoms. A medium-size ba
set consisting of Gaussian-type orbitals~GTO’s! is used in
the calculations. Usually the onset of insulating behavio
characterized by the appearance of a gap. However, wi
finite number of Li atoms in the ring we always have a finit
energy difference between consecutive energy levels. Th
fore, when the atomic distance is changed we must look
a change in the pattern between the highest occupied
lecular orbital~HOMO! and the lowest unoccupied orbita
~LUMO!. These quantities are only accessible at the me
field level. At the correlated level, we select three quantit
which can give insight as regards the transition behav
MRCI methods can yield very good approximations to t
exact ground-state wave function. The character of this w
function will be the first criterion. A second quantity whic
we calculate is the one-particle energy gap defined as
energy difference which is obtained if an electron is added
or removed from the system. As a third quantity, we det
mine the static dipole polarizability of the system by app
ing a small homogeneous electric field. These three qua
ties are determined as functions of the nearest-neighbor L
distance in the ring, and we discuss how the metal-insula
transition shows up in them. For these quasi-on
dimensional systems, the question arises whether we
gain energy by dimerization~Peierls distortion!. We address
this question by allowing for a bond alternation.

In the following section we will discuss some technic
details~Sec. II!. In Sec. III, we present the results of differe
mean-field methods, for Li rings with increasing number
Li atoms and with increasing Li-Li distance. The behavior
the many-body wave function is discussed in Sec. IV. G
energies are presented in Sec. V and polarizabilities in S
VI. The Peierls distortion is considered in Sec. VII and co
clusions follow in Sec. VIII.

II. TECHNICAL DETAILS

The application of quantum-chemicalab initio methods to
Li rings is the focus of the present work. Starting from
©2003 The American Physical Society15-1
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TABLE I. ACPF values of the ionization potential~IP!, the electron affinity~EA!, and the dipole polar-
izaibility a of the Li atom are listed for different basis sets. Corresponding values for the bond lengthddimer

of the Li2 molecule are listed, too.

Basis set IP~a.u.! EA ~a.u.! a ~a.u.! ddimer ~Å!

aug-cc-pVDZ 0.196 0.0151 166.0 2.73
aug-cc-pVTZ 0.196 0.0176 167.2 2.69
aug-cc-pVQZ 0.196 0.0209 167.5 2.68
@4s# 0.196 0.0019 0.000 3.03
@3s1p# 0.196 0.0150 164.8 2.85
@4s1p# 0.196 0.0212 165.6 2.85
@4s2p# 0.196 0.0216 165.6 2.73
@5s2p# 0.196 0.0218 166.6 2.67
Expt. 0.198~Ref. 11! 0.0227~Ref. 11! 164.8~Ref. 13! 2.67 ~Ref. 11!
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mean-field Hartree-Fock~HF! description, we reoptimize the
valence wave function in multiconfiguration self-consiste
field ~MCSCF! calculations, keeping the 1s core electrons
frozen at the HF level. Thereby, the number of valen
active-space orbitals is chosen equal to~or larger than! the
number of Li atoms of the system, and all possible occu
tions of these orbitals are accounted for. With this choice,
can properly describe the dissociation limit where each a
has one valence electron. On top of the MCSCF calculatio
we apply the multireference averaged coupled pair functio
~MRACPF! method.4,5 Here, all configuration-state function
are included which can be generated from the MCSCF
erence wave function by means of single and double exc
tions from the active orbitals. These calculations are p
formed with the program packageMOLPRO.6–8

The GTO one-particle basis set used for the MCSC
MRACPF calculations of the present work is derived fro
the correlation-consistent polarized valence double-z ~cc-
pVDZ! basis set of Dunning and co-workers.9 From this set,
we select the threes functions and the first contractedp
function. To describe the negatively charged system, we
an even-tempered diffuses function ~exponential paramete
is 0.0107! resulting in a@4s1p# basis set. We checked th
quality of this basis by calculating the electron affinity~EA!,
the ionization potential~IP!, and the dipole polarizability of
the Li atom~Table I!. Thep function is essential to describ
the EA and the polarizability properly. Whereas the IP
weakly dependent on the size of the basis set used, bec
correlation effects are absent~core-valence correlation is ne
glected!, the EA substantially increases when a diffuses
function is added. A second diffuses function or a diffusep
function has nearly no influence. The polarizability on
slightly depends on the basis-set quality beyond cc-pVDZ
the basis set contains at least onep function. The errors of
the selected@4s1p# basis set as compared with experimen
data are 1% for the IP, 7% for the EA, and 0.5% for t
polarizability. Thus, the@4s1p# basis although being rela
tively small can describe with sufficient accuracy all quan
ties we are interested in and is taken as default basis s
the subsequent calculations.

The Li-Li distance in three-dimensional Li metal isa0
53.03 Å,10 while the equilibrium distance of the Li2 dimer
~2.67 Å, Ref. 11! is smaller by about 10% . For the Li10 ring,
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we calculate an equilibrium distance of 3.06 Å, which is ve
similar to the bulk nearest-neighbor distance. Note, howe
that the@4s1p# basis overestimates the Li2 bond length by
0.18 Å ~the lack of a secondp function is mainly responsible
for this error, cf. Table I!; if this bond-length error carries
over to Li10, we would have an equilibrium distance o
around 2.9 Å for this system.

III. MEAN-FIELD DESCRIPTION

As a first step of our MIT study for Li rings, we per
formed mean-field @Hartree-Fock and density-functiona
~DFT!# calculations for various ring lengths and internucle
distances. With theCRYSTAL program12 we can do HF calcu-
lations for the one-dimensional infinite Li chain. As basis s
we selected the optimized@3s2p# basis set for the three
dimensional metal.14 In Fig. 1, the HF band structure i
shown for the bulk equilibrium internuclear distancea0, and
for a52.5a0 which corresponds to the dissociation limit. I
both cases the Fermi energy lies within the 2s band, but the

FIG. 1. Hartree-Fock band structure for the infinite Li chain f
two different Li-Li distances. The Fermi energy is set to zero.
addition, a band structure obtained from the levels of Li10 is plotted
~dashed curve!; for comparison, the center of the 2s band is shifted
to zero.
5-2
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AB INITIO CALCULATION OF THE METAL- . . . PHYSICAL REVIEW B 68, 235115 ~2003!
bandwidth is significantly reduced with increasing Li-Li di
tance. The predominant 2p band is very flat near the disso
ciation limit and well separated from the 2s band, whereas
for a distancea0 there is no gap between the 2s and 2p
bands.

For finite systems we applied theTURBOMOLE ab initio
program package15 to obtain mean-field results for very lon
rings up ton5170. We explicitly imposed spatial-symmetr
restrictions on our closed-shell wave functions in order
avoid symmetry breaking.~For rings with n.30, the HF
approximation favors a symmetry-broken ground state.! If
we generate a HF band structure from the orbital energie
a Li10 ring and shift the Fermi energy to zero~dashed curve
in Fig. 1!, the bandwidth and band shape correspond we
that of the infinite chain, for botha5a0 anda52.5a0.

The energy gap of Li rings with different number of a
oms, at a fixed Li-Li distance ofa5a0, is shown in Fig. 2. In
a mean-field approach, the gap energy can either be ca
lated as HOMO-LUMO gap in the neutral system or by ad
ing and subtracting an electron to the system, i.e., as di
ence of the IP and EA. At the HF level both approach
~approximately! coincide according to Koopmans
theorem.16 Slight differences occur for smaller rings due
relaxation of the orbitals when the electron number
changed. This effect is missing in the HOMO-LUMO ga
Calculating the IP-EA gap with density-functional theory
the local-density approximation~LDA !,17 the results coin-
cide well with the HF results. Note that in LDA the HOMO
LUMO gap is much smaller. This gap is directly related to
excitation energy other than the IP-EA gap. The decay of
IP-EA gap with increasing number of atoms in the ring
slow (n20.76). @If we would regard the finite ring as consis
ing of free electrons in a box, the decay should be prop
tional to (boxlength)21.] Despite the slow closing of the
gap, even for Li10 it lies well within the bandwidth of the
infinite chain. For the Li10 ring, we also calculated the be
havior of the IP-EA gap with increasing Li-Li distance, fro

FIG. 2. Mean-field results~HF and LDA! for finite Li rings, in
dependence of the number of atoms in the ring. The Li-Li dista
is fixed at the metallic value (a5a0).
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a0 to 2.5a0 ~Fig. 3!. For the mean-field approaches, HF a
DFT @both LDA, Ref. 17 and generalized gradient appro
mation, GGA, Refs. 18 and 19#, the gap is monotonously
closing. Thereby, the differences between the DFT varia
and the differences between DFT and HF are not larger t
that between the HOMO-LUMO and IP-EA values at the H
level. @Small differences may also arise due to the use
different formal symmetries (D2h for DFT, D10h for HF!.# If
we would model the ring by free electrons in a box again,
decay of the HOMO-LUMO gap should be proportional
(boxlength)22. This is in contrast to an approximatea21

decrease obtained in our mean-field calculations, wh
shows that the electrons are far away from the free-elec
limit. It should be kept in mind, however, that the corre
dissociation limit cannot be described with these metho
anyway. Only multiconfiguration methods can properly d
scribe both the dissociation limit and the metallic behavio22

Such calculations form the main part of our present work a
will be discussed below.

IV. THE CHARACTERISTIC FEATURES OF THE
GROUND-STATE WAVE FUNCTION

Taking the example of the Li10 ring, we want to study how
the character of the many-body ground-state wave func
changes when enlarging the Li-Li distance froma5a0 to a
52.5a0. For that purpose we performed a MCSC
calculation20,21 for the lowest singlet state, on top of
closed-shell HF calculation such as that described in the
ceding section.~Using theMOLPRO package, we had to for
mally change toD2h symmetry, however.! The selection of
the active space is a decisive step: It is well known that fo
correct description of the dissociation limit in Li10 ten atomic
2s orbitals are needed, but for the metallic regime (a'a0) it
is not clear how many orbitals are really important. The
fore, we performed a pilot MCSCF calculation fora5a0
with a high number of active orbitals and selected tho

e

FIG. 3. Mean-field results@HF in D10h symmetry, DFT~LDA
and GGA! in D2h symmetry# for a Li10 ring, in dependence of the
Li-Li distance. The gap energy is taken as the difference of IP
EA; in the HF case, also the HOMO-LUMO gap value is given.
5-3
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PAULUS, ROSCISZEWSKI, FULDE, AND STOLL PHYSICAL REVIEW B68, 235115 ~2003!
natural orbitals whose occupancies were above a ce
threshold. Retaining orbitals with occupancies larger th
0.18 and rejecting all the others which have occupanc
smaller than 0.03 resulted in ten active orbitals, too. Ho
ever, only the nine energetically lowest ones fall into t
same irreducible representations~in D2h symmetry! as the
nine lowest-lying orbitals of the insulating regime, while th
highest natural orbital of the metallic and insulating regim
differs in symmetry. Therefore, we selected for our final M
SCF calculation a new set of 11 active orbitals which w
generated as the union of the two sets of orbitals descr
above. These orbitals were reoptimized at the MCSCF le
Finally, we performed a MRACPF calculation4,5 on top of
the MCSCF, in order to include dynamical correlation effe
as fully as possible. Note that the multireference treatmen
important in both limits: in the metallic regime to describ
static correlation with the quasidegenerate 2p orbitals and in
the insulating regime to get the dissociation into degene
2s orbitals right.

Although we included in the active space all orbita
which are important in the limits of small and large atom
distances, the total energy as a function of the Li-Li distan
is not a smooth curve~Fig. 4!. This is so because the natu
of the active orbitals changes along the curve. When star
the calculations from largea ~wave function for the insulat-
ing state! and always using the previous solution as start
point for the next smaller lattice constant, this yields
slightly different solution in the region of the MIT than whe
starting from the metallic regime and increasinga. The dif-
ference is larger, of course, for the MCSCF energies tha
the MRACPF level, with a full CI~i.e., including all higher
excitations! the differences would vanish. However, a sing

FIG. 4. MRACPF energies of the Li10 ring vs the Li-Li distance.
The curves labeled ‘‘insulating wave function’’ and ‘‘metallic wav
function’’ refer to different MCSCF zeroth-order wavefunction
used as reference for the subsequent MRACPF, cf. text. In the
an enlarged part of the transition region is shown. The filled sy
bols correspond to the MCSCF values. The curves labeled ‘‘s start’’
and ‘‘only s basis’’ refer to calculations leaving outp functions in
the MCSCF zeroth-order wave functions and at both the MCS
and MPACPF levels, respectively.
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smooth curve can be obtained even at the MRACPF leve
it is based on a MCSCF calculation with onlys functions in
the active space. In that casep excitations appear at th
MRACPF level only. It is clear that such a procedure favo
the insulating solution: It yields a ground-state energy foa
5a0 which is by;0.02 a.u. higher than the value obtaine
with variationally optimized MCSCF orbitals. Still, the s
obtained ground-state potential curve is qualitatively corr
also in the metallic regime. It is interesting to compare
with a MRACPF curve obtained by leaving outp functions
in the one-particle basis set altogether. Here, we still obse
a ~shallow! minimum neara5a0, but the energy is higher by
more than 0.1 a.u. Thus,p contributions amount to abou
two-thirds of the binding energy of the Li10 ring.

Turning back now to our most accurate potential curve
change of the character of the MRACPF wave function
well as that of the underlying MCSCF wave function as
function of a is seen best by a Mulliken population analys
for the p orbitals ~Fig. 5!. For the ‘‘metallic’’ MCSCF solu-
tion the atomicp orbital occupancy is nearly 0.5 ata5a0
and slowly drops to 0.3 ata'1.5a0, while for the ‘‘insulat-
ing’’ solution it is less than 0.03 fora>1.5a0. Even in the
MRACPF case, thep population changes by a factor of;3.
Taking this rather dramatic change as a signature of the M
we find for all investigated rings a region around 1.5a0,
where the character of the wave function changes sign
cantly.

V. THE ONE-PARTICLE ENERGY GAP

The energy gap of an insulator is determined by the
ergy differences between the ground state of the neutral
tem and the ones with one electron added and subtracte
the case of a Li ring, we calculate the MRACPF ground-st
energies of the Lin

2 , Lin , and Lin
1 systems and determin

EA5E(Lin)-E(Lin
2) and IP5E(Lin

1)2E(Lin), and from
IP-EA the corresponding gap. For a metallic solid adding a

et
-

F

FIG. 5. Thep occupation of the Li atom in a Li10 ring vs the
Li-Li distance. Thep occupations are calculated with the Mullike
population analysis.
5-4
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AB INITIO CALCULATION OF THE METAL- . . . PHYSICAL REVIEW B 68, 235115 ~2003!
removing an electron cost an energy given by the chem
potential. In finite systems, there always remains the dif
ence between the one-particle energies of the additional
the missing electron as well as the influence of relaxat
and correlation effects.

The EA and IP for Li10 are plotted in Fig. 6. In the me
tallic regime, the HOMO-LUMO gap is expected to decrea
with increasing Li-Li distance exactly like it happens for fre
electrons in a box with changing length. In fact, at the H
level we obtain a monotonous shrinking of the gap, both w
our standard basis set (@4s1p#) and with a pures basis set
(@4s#). The availability ofp polarization functions stabilize
the charged systems as compared to the neutral one, lea
to a slightly smaller gap fora5a0 than with a pures basis,
but the difference goes to zero fora→`, and the genera
trend of a closing gap with enlarging Li-Li nearest-neighb
distance is the same in both cases. However, the trend c
pletely changes when correlation effects are included.
most important change concerns thea→` limit, where HF
fails to describe correctly the dissociation. Instead of a cl
ing of the gap, the correct limit is the difference between
atomic IP and EA. This limit is obtained indeed, in o
MRACPF calculations. As already noted in Sec. II, t
atomic EA is severely underestimated in the case of a pus
basis set, but this is efficiently remedied with our stand
@4s1p# basis set. We furthermore note that the EA conver
more slowly to the atomic limit than IP@EA(a52.35a0)
51.6 EA(atom),IP(a52.35a0)50.94 IP(atom)#. We think
that this is due to the larger size of the Li2 ion than of the
Li1 ion. Interestingly, the variation of IP and EA froma
5a0 to a→` is not completely monotonous. Already for th
case of a pures basis, the gap is nearly constant~and even
slightly decreases! in the rangea0,a,1.3a0, and only then
gradually opens up to the atomic limit. Includingp contribu-
tions leads to a significant increase of IP and EA fora5a0 as
well as to a distinctly nonmonotonous behavior of the gap
a function ofa, with a minimum arounda51.5a0. The effect

FIG. 6. HF and MRACPF values for the EA and IP of a Li10 ring
vs the Li-Li distance. For comparison, we add results from cal
lations withoutp functions in the basis set~‘‘only s basis’’!.
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is due to a stabilization of the charged systems, with resp
to the neutral one, by means of polarization clouds arou
holes/electrons. Thus, for a finite ring in the metallic regim
the gap closes when enlarging the lattice constant, at
metal-insulator transition~MIT ! point it is minimal, then it
starts to increase gradually approaching the atomic li
value.

We investigated the gap behavior not only for the L10
ring but also for the Li2 dimer, for the Li6 and Li8 rings, and
for the Li8 cube. (Li4 arranged in a square has a negat
EA; hence, the calculation of the one-particle energy g
does not make any sense. Li rings with odd number of
atoms do not have a closed-shell HF ground state and th
fore are not considered here.! For Li12, we performed calcu-
lations ata5a0 anda5aMIT* , whereaMIT* is defined as the
point where the character of the MCSCF wave functi
changes from significantp character to an essentiallys one.
For all investigated ring systems, the minimal value of t
gap occurs for nearly the same lattice constant in differ
rings ~between 1.42a0 and 1.55a0). This distance coincides
approximately with the one where the character of the w
function changes. In Fig. 7 the energy gap ata5a0 and a
5aMIT is listed for different methods and for different rin
lengths. When increasing the number of atoms in the ri
the minimal gap energy at the ACPF level decreases fa
than the gap ata5a0. Unfortunately, the behavior of the ga
for much longer rings cannot be calculated by the meth
we use because it is computationally too expensive. The
calculated at the MCSCF level seems to saturate for lon
rings, i.e., only the dynamical correlations are closing
gap. As yet, we cannot make a reasonable extrapolation
find out for which ring length a zero gap is to be expecte
But for all investigated rings we found similar behavior wi
increasing Li-Li distance independent of the number of
atoms in the ring. In spite of this we reemphasize that
though we have a finite system instead of a real meta
system, we still see a transition from a metalliclike regim

-
FIG. 7. HF, MCSCF, and MRACPF one-particle energy gaps

plotted vs the number of Li atoms in the ring for two differe
lattice constants, cf. text.
5-5
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PAULUS, ROSCISZEWSKI, FULDE, AND STOLL PHYSICAL REVIEW B68, 235115 ~2003!
~where the gap is closing with increasing Li-Li distance! to
an insulating regime where the gap is opening towards
atomic limit.

In order to validate the methods used in the present pa
we performed full-CI~FCI! calculations23 for Li6 at three
different lattice constants, i.e., we determined the low
variational energies in each case which can be obtained
our standard@4s1p# one-particle basis set. The resulting E
and IP are listed in Table II. The ACPF values coincide w
with the FCI results and therefore are expected to provid
reliable, quantitative description of the gap energy.

Finally, let us note that we observe a similar minimal g
for the Li8 cube, where no sharp jump in thep occupation
pattern of the wave function is visible. In the cube, the mi
mal gap occurs at a somewhat larger distance (1.65a0) than
it does in the ring and is also a little bit larger~0.09 a.u.!, but
the qualitative behavior remains the same.

VI. DIPOLE POLARIZABILITY

As a third quantity which can be used to define the M
we calculate the static electric dipole polarizability of t
system. We apply a static electric field of strength up
0.035 a.u. and perform a quadratic fit for the energy of
system,E(E)5E(0)2 1

2 aE2, yielding the polarizabilitya.
Higher-order terms can be neglected for the small fi
strengths we chose. For a metallic system the polarizab
should be infinite, therefore a steep increase of the pola
ability can indicate an insulator-metal transition.

As a test example, we selected the Li2 dimer and applied
the E field both in the bond direction and in a direction pe
pendicular to that, while gradually enlarging the Li-Li di
tance~Fig. 8!. At the equilibrium bond length, we obtain a
average polarizability of 118 a.u.~the experimental value is
111 a.u., Ref. 24!. If the electric field is parallel to the bon
direction, the polarizability exhibits a maximum at a Li-L
distance similar to that where the minimal gap occurs. Fo
field direction perpendicular to the bond, the polarizabil
increases monotonously to two times the atomic value as
HOMO-LUMO gap becomes smaller.

For the Li10 ring, we find the same behavior as in th
dimer when we apply the field perpendicular to the ri

TABLE II. The EA and IP of Li6 are listed for different levels of
approximations and different Li-Li distances.

a5a0 EA IP

HF 0.0208 0.1554
MCSCF 20.0027 0.1672
ACPF 0.0335 0.1812
FCI 0.0321 0.1820
a51.5a0

ACPF 0.0539 0.1530
FCI 0.0500 0.1548
a52.0a0

ACPF 0.0448 0.1703
FCI 0.0409 0.1707
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plane. When we apply the field in the ring plane we find
pronounced maximum. In Fig. 9, we plot the polarizabili
per atom for the Li10 ring, both at the MCSCF and MRACPF
levels. A crossing of the curves occurs within the transiti
region, since we have two different solutions at the tran
tion. MCSCF and MRACPF polarizability values differ onl
slightly. At a5a0 the calculated MRACPF value is 94.4 a.
Experimental data are available for the static dipole pola
ability of a Li10 cluster;25 unfortunately the cluster geometr
is not fully known, but it can be supposed to be two or thr
dimensional. The experimental value is 70.2 a.u. and
roughly agrees with our value. As already noted, the po
izability increases with decreasing lattice constant~i.e., when
coming from the insulating side!. For an infinite system the
polarizability should diverge at the MIT. We see a precurs

FIG. 8. The MRACPF static dipole polarizability of the Li2

dimer, for the electric field parallel and perpendicular to the bo
direction, is plotted vs the Li-Li distance.

FIG. 9. The static dipole polarizability of the Li10 ring, for the
electric field in the ring plane, is plotted vs the Li-Li distance f
two different methods.
5-6
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of this divergence and can therefore use it to define a M
even for a finite system. The rapid decay of the polarizabi
in both the metallic and the insulating regime is due to
opening of the gap.

VII. LATTICE DISTORTION

In this section, we allow for a bond alternation along t
ring, so that the Li atoms can form dimers. For average
tice constants larger than that where the MI transition occ
~i.e., for lattice constants where the insulating solution is
ground state! the formation of dimers is energetically fa
vored. The resulting dimer internuclear distance agrees
with the calculated distance of the free dimer~2.88 Å!. The
energy gain is due to bond formation between two Li atom
In the metallic regime (a<aMIT) a Peierls distortion26 oc-
curs, stabilizing the dimerized state~see Fig. 10!. However,
decreasing the lattice constant further, we found a pointa

FIG. 10. The total energy of the Li10 ring is plotted vs the
dimerization angle~defined as deviation from the ideal 36° angle
Li10, in degree! for different average lattice constants.
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51.3a0 for Li10), below which the equidistant arrangeme
is the ground state, which would imply a metallic state f
the infinite chain. At the HF level, a bond alternation is fou
for all ~average! lattice constants; electronic correlation
seem to suppress this bond alternation at the equilibr
lattice constant. This is in contrast to polyacetylene, wh
correlations reduce the bond alternation without fully su
pressing it.27

VIII. CONCLUSIONS

We investigated the analog of the metal-insulator tran
tion for one-dimensional lithium, applying high-leve
quantum-chemicalab initio methods. The aim of this inves
tigation was to find out how the MIT is modified from th
one in the Hubbard model when we have to deal with sev
orbitals per site. We have chosen Li as an example since
the different orbitals correspond to different angular mom
tum quantum numbers, i.e.,s andp electrons. By treating a
Li10 ring we could apply accurate quantum-chemical ab i
tio methods. Following the original ideas of Mott, a metal
system will become an insulator when the lattice constan
sufficiently large. But in distinction to the Hubbard model
is here the interplay of thes and p orbitals which strongly
affects the MIT. At the transition point (aMIT'1.5a0) the
character of the many-body wave function changes from
nificantp to essentiallys character. Therefore it must be ke
in mind that in a real solid the repopulation of orbitals b
longing to different angular momenta may have simila
strong influence on the MIT as changes in the ratio of
HubbardU to the kinetic energy. We found that approx
mately at the same interatomic distance where thep charac-
ter of the wave function changes so strongly, the one-part
energy gap is minimal and the static electric polarizabil
has a maximum. Increasing the ring length, the minimal g
closes faster than the gap at the equilibrium distance;
reduced level spacing for both longer rings and larger lat
constants enhances dynamical correlation effects. Allow
for a bond alternation in the ring, the system dimerizes for
~average! lattice constants larger than;1.3a0, for the insu-
lating case due to Li2 molecule formation, for the metallic
case due to Peierls distortion. For even smaller lattice c
stants, the correlations stabilize the equidistant arrangem
of the Li atoms along the ring.

Further investigations are planned for open boundary c
ditions ~i.e., linear fragments of the infinite chain! and for
other alkali metals~thereby, e.g., mixing different alkali
metal atoms to mimic the ionic Hubbard model!.

APPENDIX: LIST OF ABBREVIATIONS

MIT metal-insulator transition
HOMO highest occupied molecular orbital
LUMO lowest unoccupied molecular orbital
GTO Gaussian-type orbital
cc-pVDZ correlation-consistent polarized valen

double-z
HF Hartree-Fock
5-7
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MCSCF multiconfiguration self-consistent-field a
proximation

MRCI multireference configuration interaction
MRACPF multireference averaged coupled pair fun

tional
IP ionization potential
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