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The photoelectron spectra &fi4 , in sharp contrast to that of other alkali tetramers, consist of two
very narrow peaks separated by an energy gap that is about a factor of 5 smaller than tNage in
and K, . Self-consistent field calculations based on both quantum chemical and density functional
techniques reveal that the ground statel.of consists of two nearly degenerate isomeric states with
different spin multiplicities. The anomalous spectroscopy results from an intricate interplay among the
geometry, electronic structure, and spin multiplicity of these two structures.

PACS numbers: 33.60.—q, 36.40.Mr

Although alkali metals are the flagships of the free-tremely fast, the geometry of the neutral cluster probed by
electron model, Li metal seems to be an exception tdhis experiment is the same as that of its corresponding an-
the rule. The electronic properties that characterize thens. Thus, experimentally, one measures the difference
non-free-electron behavior of Li metal include (i) the as-between the energy of the anionic cluster in its ground
phericity of the Fermi surface [1], (ii) anomalous pressurestate and the energies of the excited states of the neutral
dependence of the Knight shift [2], and (iii) the broaden-cluster having the same geometry as that of its anionic
ing of the soft x-ray emission and absorption edges [3]parent. These energies can be compared with theoretical
What is not clear is whether these discrepancies are mamgalculations and a quantitative agreement provides indi-
festations of the electronic structure of the Li crystal orrect evidence for the geometry obtained from theory by
if they are rooted in the electronic structure of the atomenergy optimization.
itself. In this context, studies of Li clusters are relevant. ~ Ab initio quantum mechanical calculations [9] have

Itis now well established that small atomic clusters con-confirmed that the ground states of Naand K, clusters
stitute a new class of matter with structural and electronihave linear geometry while the corresponding neutral
properties quite unlike their bulk counterparts. For ex-clusters have planar rhombus geometry. The peaks in the
ample, the geometries of all neutral alkali metal clustergphotoelectron spectra result from transitions between the
consisting of less than six atoms tend to be planar [4,5]spin doublet ground state of the anionic cluster and spin
Their relative stabilities and ionization potentials exhibitsinglet and triplet excited states of the neutral cluster, all
odd-even alternation with size, and clusters with 2, 8, 20having the same linear geometry as the anionic cluster.
40, ... atoms are unusually stable [6]. Thus, it may beThe broadening arises due to the large geometry change
concluded that Li clusters would not exhibit properties thatbetween the anion and the neutral, resulting in a long
differ from other alkali metal clusters such as Na and K. vibrational progression, where the underlying modes are

A recent experiment on the photoelectron spectra ofot resolvable in the experiment.

Li,~ by Sarkaset al. [7] suggests that Li clusters, after The sharp peaks in the case of thg Lcluster clearly

all, may not behave the same way as other alkali clustersuggest that the anionic geometry cannot be a linear chain
do. These authors had earlier observed [8] that thas in Ng~ and K,~. Why the geometry of Li~ should
photoelectron spectra of Naand K,~ were similar and be different from other alkali atom tetramer anions is
were both characterized by two broad peaks separated another matter and will be discussed later. The sharpness
energy by about 0.5 eV. In contrast, the photodetachmenif the peaks can be easily explained in terms of lack of
spectra of Li are characterized by two very sharp relaxation after photodetachment if the geometry of the
peaks separated by an energy gap of about 0.1 eV. T, is a rhombus (i.e., close to the geometry of its neutral
understand the origin of this anomalous behavior, it iscounterpart) instead of being linear. This can also explain
instructive to review the experimental procedure. the narrow gap between the peaks by noting that the gap

In the negative ion photoelectron experiment, a masbetween the two sharp peaks should correspond to the
selected beam of cluster anions is crossed with a fixedgap between the singlet and triplet energies of neutral Li
frequency photon beam and the resultant photodetachdthving identical rhombus configuration agLi An earlier
electrons are energy analyzed. Note that the anionic clugalculation [10] of the gaps in the energies between spin
ter has an equilibrium geometry that may be differentsinglet and triplet states of neutral Lsuggests that, for
from its neutral counterpart. Since this process is exthis situation, the ideal apex angle of the Lrhombus that
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would account for the narrow gap in the photodetachmensf 3.05 A. The corresponding energies are given in
spectra should be about 75To verify if this conclusion Table I. Note that the two structures differ in energy
is correct we calculated the equilibrium geometry of theby only about 0.1 eV and are nearly degenerate. As the
Li,~ using an extensive basis set and quantum chemadded electron is photodetached, the spin doublet rhombic
cal method (Hartree-Fock Moller-Plesset perturbation Li,~ can undergo transitions to spin singlet or triplet
theory for correlation) [11]. Although the ground state of neutral Li,, while the spin quartet tetrahedral ,Li can
the Li,~ geometry was found to be a rhombus, its apexundergo transitions to spin triplet neutral,Lonly. The
angle was found to be 80 The energy gap between the transition from spin quartet Li to spin singlet neutral Li
singlet and triplet states of the neutral,Lwith the above is forbidden by the spin selection rule. The energies of the
geometry, is unfortunately 1.1 eV which does not matchneutral clusters for various spin states and geometries are
with the experimental value of 0.1 eV. The origin of the also given in Table I. The energies for transitions between
anomalous photoelectron spectra of, Lihas thus to be the anionic and neutral clusters are given in Fig. 1.
found elsewhere. Note that the present theory predicts three transitions
In this Letter, we provide the answer to this puzzlingat electron binding energies of 0.70, 0.94, and 1.80 eV.
problem. We show that the ground state of the Li Experimentally, two major peaks are seen at 0.76 and
consists of two nearly degenerate isomeric structures—0.85 eV. Another peak clearly exists at an energy of
a spin doublet rhombus and a spin quartet tetrahedrompproximately 2 eV, but it is partially truncated by the
The sharpness as well as the narrow gap between theansmission function of the electron energy analyzer.
photoelectron peaks can be explained from the transitiond/e consider the above agreement between theory and
between the spin doublet rhombic (spin quartet tetrahedraxperiment to be good.
Li,~ to spin singlet rhombic (spin triplet tetrahedral) We next discuss the sharpness of the peaks observed
neutral Li,. These transitions originate from an intricate in the experiment on Li~. The transition at 0.70 eV is
interplay between geometry, electronic structure, and spifrom a rhombic Lj,~ with an apex angle of 60 Since
multiplicities of alkali clusters. This Letter establishes for the ground state of the neutral Lis a rhombus with an
the first time that photoelectron spectroscopy can identifyapex angle of 52 the structure of the excited neutral is
the existence of metal cluster isomers. The existence afot too different in comparison. Consequently, almost no
isomers in carbon clusters and the, ()~ ion molecule Frank-Condon broadening can be expected in this peak.
complex has been known before [12]. In the following, The transition at 0.94 eV, on the other hand, is from
we outline the details of our theoretical approach andjuartet tetrahedral Li" to triplet neutral Ly. Since the
elaborate on the mechanisms that underlie the anomaloesjuilibrium geometry of spin triplet neutral Liis also
spectroscopy of L . tetrahedral [14], one may not expect any Frank-Condon
Using the GAUSSIAN 92 software [13], self-consistent broadening of this peak either.
field calculations were performed for the Li and Na clusters It is also important to point out that the intensity of the
using the unrestricted Hartree-Fock approximation. Thdow energy peak (at 0.76 eV) is larger than that of the
correlation effect due to all theralence+ core electrons  high energy peak (at 0.85 eV) for L while thereverse
was included through Mdéller-Plesset perturbation theorys true for Ng~ and K,~. The present calculation also
up to fourth order (MP4). A global search was made foroffers a qualitative understanding of this anomalous result.
the ground state geometry of the,Liat the MP4 level by The intensity of the peak is governed not only by the
minimizing the force using the gradient technique. Therprobability of transition but also by the preponderance of
the MP4 energies were calculated for the neutral tetrametfie anionic isomers from which transitions take place. In
having the same geometry as its anionic counterpart fathe case of Lji~, there are two nearly degenerate isomeric
various spin multiplicities. Choice of a basis set for anionsstates—the rhombus and tetrahedral configurations from
is notoriously difficult as diffuse functions are needed towhich transitions occur, but the transitions are to the
represent the situation correctly. After exhaustive testéowest excited states of the corresponding neutrals. We
a (11s5p/4s3p) basis was chosen for the calculations.expect the rhombic Li~ clusters to be larger in number
The calculated value of electron affinity with this basis isthan that of tetrahedral Li as the ground state of
0.49 eV which compares well with the experimental valueneutral Li, is rhombic. Consequently, the peak at 0.76 eV
of 0.62 eV. All the results for Li systems presented in thiswould be more intense than the peak at 0.85 eV, as seen
Letter were obtained using this basis set. The calculationsxperimentally. In the case of Na and K,~, there is
were repeated using the density functional technique andnly one anionic ground state geometry. In this case, the
the physics of the results remained identical. transition probability to the higher excited state is larger
The equilibrium geometries of Li with doublet and than to the lower excited state and, hence, the intensity
guartet spin configurations are, respectively, rhombus andf the high energy peak is higher than that of the low
tetrahedron. The interatomic distance in the rhombugnergy peak.
structure is 3.13 A and the apex angle is®.60The While the above results completely explain the experi-
tetrahedron in nearly perfect with an interatomic distancenent, one wonders if Li- could still exist in the form
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TABLE |. Total energies of Lj~ and the corresponding singlet and triplet states qfviith different optimized geometries. The
energy gaps for the spectra are givendly = —[E(Li,~) — E(Li4)] for the neutral singlet and triplet states.

E(Lis") E(Liy) singlet E(Liy) triplet SingletAE Triplet AE
Geometries (hartree) (hartree) (hartree) (eV) (eV)
Tetrahedron —29.82417 —29.77548 —29.78963 1.32 0.94
Rhombus —29.82908 —29.80334 —29.76321 0.70 1.80

of a linear chain and if the closely spaced peaks irtotal energies of Li~ as a function of the dihedral angle
the spectrum could result from a linear-linear transitionFor # = 7, the structure is a rhombus and for= 70.6°,
with a short vibrational progression in a bending modeit is an almost perfect tetrahedron. For each valué of
To answer this, we have optimized the geometry ofthis calculation, we optimized the Li bond lengths and
the Li,” in the linear form. It is found to lie 0.3 eV angles. The energy barrier for this process is approxi-
above the Li~ rhombus configuration. Based on this mately 0.3 eV. Thus, once Li is formed in the high spin
small energy difference alone, it is difficult to rule out state, it is unlikely that it will convert to a low spin struc-
the possibility that Li~ could exist in the linear form, ture. Itis necessary to carry out similar vibrational analy-
especially if it is protected by a large energy barrier.sis of Na, and K, clusters to see if the vibronic mechanism
However, the transitions from Li linear doublet to the can lead to a singlet-triplet transition.
corresponding neutral linear structures with spin singlet We finally address the issue concerning the different
and triplet configurations are calculated to lie at 1.07geometries and electronic structures of Land Ng,~. It
and 1.34 eV, respectively. These do not coincide withs quite clear that the equilibrium geometry is the one that
the experimental peaks which are at 0.76 and 0.85 eVhinimizes the Coulomb repulsion caused by distribution
as mentioned earlier. Thus, we can conclude that thef the extra charge. In a large cluster, the extra charge can
existence of Li~ in the linear form is not supported by be shared among many atoms, thus reducing the Coulomb
the experimental photoelectron spectra. repulsion. Consequently, the anionic geometry may not
It is now important to ask how a Li cluster can as- be very different from the neutral one. In a small cluster,
sume a tetrahedral configuration while the starting neutrahowever, this is not possible since there are not that many
cluster is a planar rhombus. To answer this, we have exatoms to distribute the charge. Therefore, the only way
amined the vibrational frequencies of the ground state ofhe repulsion energy could be minimized is by separating
Li4 neutral cluster calculated by Shillady, Rao, and Jenghe charges as far as possible. This dictates a linear chain
[15]. These authors had analyzed all the normal modesonfiguration. Thus, small anionic clusters could start
of vibration of the Lj, cluster and found that the easiest by becoming linear and transform to two-dimensional or
mode to excite(100 cm™!) coupled the planar rhombus three-dimensional structures as they grow. In the case
structure to the tetrahedral structure. Therefore, the ele@f the Li, cluster, this transition takes place with= 4,
tronic singlet-triplet transition may arise due to a vibronicwhile for Na, clusters, the transition to planar structure
mechanism. The triplet tetrahedral state of neutraliti occurs at: = 6.
unstable. However, the tetrahedral state is stabilized by at- To understand why the cluster sizes, where the tran-
taching an electron, as the quartet tetrahedral IS nearly ~ sition occurs, are different for different alkali metal
degenerate with the doublet planar structure. To calculatelusters, we need to look at their electronic structures.
the energy barrier needed for the,Liquartet structure to  An analysis of Mulliken charges on various sites, and a
transform to the Li~ rhombus structure, we computed the comparison between the electron affinity and ionization

A potential of the constituent atom, can provide the needed
'<‘:3>‘““*"'3 T L) Ml e answer. The Mulliken charges on the atoms of the
180 av [ 132 ev o tetrahedral Lj~ are nearly the same (i.e50.21, —0.21,
<(:;>.Mu.,. | —,g: Mult = 3 —0.29, and —0.29) while in the rhombus structure the

farthest Li atoms carry most of the negative charge (i.e.,
—0.54 each). For the linear chain g the outer and
— b 4§ —r inner atoms have-0.63 and +0.13 electron, respectively.
' Clearly, in Ng,~, the Mulliken charge distribution is very
different from that in Lj,". Na, minimizes energy by
Q - PA ST introducing attractive interaction between the outer and

- inner atoms while coping with the repulsive interaction

FIG. 1. Vertical photodetachment energies from the nearlypew"e‘_en the two inner and two outer atoms separf';ltely.
degenerate Li~ isomers to the corresponding neutral clusters. T here is no charge transfer from one atom to another in the

The disallowed transition is marked by an case of Ly ~. The different nature of charge distribution
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