
VOLUME 76, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 15 APRIL 1996

wo
n
tional
ith
g the

2878
Anomalous Spectroscopy ofLi 2
4 Clusters

B. K. Rao and P. Jena
Physics Department, Virginia Commonwealth University, Richmond, Virginia 23284-2000

A. K. Ray
Physics Department, University of Texas, Arlington, Texas 76019

(Received 3 October 1994; revised manuscript received 24 October 1995)

The photoelectron spectra ofLi 2
4 , in sharp contrast to that of other alkali tetramers, consist of t

very narrow peaks separated by an energy gap that is about a factor of 5 smaller than those iNa 2
4

and K 2
4 . Self-consistent field calculations based on both quantum chemical and density func

techniques reveal that the ground state ofLi 2
4 consists of two nearly degenerate isomeric states w

different spin multiplicities. The anomalous spectroscopy results from an intricate interplay amon
geometry, electronic structure, and spin multiplicity of these two structures.

PACS numbers: 33.60.–q, 36.40.Mr
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Although alkali metals are the flagships of the fre
electron model, Li metal seems to be an exception
the rule. The electronic properties that characterize
non-free-electron behavior of Li metal include (i) the a
phericity of the Fermi surface [1], (ii) anomalous pressu
dependence of the Knight shift [2], and (iii) the broade
ing of the soft x-ray emission and absorption edges
What is not clear is whether these discrepancies are m
festations of the electronic structure of the Li crystal
if they are rooted in the electronic structure of the ato
itself. In this context, studies of Li clusters are relevan

It is now well established that small atomic clusters co
stitute a new class of matter with structural and electro
properties quite unlike their bulk counterparts. For e
ample, the geometries of all neutral alkali metal clust
consisting of less than six atoms tend to be planar [4
Their relative stabilities and ionization potentials exhi
odd-even alternation with size, and clusters with 2, 8,
40, . . . atoms are unusually stable [6]. Thus, it may
concluded that Li clusters would not exhibit properties th
differ from other alkali metal clusters such as Na and K

A recent experiment on the photoelectron spectra
Li 4

2 by Sarkaset al. [7] suggests that Li clusters, afte
all, may not behave the same way as other alkali clus
do. These authors had earlier observed [8] that
photoelectron spectra of Na4

2 and K4
2 were similar and

were both characterized by two broad peaks separate
energy by about 0.5 eV. In contrast, the photodetachm
spectra of Li42 are characterized by two very sha
peaks separated by an energy gap of about 0.1 eV.
understand the origin of this anomalous behavior, it
instructive to review the experimental procedure.

In the negative ion photoelectron experiment, a m
selected beam of cluster anions is crossed with a fix
frequency photon beam and the resultant photodetac
electrons are energy analyzed. Note that the anionic c
ter has an equilibrium geometry that may be differe
from its neutral counterpart. Since this process is
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tremely fast, the geometry of the neutral cluster probed
this experiment is the same as that of its corresponding
ions. Thus, experimentally, one measures the differe
between the energy of the anionic cluster in its grou
state and the energies of the excited states of the ne
cluster having the same geometry as that of its anio
parent. These energies can be compared with theore
calculations and a quantitative agreement provides in
rect evidence for the geometry obtained from theory
energy optimization.

Ab initio quantum mechanical calculations [9] hav
confirmed that the ground states of Na4

2 and K4
2 clusters

have linear geometry while the corresponding neut
clusters have planar rhombus geometry. The peaks in
photoelectron spectra result from transitions between
spin doublet ground state of the anionic cluster and s
singlet and triplet excited states of the neutral cluster,
having the same linear geometry as the anionic clus
The broadening arises due to the large geometry cha
between the anion and the neutral, resulting in a lo
vibrational progression, where the underlying modes
not resolvable in the experiment.

The sharp peaks in the case of the Li4
2 cluster clearly

suggest that the anionic geometry cannot be a linear ch
as in Na4

2 and K4
2. Why the geometry of Li4

2 should
be different from other alkali atom tetramer anions
another matter and will be discussed later. The sharpn
of the peaks can be easily explained in terms of lack
relaxation after photodetachment if the geometry of t
Li 4

2 is a rhombus (i.e., close to the geometry of its neut
counterpart) instead of being linear. This can also expl
the narrow gap between the peaks by noting that the
between the two sharp peaks should correspond to
gap between the singlet and triplet energies of neutral4

having identical rhombus configuration as Li4
2. An earlier

calculation [10] of the gaps in the energies between s
singlet and triplet states of neutral Li4 suggests that, for
this situation, the ideal apex angle of the Li4

2 rhombus that
© 1996 The American Physical Society
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would account for the narrow gap in the photodetachm
spectra should be about 75±. To verify if this conclusion
is correct we calculated the equilibrium geometry of t
Li 4

2 using an extensive basis set and quantum che
cal method (Hartree-Fock1 Möller-Plesset perturbation
theory for correlation) [11]. Although the ground state
the Li42 geometry was found to be a rhombus, its ap
angle was found to be 60±. The energy gap between th
singlet and triplet states of the neutral Li4, with the above
geometry, is unfortunately 1.1 eV which does not ma
with the experimental value of 0.1 eV. The origin of th
anomalous photoelectron spectra of Li4

2 has thus to be
found elsewhere.

In this Letter, we provide the answer to this puzzli
problem. We show that the ground state of the Li4

2

consists of two nearly degenerate isomeric structure
a spin doublet rhombus and a spin quartet tetrahed
The sharpness as well as the narrow gap between
photoelectron peaks can be explained from the transit
between the spin doublet rhombic (spin quartet tetrahed
Li 4

2 to spin singlet rhombic (spin triplet tetrahedra
neutral Li4. These transitions originate from an intrica
interplay between geometry, electronic structure, and s
multiplicities of alkali clusters. This Letter establishes f
the first time that photoelectron spectroscopy can iden
the existence of metal cluster isomers. The existenc
isomers in carbon clusters and the (N2O2)

2 ion molecule
complex has been known before [12]. In the followin
we outline the details of our theoretical approach a
elaborate on the mechanisms that underlie the anoma
spectroscopy of Li42.

Using the GAUSSIAN 92 software [13], self-consisten
field calculations were performed for the Li and Na clust
using the unrestricted Hartree-Fock approximation. T
correlation effect due to all thesvalence1 cored electrons
was included through Möller-Plesset perturbation the
up to fourth order (MP4). A global search was made
the ground state geometry of the Li4

2 at the MP4 level by
minimizing the force using the gradient technique. Th
the MP4 energies were calculated for the neutral tetram
having the same geometry as its anionic counterpart
various spin multiplicities. Choice of a basis set for anio
is notoriously difficult as diffuse functions are needed
represent the situation correctly. After exhaustive te
a s11s5py4s3pd basis was chosen for the calculation
The calculated value of electron affinity with this basis
0.49 eV which compares well with the experimental va
of 0.62 eV. All the results for Li systems presented in th
Letter were obtained using this basis set. The calculati
were repeated using the density functional technique
the physics of the results remained identical.

The equilibrium geometries of Li4
2 with doublet and

quartet spin configurations are, respectively, rhombus
tetrahedron. The interatomic distance in the rhom
structure is 3.13 Å and the apex angle is 60±. The
tetrahedron in nearly perfect with an interatomic distan
nt
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of 3.05 Å. The corresponding energies are given
Table I. Note that the two structures differ in energ
by only about 0.1 eV and are nearly degenerate. As
added electron is photodetached, the spin doublet rhom
Li 4

2 can undergo transitions to spin singlet or tripl
neutral Li4, while the spin quartet tetrahedral Li4

2 can
undergo transitions to spin triplet neutral Li4 only. The
transition from spin quartet Li4

2 to spin singlet neutral Li4

is forbidden by the spin selection rule. The energies of
neutral clusters for various spin states and geometries
also given in Table I. The energies for transitions betwe
the anionic and neutral clusters are given in Fig.
Note that the present theory predicts three transitio
at electron binding energies of 0.70, 0.94, and 1.80 e
Experimentally, two major peaks are seen at 0.76 a
0.85 eV. Another peak clearly exists at an energy
approximately 2 eV, but it is partially truncated by th
transmission function of the electron energy analyz
We consider the above agreement between theory
experiment to be good.

We next discuss the sharpness of the peaks obse
in the experiment on Li4

2. The transition at 0.70 eV is
from a rhombic Li42 with an apex angle of 60±. Since
the ground state of the neutral Li4 is a rhombus with an
apex angle of 52±, the structure of the excited neutral
not too different in comparison. Consequently, almost
Frank-Condon broadening can be expected in this pe
The transition at 0.94 eV, on the other hand, is fro
quartet tetrahedral Li4

2 to triplet neutral Li4. Since the
equilibrium geometry of spin triplet neutral Li4 is also
tetrahedral [14], one may not expect any Frank-Cond
broadening of this peak either.

It is also important to point out that the intensity of th
low energy peak (at 0.76 eV) is larger than that of t
high energy peak (at 0.85 eV) for Li4

2 while the reverse
is true for Na4

2 and K4
2. The present calculation als

offers a qualitative understanding of this anomalous res
The intensity of the peak is governed not only by t
probability of transition but also by the preponderance
the anionic isomers from which transitions take place.
the case of Li42, there are two nearly degenerate isome
states—the rhombus and tetrahedral configurations fr
which transitions occur, but the transitions are to t
lowest excited states of the corresponding neutrals.
expect the rhombic Li4

2 clusters to be larger in numbe
than that of tetrahedral Li4

2 as the ground state o
neutral Li4 is rhombic. Consequently, the peak at 0.76 e
would be more intense than the peak at 0.85 eV, as s
experimentally. In the case of Na4

2 and K4
2, there is

only one anionic ground state geometry. In this case,
transition probability to the higher excited state is larg
than to the lower excited state and, hence, the inten
of the high energy peak is higher than that of the lo
energy peak.

While the above results completely explain the expe
ment, one wonders if Li4

2 could still exist in the form
2879
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TABLE I. Total energies of Li42 and the corresponding singlet and triplet states of Li4 with different optimized geometries. The
energy gaps for the spectra are given byDE ­ 2fEsLi4

2d 2 EsLi 4dg for the neutral singlet and triplet states.

EsLi 4
2d EsLi 4d singlet EsLi 4d triplet SingletDE Triplet DE

Geometries (hartree) (hartree) (hartree) (eV) (eV)

Tetrahedron 229.82417 229.77548 229.78963 1.32 0.94
Rhombus 229.82908 229.80334 229.76321 0.70 1.80
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of a linear chain and if the closely spaced peaks
the spectrum could result from a linear-linear transiti
with a short vibrational progression in a bending mod
To answer this, we have optimized the geometry
the Li4

2 in the linear form. It is found to lie 0.3 eV
above the Li42 rhombus configuration. Based on th
small energy difference alone, it is difficult to rule o
the possibility that Li42 could exist in the linear form,
especially if it is protected by a large energy barri
However, the transitions from Li4

2 linear doublet to the
corresponding neutral linear structures with spin sing
and triplet configurations are calculated to lie at 1.
and 1.34 eV, respectively. These do not coincide w
the experimental peaks which are at 0.76 and 0.85
as mentioned earlier. Thus, we can conclude that
existence of Li42 in the linear form is not supported b
the experimental photoelectron spectra.

It is now important to ask how a Li4
2 cluster can as-

sume a tetrahedral configuration while the starting neu
cluster is a planar rhombus. To answer this, we have
amined the vibrational frequencies of the ground state
Li 4 neutral cluster calculated by Shillady, Rao, and Je
[15]. These authors had analyzed all the normal mo
of vibration of the Li4 cluster and found that the easie
mode to excites100 cm21d coupled the planar rhombu
structure to the tetrahedral structure. Therefore, the e
tronic singlet-triplet transition may arise due to a vibron
mechanism. The triplet tetrahedral state of neutral Li4 is
unstable. However, the tetrahedral state is stabilized by
taching an electron, as the quartet tetrahedral Li4

2 is nearly
degenerate with the doublet planar structure. To calcu
the energy barrier needed for the Li4

2 quartet structure to
transform to the Li42 rhombus structure, we computed th

FIG. 1. Vertical photodetachment energies from the nea
degenerate Li4

2 isomers to the corresponding neutral cluste
The disallowed transition is marked by an3.
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total energies of Li42 as a function of the dihedral angleu.
For u ­ p , the structure is a rhombus and foru ­ 70.6±,
it is an almost perfect tetrahedron. For each value ofu in
this calculation, we optimized the Li4

2 bond lengths and
angles. The energy barrier for this process is appro
mately 0.3 eV. Thus, once Li4

2 is formed in the high spin
state, it is unlikely that it will convert to a low spin struc
ture. It is necessary to carry out similar vibrational ana
sis of Na4 and K4 clusters to see if the vibronic mechanis
can lead to a singlet-triplet transition.

We finally address the issue concerning the differe
geometries and electronic structures of Li4

2 and Na4
2. It

is quite clear that the equilibrium geometry is the one th
minimizes the Coulomb repulsion caused by distributi
of the extra charge. In a large cluster, the extra charge
be shared among many atoms, thus reducing the Coul
repulsion. Consequently, the anionic geometry may
be very different from the neutral one. In a small clust
however, this is not possible since there are not that m
atoms to distribute the charge. Therefore, the only w
the repulsion energy could be minimized is by separat
the charges as far as possible. This dictates a linear c
configuration. Thus, small anionic clusters could st
by becoming linear and transform to two-dimensional
three-dimensional structures as they grow. In the c
of the Lin cluster, this transition takes place withn ­ 4,
while for Nan clusters, the transition to planar structu
occurs atn ø 6.

To understand why the cluster sizes, where the tr
sition occurs, are different for different alkali meta
clusters, we need to look at their electronic structur
An analysis of Mulliken charges on various sites, and
comparison between the electron affinity and ionizati
potential of the constituent atom, can provide the nee
answer. The Mulliken charges on the atoms of t
tetrahedral Li42 are nearly the same (i.e.,20.21, 20.21,
20.29, and 20.29) while in the rhombus structure th
farthest Li atoms carry most of the negative charge (i
20.54 each). For the linear chain Na4

2, the outer and
inner atoms have20.63 and10.13 electron, respectively.
Clearly, in Na4

2, the Mulliken charge distribution is very
different from that in Li42. Na4

2 minimizes energy by
introducing attractive interaction between the outer a
inner atoms while coping with the repulsive interactio
between the two inner and two outer atoms separat
There is no charge transfer from one atom to another in
case of Li42. The different nature of charge distributio



VOLUME 76, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 15 APRIL 1996

ir
ron
n-
.55
ee
d
th
st

n

i
the
e
te
rte
e

ctr
ry
n

lso
lso

at
sib
.
as
n,

ca
n
n

R.
us
of
g.

B

tt.

.

.
n,

,

le,

.

ns

.
.
L.
L.
rt,

,

ett.

,

in the clusters of Li42 and Na4
2 is a consequence of the

characteristic atomic ionization potentials and elect
affinities. The electron affinity and the ionization pote
tial for Li are 0.62 and 5.39 eV and for Na these are 0
and 5.14 eV, respectively. Thus, the difference betw
the ionization potential and the electron affinity for Li an
Na are 4.77 and 4.59 eV, respectively. Consequently,
charge transfer between the Na atoms in an anionic clu
is more preferable than in a Li cluster.

In conclusion, we have carried out self-consiste
field molecular orbital calculations of the equilibrium
geometry, binding energy, and electronic structure of L4

2

and Na4
2 clusters. We have demonstrated that, while

ground state of Na4
2 is a spin doublet linear chain, th

ground state of Li42 consists of two nearly degenera
isomers having spin doublet rhombus and spin qua
tetrahedral configurations. The existence of these isom
is responsible for the anomalous photoelectron spe
of Li 4

2. It is argued that a comparison between theo
and experiment of photoelectron spectroscopy cannot o
give information regarding the cluster geometry but a
about its isomers and spin multiplicities. We have a
shown that unusual properties of Li4

2 are rooted in the
electronic structure of the atom itself. We believe th
independent experiments designed to detect the pos
existence of a high spin Li4

2 state will be highly desirable
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[9] V. Bonǎcić-Koutecký, P. Fantucci, and J. Koutecký
J. Chem. Phys.93, 3802 (1990).

[10] B. K. Rao, S. N. Khanna, and P. Jena, Phys. Rev. B36,
953 (1987).

[11] W. J. Hehre, L. Radom, P. v. R. Schleyer, and J. A. Pop
Ab Initio Molecular Orbital Theory(Wiley, New York,
1986).

[12] G. von Helden, P. R. Kemper, N. G. Gotts, and M. T
Bowers, Science259, 1300 (1993); L. A. Posey and
M. A. Johnson, J. Chem. Phys.88, 5383 (1988); D. W.
Arnold and D. M. Neumark, J. Chem. Phys.102, 7035
(1995); C. B. Freidhoff, Ph.D. dissertation, Johns Hopki
University, 1987.

[13] M. J. Frisch, G. W. Trucks, M. Head-Gordon, P. M. W
Gill, M. W. Wong, J. B. Foresman, B. G. Johnson, H. B
Schlegel, M. A. Robb, E. S. Replogle, R. Gomperts, J.
Andres, K. Raghavachari, J. S. Binkley, C. Gonzalez, R.
Martin, D. J. Fox, D. J. DeFrees, J. Baker, J. P. Stewa
and J. A. Pople,GAUSSIAN 92, Revision C (Gaussian Inc.
Pittsburgh, 1992).

[14] B. K. Rao, S. N. Khanna, and P. Jena, Chem. Phys. L
121, 202 (1985).

[15] D. D. Shillady, B. K. Rao, and P. Jena, inPhysics and
Chemistry of Small Clusters,edited by P. Jena, B. K. Rao
and S. N. Khanna (Plenum, New York, 1987).
2881


