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Structural characterization of niobium-cluster anions from density-functional calculations

RenéFournier,* Tao Pang, and Changfeng Chen
Department of Physics, University of Nevada, Las Vegas, Nevada 89154

~Received 19 September 1997!

We did an extensive search for the lowest-energy isomers of Nbn
2 (n53 –8! with a local-spin-density

method. We report the calculated optimum geometries for various cluster isomers, and their vibrational fre-
quencies and electron binding energies. We describe two simple ways to account for final-state effects on
electron binding energies, based on Slater’s transition state method, which yield results consistent with one
another and with experiment.@S1050-2947~98!05805-3#

PACS number~s!: 36.40.Mr, 31.15.Ew, 33.80.Eh, 36.40.Wa
he
m

s-
a
us
ro
r

th
a
te
le

ha

in
ho
ru
-
m

s-
e
e

ar

a
d

e
m
av
r

ib
ti
un
i

tiv
ike

uite
ent
t in
tro-
s in

i-

ion

can
to

c-
ur-
tal

n-
the

ar-

nt
th-
od
le
m-

air

1

of
The
the
ned

e
ity
I. INTRODUCTION

Structureless jellium models give a fair description of t
size dependence of the electronic structure, thermodyna
stability, and ionization potential of groups IA and IB clu
ters @1,2# while providing a simple physical picture. But
detailed knowledge of the geometric structure of metal cl
ters may be necessary for understanding many of their p
erties. Structure may be responsible for certain characte
tics of the optical@3# and photoelectron@4# spectra of group
I metal clusters and should be even more important in
case of transition metals. The degree of symmetry, or m
nitude of Jahn-Teller distortion, is probably related to clus
magnetism@5#. There are many experiments where multip
cluster isomers have been observed that sometimes
very different properties@6#. But more importantly, much
physical insight is based on geometric structure. For
stance, one can relate chemical reactions on clusters to t
that may occur at specific surface sites having a similar st
ture @7#, or rationalize the low reactivity or high thermody
namic stability of certain clusters from a high degree of sy
metry or remarkable pattern in the atoms positions@8#.
Relatively little is known about the structure of metal clu
ters. Many plausible structures have been obtained in th
retical studies in which the energy of many trial starting g
ometries is minimized and the lowest-energy minima
singled out. There are three problems with this:~1! one can
fail to include important trial structures and miss the glob
minimum; ~2! the limited accuracy of calculations can lea
to incorrect energy ordering of isomers;~3! the thermody-
namically most stable structure may not be the one seen
perimentally, others could be favored by kinetics under so
experimental conditions. Recently, a number of studies h
combined experiment and theory in order to obtain structu
information about metal clusters@9–13#. By comparing the
observed spectra to those calculated for different poss
n-atom cluster isomers, one has a more direct way to iden
likely structures as those giving the best matches. It is
likely to get a good match of spectra if the true structure
not included in the calculations, and the calculated rela
energies of isomers can be used to further assess the l
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hood of a structure. Gas-phase cluster spectroscopy is q
difficult because, in most experiments, clusters of differ
sizes coexist, they are short lived, and they are presen
very low concentration. Nevertheless, a number of spec
scopic techniques developed recently can probe cluster
the gas phase: photoelectron spectroscopy~PES! of negative
cluster ions@14#, pulsed field ionization–zero electron k
netic energy photoelectron spectroscopy~PFI-ZEKE!
@12,15#, optical absorption spectroscopy by photodeplet
of cluster–rare-gas van der Waals complexes@16# and infra-
red multiphoton decomposition~IRMPD! @17#. It is highly
desirable to develop efficient computational methods that
match experiment up to fairly large cluster size in order
allow direct comparisons. Density-functional theory~DFT! is
well suited for this. DFT calculations provide reasonably a
curate properties for metal clusters and bulk, they can c
rently be done on clusters with up to about twenty me
atoms, and Slater’s transition state@18,19# ~STS! is a very
efficient method for estimating ionization and excitation e
ergies. We have recently used this approach to study
structure of 3- to 8-atom niobium cluster anions by comp
ing calculated electron binding energies~BEs! to photoelec-
tron spectra@13#. We do not repeat the structure assignme
of Nbn

2 clusters here but we give details on different me
ods that we used for calculating BEs. Our preferred meth
requires very little computing effort and is readily applicab
to most DFT methods. We also report the geometric para
eters and vibrational frequencies of Nbn

2 clusters and we
discuss their electronic structure.

II. COMPUTATIONAL METHOD

A. Search for minimum-energy structures

We have performed calculations with the programDEMON

@20# with the local-spin-density~LSD! treatment of exchange
and correlation prescribed by Vosko, Wilk, and Nus
~VWN! @21#. We used a model core potential@22# to de-
scribe the@Ar#3d104s2 inner shells and basis sets for the 1
valence electrons described and tested previously@23–25#.
Trial geometries are optimized by minimizing the norm
the energy gradient by a standard quasi-Newton method.
resulting geometries are characterized by diagonalizing
matrix of mass-weighted energy second derivatives obtai
as finite differences of analytic gradients@26#. When an op-
timized structure is not a minimum we distort it along th
,
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3684 57RENÉ FOURNIER, TAO PANG, AND CHANGFENG CHEN
imaginary mode, which lowered symmetry in all cases
encountered, and resume geometry optimization. Figur
shows all the local minima found in this manner. The line
clusters 3c and 4c, which are critical points but not minima
are also included. Apart from the structures shown in Fig

FIG. 1. Optimized Nbn
2 cluster geometries, their point-grou

symmetry, spin multiplicity (S5singlet, D5doublet, T5triplet,
Q5quadruplet!, and relative energy~eV!. Bonds are drawn for
atom pairs closer than 3 Å. All the structures shown are minima
the potential surface except 3c and 4c which are second-order criti
cal points.
e
1

r

1

and their high-symmetry counterparts~e.g.,Td for 4a, C2v
for 6a) we also considered the following starting geom
etries: aC4v square and a planarC2v end-on capped triangle
Nb4

2; a C4v square-base pyramid Nb5
2; two D4h distorted

octahedra~compressed and elongated forms! and aC5v pen-
tagonal pyramid Nb6

2; four isomers of Nb7
2 obtained by

adding atoms to two of the six triangular face-capping po
tions of 5c ~one rearranged to 7b, another to 7f ); and four
structures for Nb8

2, a Oh cube, aD4d cube with one face
rotated by 45°, aTd tetracapped tetrahedron, and aD2d
structure akin to 8a but with only two symmetry distinct
atoms. None of these trial structures led to plausible n
isomers. They either have a very high energy, or poss
imaginary frequencies~they are not minima!, or relax to one
of the structures in Fig. 1 upon optimization. We also did
few calculations~niobium atom and the clusters labeled 3a,
5a, and 7a in Fig. 1! using the gradient corrected functiona
of Becke for exchange@27# and Perdew for correlation@28#
~BP!. With gradient corrections the results are very sensit
to the size of the grid used for numerical integration. Do
bling the number of radial shells of grid points from 32 to 6
increases the BP equilibrium bond lengths by 0.02 Å to 0
Å but decreases the LSD-VWN bond lengths by only 0.0
Å at most. With 64 radial shells the equilibrium bon
lengths obtained from BP calculations are all within 1.2%
the LSD-VWN values. We used the LSD-VWN potenti
and a small grid for all other clusters because the large
BP calculations are much more time consuming, gradi
corrections do not necessarily improve the predicted ge
etries of solids and clusters@29#, and we do not have enoug
data to decide which method~LSD-VWN or BP! gives better
results in the case of niobium clusters.

B. Electron binding energies

The lowest vertical detachment energy, or electron af
ity ~EA!, is given rigorously in DFT by the energy differenc
‘‘ Da

SCF’’ between the electronic ground states of the neut
and of the anion, both evaluated at the anion’s equilibri
geometry. We use the subscript ‘‘a’’ to denote the highest
occupied level and lowest detachment energy of the an
The other vertical binding energies involve transitions to e
cited states of the neutral and cannot be obtained with
same level of rigor@30#. We estimated them using a numb
of methods. First, we simply take the negative of the Koh
Sham eigenvalues of the anion:

Di
KS52e i .

Next, we can take the set of shifted Kohn-Sham~SKS! ei-
genvalues as approximate BEs so as to reproduce prec
D a

SCF:

Di
SKS52e i1~Da

SCF1ea!.

The next two methods are STS approximations to the
calledDSCF method, which is to take the energy differen
between the anion’s ground state and an excited electr
configuration of the neutral. In applying the STS idea to t
transition from anion to neutral, we choose the slightly mo
accurate generalized transition state~GTS! @19# expression:

f
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Di
GTS52F1

4
e i~ni51!1

3

4
e i S ni5

1

3D G ,
where e i(ni5l) is the energy of orbitalf i after a self-
consistent-field~SCF! calculation with occupation numberni
held equal tol. This gives very poor EAs, typically in erro
by 1.25 eV. But the shifted GTS BEs (Di

SGTS)

Di
SGTS5Di

GTS1~Da
SCF2Da

GTS!

are in line with experiment@13#. Assuming that our structure
assignments are correct the errors on the electron affin
are 0.00,20.21, 20.30, 20.07, 10.18, and10.02 eV for
Nb3

2 –Nb8
2, respectively. For all other BEs, the compa

son to experiment is not straightforward because peaks o
lap in the spectra and we cannot assign individual transitio
However, we can bring into agreement every calcula
Di

SGTS and observed BEs by assuming fairly systematic
rors going from20.2 to 10.4 eV @13#. This is the kind of
accuracy that we expect for STS calculations of excitation
ionization energies in the 1–4-eV range.

Alternatively, we can view electron detachment fromf i
as detachment fromfa followed by excitation fromf i into
fa in the neutral cluster at theanion equilibrium geometry:

Di
IE5Da

SCF1DEia
STS,

whereDEia
STS is the STS excitation energy:

DEia
STS5ea~ni5na5 1

2 !2e i~ni5na5 1
2 !.

With this method there is no need for a shift sinceDa
IE is

automatically equal toDa
SCF. For singlet-to-singlet excita

tions originating from a closed-shell configuration, we c
easily apply the spin multiplet~SM! method of Ziegleret al.
@31# and get the energy of excited states that properly co
bine two Kohn-Sham determinants to yield a (ab2ba)
spin function. With only two unpaired electrons in the upp
state, the energy can be derived from a sum rule and is

DEia
STS-SM52@ea~ni

a5na
b5 1

2 !2e i~ni
a5na

b5 1
2 !#

2@ea~ni
a5na

a5 1
2 !2e i~ni

a5na
a5 1

2 !#.

Using that expression gives another set of BEs,Di
IE-SM.

Theoretically,Di
IE-SM is our best estimate:~i! it includes the

effect of orbital relaxation upon ionization precisely for th
EA, which correctly reduces toDa

SCF; ~ii ! it describes the
relaxation for the otherDi ’s via STS for excited neutral con
figurations, and this is apparently more reliable than S
calculations for negatively charged clusters;~iii ! it gives a
balanced description of the neutral singlet and triplet sta
by using the spin functions (aa) and (ab2ba) @instead of
(ab)#.

Before doing a transition state calculation we need
Kohn-Sham orbitalsfk

0 of the ground state. Then, we con
verge the SCF process to a transition state by setting
occupation numbers at each SCF iteration ‘‘n’’ as follows.
We calculate the overlapSji (Sja) of all current orbitalsf j

n

with the orbital~s! f i
0 ~and alsofa

0 in the case of an excita
tion! for which we want fractional occupation. We identif
es

r-
s.
d
r-

r

-

r

S

s

e

he

the orbital ~or the two orbitals! amongf j
n with the largest

absolute value ofSji ~andSja if needed! and set occupation
numbers accordingly.

We will now compare the four sets of calculated BE
which are, in order of increasing computing requirement a
accuracy,Di

SKS, Di
SGTS, Di

IE , and Di
IE-SM. Figure 2 shows

Di
IE and Di

IE-SM for clusters 4a, 6a, and 8a. Each discrete
level was replaced by a Gaussian function with 0.1 eV wid
It should be noted that the neutral ground state of 6a at the
anion’s equilibrium geometryis singlet: at the neutral’s equi
librium geometry, we find a triplet in agreement with Goo
win and Salahub@23#. The low-energy sides of every peak
Fig. 2 coincide because they correspond to triplet states
are treated in the same way. The singlet energies are larg

FIG. 2. Binding energies calculated with the IE-SM~full line!
and IE~dashed line! methods for the lowest-energy isomers~a! 4a,
~b! 6a, and~c! 8a.
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3686 57RENÉ FOURNIER, TAO PANG, AND CHANGFENG CHEN
the IE-SM method by roughly 0.1 eV: the peaks extend
higher energies and there is more apparent structure with
chosen 0.1-eV Gaussian width. But overall,Di

IE andDi
IE-SM

are quite similar. Because of this and of the complexity
the SM method for open-shell ground states@31#, we did not
computeDi

IE-SM for other clusters.
We now compare the other two methods against the

Di
IE for the clusters 3a, 4a, . . . , 8a, which provide a total

of 132 calculated BEs. First of all, we note that the sixDa
KS

are seriously in error: the average shift required to bringDa
KS

equal toDa
SCF is 1.73 eV. Moreover, the shifts needed for t

different clusters are far from uniform; they vary betwe
1.58 and 2.17 eV. Even with individual shifts for each clu
ter, the shifted Kohn-Sham eigenvaluesDi

SKS are still in error
by 0.21 eV on average. This is clear in Fig. 3 where
dotted curve departs from the other two. Orbital relaxat
~or ‘‘final state effects’’! is quite important@32#: it changes
not only the absolute but also the relative values of the B

The errors on the unshiftedDa
GTS are 1.27 eV on average

with a standard deviation of 0.13 eV. Such large and syst
atic errors are surprising considering the success of ST
calculations of the ionization potentials of small neutral m
ecules@33#. After shifting to reproduceDa

SCF, the average
absolute difference between theDi

SGTS and Di
IE , for 126

casesexcludingthe sixDa’s ~which agree by definition!, is
only 0.011 eV~see Fig. 3!. This close agreement is reassu
ing and convenient. In a few cases we failed to reach c
vergence in SGTS calculations. When that happened,
performed an IE calculation and usedDi

IE in place ofDi
SGTS.

Mixing results from the SGTS and IE methods is incon
quential because other errors, rooted in LSD theory or du
numerics or approximations, are much larger than 0.01
The SGTS calculations are generally easier and const
our method of choice.

III. RESULTS

A. Equilibrium geometries and vibrations

Comparison of our BEs to experimental spectra identi
the clusters seen experimentally as 3b, 4a, 5b, 6a, 7a, and
8a. This coincides with the lowest-energy isomers that
found except for 3b and 5b, which are only 0.09 and 0.30
eV higher than 3a and 5a, respectively. Considering all th
structures of Fig. 1, and others we tried, the Nbn

2 clusters
can be briefly characterized as being three dimensio
fairly compact, and having low symmetry. This contra
with clusters of simple metals, which apparently tend
adopt more open, often two-dimensional, structu
@10,11,34#. It also contrasts with structures predicted fro
classical potentials or effective medium theories, which ty
cally have high symmetry. For instance, the structures p
dicted by the corrected effective medium~CEM! method for
nickel clusters@35# closely resemble our Nbn

2 clusters ex-
cept that theyall have higher symmetry:D3h , Td , D3h , Oh
~which is topologically different from 6a but similar to 6b),
D5h , andD2d , for Ni 3 to Ni 8 respectively. Other LSD stud
ies besides our own indicate that Jahn-Teller distortion
probably common among metal clusters@36#.

The Nbn
2 equilibrium geometries are very similar t

those calculated by the same method for the neutrals@23#.
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The shapes are the same, but small distortions lower
symmetry in 4a and 6a. The bond lengths~listed in Table I!
are typically within 0.05 Å of those of the neutrals. A simp
explanation for this is that, with a 4d45s1 valence configu-
ration, the frontier orbitals of Nbn are essentially nonbond
ing, dd-like, orbitals. This is certainly true for Nb2, which
has the ground-state configuration 1pu

41sg
22sg

21dg
2 @24#, but

it also holds approximately for larger clusters with comp
cated shapes. Adding or removing electrons from these n
bonding orbitals should have little effect on the bonding so
is not too surprising that the anion niobium clusters ha
geometries close to those of the neutrals. Likewise, one
pects that the vibrational modes of the anions and the n
trals are similar. Figure 4 shows that this is indeed the c

FIG. 3. The electron binding energies calculated with differe
methods — IE~full line!, SGTS ~dashed line!, and SKS~dotted
line! — for clusters~a! 4a, ~b! 6a, and~c! 8a.
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57 3687STRUCTURAL CHARACTERIZATION OF NIOBIUM- . . .
TABLE I. Calculated LSD bond lengths and angles of the Nbn
2

clusters of Fig. 1. Numbers in parentheses indicate the numbe
equivalent bonds when there is more than one.

Cluster Bond~s! Bond lengths~Å!

3a D3h 2.31 ~3!

3b C2v 2.21; 2.42~2!

3c C`v 2.11; 2.41
4a D2d 2.43 ~2!; 2.50 ~4!

4b D2h 2.33 ~4!; 2.62
4c D`h 2.03 ~2!; 2.70
5a D3h 2.44 ~6!; 2.71 ~3!

5b Cs equatorial: 2.45; 2.77; 2.83
axial-eq. 2.39~2!; 2.47 ~2!; 2.54 ~2!

5c C2v perimeter: 2.42; 2.24; 2.35; 2.35; 2.24
inner: 2.77~2!

5d C2 perimeter: 2.45; 2.22; 2.38; 2.38; 2.22
inner: 2.71~2!

dihedral: 12°
6a C2 rhombus: 2.42~2!; 2.51 ~2!; 2.81

R13, R138 2.61 ~2!; 2.89 ~2!

R23, R338 2.41 ~2!; 2.38
dihedral 211828: 10°; 36°; 36°; 22°; 0°

6b D2h equatorial: 2.73~2!; 2.92 ~2!

2.49 ~8!; 2.98
6d D3h 2.34 ~6!; 2.79 ~3!

7a Cs equatorial: 2.53; 2.51; 2.48; 2.48; 2.51
axial-eq. 1: 2.49; 2.49; 2.84; 2.48; 2.84
axial-eq. 2: 2.76; 2.76; 2.42; 2.77; 2.42

eq. dihedrals: 22°; 36°; 36°; 22°; 0°
7b Cs R12, R14 2.45 ~2!; 2.64 ~2!

R23, R24 2.47 ~2!; 2.58 ~2!

R34, R35, R45 2.80 ~2!; 2.52; 2.36~2!

7c C3v R12, R13 2.58 ~3!; 2.51 ~3!

R23, R228 2.51 ~6!; 2.55 ~3!

7d C2 equatorial: 2.46; 2.92~2!

axial-eq.: 2.52~2!; 2.55 ~2!; 2.83 ~2!

R34, R24, R14: 2.34 ~2!; 2.45 ~2!; 2.64 ~2!

7e C2 equatorial: 2.81~2!; 2.85
axial-eq.: 2.42~2!; 2.64 ~2!; 2.87 ~2!

R34, R24, R14: 2.32 ~2!; 2.36 ~2!; 2.62 ~2!

7 f C2 equatorial: 2.84; 2.86~2!

axial-eq.: 2.40~2!; 2.60 ~2!; 2.94
R34, R24, R14: 2.38 ~2!; 2.41 ~2!; 2.49 ~2!

8a C2v R12, R13, R14 2.47 ~4!; 2.83 ~4!; 2.46 ~2!

R23, R34, R448 2.44 ~2!; 2.56 ~4!; 2.57
8b C1 equatorial: 2.99; 2.52; 2.60; 2.35; 2.42

axial-eq. 1: 2.81; 2.79; 2.54; 2.88; 2.60
axial-eq. 2: 2.71; 2.61; 2.55; 2.47; 2.86
axial-cap: 2.58
eq.-cap: 2.37; 2.32

eq. dihedrals: 12°; 25°; 28°; 19°; 3°
8c D3d R118, R12, R13 2.85 ~6!; 2.43 ~6!; 2.52 ~6!

8d C2v equatorial: 2.52~2!; 2.89 ~2!

R12, R24 2.86 ~4!; 2.57 ~4!

R13, R23 2.39 ~2!; 2.41 ~4!
for our LSD harmonic frequencies. There are only thr
modes~one each for 3b, 4a, and 5b) for which the neutral
and anion frequencies differ by more than 40 cm21. The
insensitivity of equilibrium geometries and frequencies
the charge state of niobium clusters may be responsible
the relatively clean photodetachment spectra@13# and sug-
gests that the PFI-ZEKE spectra of Nbn could also be fairly
simple.

The harmonic vibrational frequencies of all minima a
reported in Table II. Frequencies typically range from 100
350 cm21, and the average goes from 246 cm21 for Nb3

2

to an essentially converged value of 215 cm21 ~215, 214,
and 218 cm21 for the 6-, 7-, and 8-atom clusters, respe
tively!. Judging only from the lowest frequencies there do
not seem to be a simple correlation between the stability
cluster isomer and its rigidity. The very low frequenc
modes in 6a and 7a, 58 cm21 and 33 cm21 respectively,
suggest that these clusters might even be fluxional at ro
temperature. This would be remarkable considering that n
bium has one of the highest melting points~2750 K! of all
elements. However, in both cases, those low freque
modes are essentially twisting motions of two atoms, the t
topmost atoms of 6a and two of the equatorial atoms of 7a,
with very small amplitudes on all other atoms. Anharmon
force fields or molecular dynamics simulations would be
quired to characterize more precisely the configuration
these clusters at room temperature.

B. Electronic structure

The s, p, and d electronic densities of states~DOS! for
3b, 4a, 5b, 6a, 7a, and 8a are displayed in Fig. 5. They ca
be described qualitatively by analogy with the orbitals of t
niobium dimer@24#. Starting with the low-energy side of th
DOS, there is first a strongly bondingdp-like state, then
somes-ds-like hybridized states that extend up toEF , and
next a large DOS associated with bondingd states extending
between 0 and 3 eV belowEF . The empty states are first th
antibondings-type states just aboveEF , which become hy-
bridized withds-like states at higher energies, and then a
tibonding d states going from about11 to 14 eV, which
are, in order of increasing energy, ofdd , dp , andds char-
acter. In the simplest picture, the valence states ofn-atom

of

FIG. 4. Normal mode~harmonic! LSD frequencies of the nio-
bium cluster anion isomers 3b, 4a, 5b, 6a, 7a, and 8a, compared
to those of the corresponding neutral clusters.
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3688 57RENÉ FOURNIER, TAO PANG, AND CHANGFENG CHEN
niobium clusters consist of 6n orbitals formed by combining
the fived and singles orbitals of each of then atoms, with
very smallp contributions as seen in Fig. 5. For each clust
we have used the 6n lowest-energy valence eigenvalues
calculate the mean, rms deviation, and a width taken sim
as the difference between the highest and lowest eigenva
As the cluster size increases the mean of the eigenva
goes down and correlates roughly with the increase of
electron affinity of a conducting sphere@2#. The mean also
shows interesting variations with geometric structure: w
few and minor exceptions, it is highest for the most sta
and most compact isomers and is lowest for the more o
and least stable structures. The rms deviation increa
steadily with cluster size, from 1.58 to 2.08 eV, as the D
evolves from a few discrete levels toward bulklike ener
bands. We expected that the rms deviation might be la
for the most stable cluster isomers because the separatio
bonding and antibonding levels is presumably larger
strongly bound clusters, but such is not the case. The
deviation changes very little from one cluster isomer to
other and is not correlated with stability. The width al
increases steadily with cluster size and shows more
nounced but apparently nonsystematic variations with g
metric structure. The local~atom projected! DOS for the
most stable clusters shows that different atoms in a clu

TABLE II. Harmonic vibrational frequencies~cm21).

3a: 264, 264, 387
3b: 94, 260, 383
4a: 182, 188, 191, 194, 287, 381
4b: 131, 140, 244, 294, 314, 344
5a: 93, 94, 166, 167, 264, 264, 265, 295, 349
5b: 102, 139, 155, 169, 205, 225, 243, 310, 350
5c: 26, 85, 163, 188, 202, 215, 265, 340, 350
5d: 63, 92, 161, 170, 180, 227, 239, 330, 353
6a: 58, 109, 148, 199, 203, 209, 223, 245, 264, 279, 321,
6b: 46, 83, 133, 142, 165, 168, 183, 235, 248, 256, 258, 3
6c: 38, 77, 78, 103, 126, 144, 170, 181, 254, 261, 274
7a: 33, 134, 160, 169, 172, 184, 199, 208, 214,

247, 267, 288, 307, 310, 314
7b: 99, 104, 129, 148, 157, 170, 182, 210, 214,

248, 258, 277, 286, 306, 324
7c: 74, 92, 103, 140, 173, 174, 179, 195, 220,

231, 242, 265, 289, 299, 308
7d: 67, 95, 111, 136, 152, 172, 213, 215, 219,

235, 249, 257, 289, 320, 335
7e: 35, 86, 115, 130, 157, 177, 197, 214, 224,

228, 253, 266, 299, 338, 340
7 f : 56, 92, 131, 156, 158, 172, 182, 205, 232,

239, 242, 269, 285, 318, 338
8a: 107, 129, 131, 163, 167, 186, 195, 204, 209,

214, 231, 258, 267, 268, 270, 296, 298, 320
8b: 78, 104, 126, 138, 153, 169, 172, 197, 204,

213, 222, 227, 258, 263, 285, 297, 312, 323
8c: 110, 111, 112, 151, 151, 200, 200, 210, 210,

219, 224, 224, 238, 238, 286, 289, 305, 307
8d: 76, 124, 138, 139, 146, 169, 175, 183, 202,

216, 228, 238, 243, 245, 253, 289, 319, 325
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are similar. However, the chemically important frontier o
bitals are rather strongly localized in 5b, 6a, and 7a: in
these clusters, but not in 8a or the smaller clusters, the high
est occupied molecular orbital~HOMO! has small ampli-
tudes on atoms where the lowest unoccupied molecular
bital ~LUMO! has large amplitudes, and vice-versa.

Some of the cluster anions have a positive energy HOM
In those cases, by virtue of Janak’s theorem@37#, some frac-
tionally charged states would have a lower energy: vary
the number of electrons, the lowest energy would
achieved with a charge such thateHOMO is zero. Likewise,
the exact LSD solution for singly charged anions havi
positiveeHOMO must have a fraction of an electron deloca
ized in free space. This unphysical situation is due to
spurious self-interaction in LSD, which leads to an incorre
(11/r ) long-range behavior of the effective one-electron p
tential. As clusters get bigger, the self-interaction becom
less and the anions should become stable in LSD. Using
eHOMO of the anions and neutrals, and assuming thateHOMO

varies linearly with number of electrons, we can estimate
maximum negative charge for which a stable exact LSD
lution exists. Taking only the most stable isomers, and go
in order from the dimer to the 6-atom cluster, these ma
mum negative charges are20.77, 20.78, 20.95, 20.97,
and 20.99; the anions of the 7- and 8-atom clusters
stable in LSD. These numbers suggest that the problem is
serious except maybe for the dimer, trimer, and theTd iso-
mer of Nb4 for which the maximum negative charge
20.84. Shoreet al. @38#, who studied this problem for
H 2, suggested that good results can be obtained even
atoms if the electrons are constrained to stay near the nuc
with a spherical potential barrier at a large radius. By usin
standard localized basis set we achieve essentially the s
thing: the incorrect LSD potential should drive a fraction
an electron away from the smaller cluster anions, but
approximate LSD solution does not permit this unphysi
behavior. We believe that anion instability in DFT becom
problematic only for very small molecules or clusters, a
only when highly accurate solutions, expressed in a la
basis set, are sought@39#.

C. Size evolution of properties

Table III shows the binding energy per atom, Nbn
2

→(n21)Nb1Nb21nB eV , and the energy required for dis
sociation, Nbn

2→Nbn21
21Nb1E eV, disproportionation,

2Nbn
2→Nbn21

21Nbn11
21D eV, and ionization Nbn

2

→Nbn1e21A eV. Judging from values ofE and D in
Table III, the four- and seven-atom Nb anion clusters (a
and 7a) are relatively more stable than the rest. Four- a
seven-atomneutral andcationic niobium clusters also show
particular stability according to collision-induced dissoc
tion experiments@40# and to DFT calculations@23#. Stability
in Nb clusters is determined more by the number of ato
and atomic structure, which affects the relative orientation
orbitals and number of dangling bonds, than by the num
of valence electrons and electronic shell closing effects.
note that the ionization potentials of Nb clusters@40,41#
show no evidence of shell closing effects whereas those
Cu clusters@42# do follow a pattern typical of jellium mod-
els. Overall, the binding energy per atom (B) increases with

3
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FIG. 5. Electronic density of states~DOS! of niobium cluster anions~a! 3b, ~b! 4a, ~c! 5b, ~d! 6a, ~e! 7a, and~f! 8a. The vertical line
is drawn at the Fermi energy@(eHOMO1eLUMO)/2#.
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cluster size in a way that is typical for clusters. By Nb8
2 the

calculatedB is still only about 74% of the experimental bu
cohesive energy~7.57 eV/atom! and it is very likely that our
LSD calculations overestimate all binding energies. T
value ofB for Nb8

2 that we get from data in Refs.@40# and
@13# is 5.1 eV/atom, or 67% of the cohesive energy. W
compared the electron affinities (A) to those that we calcu
late for a conducting spherical droplet~CSD! model @2# by
taking 4.3 eV as the work function of niobium, and clus
radii consistent with our DFT optimized geometries. T
CSD model overestimates electron affinities by amounts
ing roughly from 0.3 to 1.0 eV~0.5 eV on average!. Details
of the electronic structure, which are ignored in the CS
model, are responsible for variations of roughly 0.7 eV in
electron affinities. Similar variations are found among t
e

r

o-

e
e

electron affinities of different cluster isomers~see Table III!.
There is a range of bond lengths among the different clus
and evenwithin some of the clusters~e.g., 6a). Typical bond
lengths are between 2.4 and 2.9 Å, the latter correspond
to the bulk interatomic distance~2.86 Å!. If we define
bonded atom pairs as those having interatomic distances
than 3 Å, the average bond length in clusters 3a through 8a
respectively is 2.31, 2.48, 2.53, 2.57, 2.59, and 2.58 Å.
expect an accuracy of about 0.05 Å or better in our LS
calculations, so the bond lengths in Nb8

2 are still very far
from those of the bulk. Yet, it is not impossible that th
average bond length increases sharply and gets near
Å for cluster sizes between 10 and 20. That could happe
the presence of one or more interior atoms with a high co
dination and distances to its neighbors close to 2
Å places constraints on the overall structure of the clust
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IV. SUMMARY AND CONCLUSION

The Slater’s transition state can be a very helpful tool
elucidating cluster structure. It is easy to implement, its e
ciency allows calculating the hundreds of BEs typica
needed for comparing to experiment, and the accuracy
niobium cluster anions was sufficient to assign the struct
For other elements or larger clusters, calculation of B
alone may not be sufficient to assign structure with co
dence: calculating the photoionization cross section may
necessary. Practical approximate methods for cross-se

TABLE III. Binding energy ~in eV! per atom (B), and energy
for dissociation (E), disproportionation (D), and ionization (A) of
niobium cluster anions~see text!.

B E D A

2a 2.83 5.65 10.05 1.10
3a 3.73 5.57 21.24 1.14
3b 3.70 1.06
3c 2.80 1.66
4a 4.51 6.82 10.50 0.89
4b 4.31 0.79
4c 3.30 1.83
5a 4.87 6.32 10.08 1.62
5b 4.81 1.66
5c 4.46 1.86
5d 4.44 1.88
6a 5.10 6.24 20.98 1.63
6b 4.98 1.41
6c 4.28 2.05
7a 5.40 7.22 10.49 1.90
7b 5.27 1.92
7c 5.19 1.45
7d 5.18 1.73
7e 5.17 1.70
7 f 5.15 1.72
8a 5.57 6.73 1.55
8b 5.44 1.63
8c 5.42 1.71
8d 5.36 1.91
.
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,
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-
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calculations@43# must be developed or else the computi
requirement for moderate size clusters will be prohibitiv
The STS method should also prove useful in calculations
photoabsorption spectra of metal clusters. We did preli
nary tests for transition metal clusters in the range from th
to seven atoms and found that STS calculations are very
The calculation of all the valence excitation energies a
oscillator strengths needed for modeling a UV-visible sp
trum ~as many as 780 in Nb7) requires a computing effor
that is of the same order as that for a geometry optimizat
It remains to be seen whether such calculations are accu
enough to give reliable assignments of experimental spec

The four-atom and seven-atom clusters of niobium app
to be particularly stable irrespective of the electric charg
(21, 0, 11! on the cluster. This is inconsistent with th
simplest jellium models where electronic shell closings t
occur for particular number of electrons are responsible
the extra stability of some clusters. But it is consistent w
the assumption that geometric structure is the key factor
termining stability, and our observation that the geometr
of neutral and anion clusters are very similar. We belie
that the structural similarity between neutrals and anion
essentially due to niobium being near the middle of the tr
sition metal series: since the binding energy is large a
involves many localizedd bonding orbitals in addition to the
usual delocalizeds bonding, addition or removal of essen
tially nonbonding electrons atEF has a small effect. But
even for opend-shell metals like niobium the jellium mode
is useful for interpreting the results of a more accur
theory. The trend in our calculated electron affinities agr
roughly with the CSD model, the magnitude of the discre
ancies gives insight into how much cluster isomerism c
affect a physical property.
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