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Structural characterization of niobium-cluster anions from density-functional calculations
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We did an extensive search for the lowest-energy isomers ¢f Nlm=3-8 with a local-spin-density
method. We report the calculated optimum geometries for various cluster isomers, and their vibrational fre-
guencies 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 experimerfiS1050-294{©8)05805-3

PACS numbg(s): 36.40.Mr, 31.15.Ew, 33.80.Eh, 36.40.Wa

[. INTRODUCTION hood of a structure. Gas-phase cluster spectroscopy is quite
difficult because, in most experiments, clusters of different
Structureless jellium models give a fair description of thesizes coexist, they are short lived, and they are present in
size dependence of the electronic structure, thermodynamiery low concentration. Nevertheless, a number of spectro-
stability, and ionization potential of groups IA and IB clus- scopic techniques developed recently can probe clusters in
ters[1,2] while providing a simple physical picture. But a the gas phase: photoelectron spectrosdéiS of negative
detailed knowledge of the geometric structure of metal cluscluster ions[14], pulsed field ionization—zero electron ki-
ters may be necessary for understanding many of their propgietic energy photoelectron  spectroscopPFI-ZEKE)
erties. Structure may be responsible for certain characteri$12,15, optical absorption spectroscopy by photodepletion
tics of the optical3] and photoelectrofé] spectra of group  Of cluster—rare-gas van der Waals compleiXe§] and infra-
| metal clusters and should be even more important in théed multiphoton decompositiolRMPD) [17]. It is highly
case of transition metals. The degree of symmetry, or magdesirable to develop efficient computational methods that can
nitude of Jahn-Teller distortion, is probably related to clustermatch experiment up to fairly large cluster size in order to
magnetisn{5]. There are many experiments where multiple allow direct comparisons. Density-functional thedBFT) is
cluster isomers have been observed that sometimes haweell suited for this. DFT calculations provide reasonably ac-
very different propertie§6]. But more importantly, much curate properties for metal clusters and bulk, they can cur-
physical insight is based on geometric structure. For infently be done on clusters with up to about twenty metal
stance, one can relate chemical reactions on clusters to thogtoms, and Slater’s transition stdte8,19 (STS is a very
that may occur at specific surface sites having a similar strucefficient method for estimating ionization and excitation en-
ture [7], or rationalize the low reactivity or high thermody- ergies. We have recently used this approach to study the
namic stability of certain clusters from a high degree of sym-structure of 3- to 8-atom niobium cluster anions by compar-
metry or remarkable pattern in the atoms positig8}  ing calculated electron binding energi&Es) to photoelec-
Relatively little is known about the structure of metal clus-tron spectrd13]. We do not repeat the structure assignment
ters. Many plausible structures have been obtained in the®f Nb, ™ clusters here but we give details on different meth-
retical studies in which the energy of many trial starting ge-0ds that we used for calculating BEs. Our preferred method
ometries is minimized and the lowest-energy minima argequires very little computing effort and is readily applicable
singled out. There are three problems with thii§:one can to most DFT methods. We also report the geometric param-
fail to include important trial structures and miss the globaleters and vibrational frequencies of Nb clusters and we
minimum; (2) the limited accuracy of calculations can lead discuss their electronic structure.
to incorrect energy ordering of isomen®) the thermody-
namically most stable structure may not be the one seen ex- II. COMPUTATIONAL METHOD
perimentally, others could be favored by kinetics under some
experimental conditions. Recently, a number of studies have
combined experiment and theory in order to obtain structural We have performed calculations with the prograemon
information about metal clustef§—13. By comparing the [20] with the local-spin-densityl. SD) treatment of exchange
observed spectra to those calculated for different possibland correlation prescribed by Vosko, Wilk, and Nusair
n-atom cluster isomers, one has a more direct way to identify\VWN) [21]. We used a model core potenti@?2] to de-
likely structures as those giving the best matches. It is unscribe the[Ar]3d'%4s? inner shells and basis sets for the 11
likely to get a good match of spectra if the true structure isvalence electrons described and tested previolZ3y-25.
not included in the calculations, and the calculated relativeTrial geometries are optimized by minimizing the norm of
energies of isomers can be used to further assess the likethe energy gradient by a standard quasi-Newton method. The
resulting geometries are characterized by diagonalizing the
matrix of mass-weighted energy second derivatives obtained
*Present address: Department of Chemistry, York Universityas finite differences of analytic gradieff6]. When an op-
North York, Ontario, Canada M3J 1P3. timized structure is not a minimum we distort it along the

A. Search for minimum-energy structures
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3aD3;,S 3bCy, T 3¢cCwy T

FIG. 1. Optimized NR™ cluster geometries, their point-group
symmetry, spin multiplicity §=singlet, D=doublet, T=triplet,
Q=quadruplet, and relative energyeV). Bonds are drawn for

and their high-symmetry counterpafis.g., T4 for 4a, C,,

for 6a) we also considered the following starting geom-
etries: aC,, square and a plan&,, end-on capped triangle
Nb,~; aC,, square-base pyramid Nb; two D, distorted
octahedrgcompressed and elongated foyrasd aCg, pen-
tagonal pyramid N~ ; four isomers of Nb~ obtained by
adding atoms to two of the six triangular face-capping posi-
tions of 5c (one rearranged tol¥, another to 7); and four
structures for NR~, a O;, cube, aD,4 cube with one face
rotated by 45°, aT4 tetracapped tetrahedron, andDgy
structure akin to 8 but with only two symmetry distinct
atoms. None of these trial structures led to plausible new
isomers. They either have a very high energy, or possess
imaginary frequencie&hey are not minimg or relax to one

of the structures in Fig. 1 upon optimization. We also did a
few calculationgniobium atom and the clusters labeled,3
5a, and 7a in Fig. 1) using the gradient corrected functionals
of Becke for exchangf27] and Perdew for correlatiof28]
(BP). With gradient corrections the results are very sensitive
to the size of the grid used for numerical integration. Dou-
bling the number of radial shells of grid points from 32 to 64
increases the BP equilibrium bond lengths by 0.02 A to 0.15
A but decreases the LSD-VWN bond lengths by only 0.006
A at most. With 64 radial shells the equilibrium bond
lengths obtained from BP calculations are all within 1.2% of
the LSD-VWN values. We used the LSD-VWN potential
and a small grid for all other clusters because the large grid
BP calculations are much more time consuming, gradient
corrections do not necessarily improve the predicted geom-
etries of solids and clustefg9], and we do not have enough
data to decide which meth@qtdSD-VWN or BP) gives better
results in the case of niobium clusters.

B. Electron binding energies

The lowest vertical detachment energy, or electron affin-
ity (EA), is given rigorously in DFT by the energy difference
“D3C™ between the electronic ground states of the neutral
and of the anion, both evaluated at the anion’s equilibrium
geometry. We use the subscripa™ to denote the highest
occupied level and lowest detachment energy of the anion.
The other vertical binding energies involve transitions to ex-
cited states of the neutral and cannot be obtained with the
same level of rigof30]. We estimated them using a number
of methods. First, we simply take the negative of the Kohn-
Sham eigenvalues of the anion:

D:(S: — €.

Next, we can take the set of shifted Kohn-Sh&®KS) ei-
genvalues as approximate BEs so as to reproduce precisely
SCF.

a

atom pairs closer than 3 A. All the structures shown are minima of

the potential surface except &nd 4 which are second-order criti-
cal points.

D= — ¢+ (D5 + ¢ey).

The next two methods are STS approximations to the so-

imaginary mode, which lowered symmetry in all cases wecalled ASCF method, which is to take the energy difference
encountered, and resume geometry optimization. Figure ketween the anion’s ground state and an excited electronic
shows all the local minima found in this manner. The linearconfiguration of the neutral. In applying the STS idea to the

clusters & and 4c, which are critical points but not minima,

transition from anion to neutral, we choose the slightly more

are also included. Apart from the structures shown in Fig. laccurate generalized transition st&®TS) [19] expression:
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DOTS=

1 3 1
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N IE @

where €;(n;=X\) is the energy of orbitalp; after a self-
consistent-fieldSCPH calculation with occupation numbaer
held equal ton. This gives very poor EAs, typically in error
by 1.25 eV. But the shifted GTS BEDFC™

DiSGTS: DiGTS+ (D:CF_ DSTS)
\

are in line with experimentl3]. Assuming that our structure LL/.\........ S\ AR
assignments are correct the errors on the electron affinities
are 0.00,—-0.21, —0.30,—0.07, +0.18, and+0.02 eV for 05 10 15 20 25 30 35 4.0
Nbs;~—Nbg™, respectively. For all other BEs, the compari-
son to experiment is not straightforward because peaks over- EEBEERERREEREREEERRRRERRRRRRRRRER
lap in the spectra and we cannot assign individual transitions.
However, we can bring into agreement every calculated | ———- IE (b)
D®™ and observed BEs by assuming fairly systematic er- —— IE/SM
rors going from—0.2 to + 0.4 eV[13]. This is the kind of
accuracy that we expect for STS calculations of excitation or
ionization energies in the 1-4-eV range.

Alternatively, we can view electron detachment frafn
as detachment fromp, followed by excitation fromg; into
¢, in the neutral cluster at theanion equilibrium geometry:

Binding energy (eV)

D'E DSCF—FAEE—S, Liaiat TRV
05 1.0 15 20 25 30 35 4.0
whereAESSis the STS excitation energy: Binding energy (eV)
AE-STSZE(n-:n :%)_6'(”:” :%) TTTT T T T T I T T I T TP T T T T rrIrrIrdl
a a | a I I a .
_____ N
With this method there is no need for a shift sirRg is :E/SM |
automatically equal tdS°F. For singlet-to-singlet excita- E
tions originating from a closed-shell configuration, we can !
easily apply the spin multiplgSM) method of Ziegleet al.
[31] and get the energy of excited states that properly com-
bine two Kohn-Sham determinants to yield ag— B«)
spin function. With only two unpaired electrons in the upper
state, the energy can be derived from a sum rule and is A
_ @ o L1111l IIIIIIIIIIII\ L1111
AELS =2 eq(nf=n2=3)— &(ni'=nZ=3)] 05 1.0 15 20 25 30 35 4.0

—[€ea(nf*=ng =1 E(ni‘*=n§=§)]. Binding energy (eV)

FIG. 2. Binding energies calculated with the IE-SKdll line)

- - - -SM
Using that expression gives another set of BB, Y. 4 IE(dashed lingmethods for the lowest-energy isoméas 4a,
Theoretically,D{5>™ is our best estimati) it includes the  (b) 6a, and(c) 8a.

effect of orbital relaxation upon ionization precisely for the
EA, which correctly reduces t®3%; (i) it describes the the orbital (or the two orbitals among ¢;' with the largest
relaxation for the othebD;’s via STS for excited neutral con- absolute value 0§;; (andS;, if needed and set occupation
figurations, and this is apparently more reliable than STSwumbers accordingly.
calculations for negatively charged clustetis;) it gives a We will now compare the four sets of calculated BEs,
balanced description of the neutral singlet and triplet stateghich are, in order of increasing computing requirement and
by using the spin functionsa(e) and (@8- Ba) [instead of  accuracy,DP*°, DP®™S, DIF, and D/F*M. Figure 2 shows
(aB)]. D!F and DIE M for clusters 4, 6a, and &. Each discrete
Before doing a transition state calculation we need thgeyel was replaced by a Gaussian function with 0.1 eV width.
Kohn-Sham orbitalspy, of the ground state. Then, we con- |t should be noted that the neutral ground state @fa the
verge the SCF process to a transition state by setting thgnion’s equilibrium geometrig singlet: at the neutral’s equi-
occupation numbers at each SCF iteratiom’“as follows. Jibrium geometry, we find a triplet in agreement with Good-
We calculate the overlaﬁJI (S a) of all current orbitals¢]  win and Salahul23]. The low-energy sides of every peak in
with the orbitals) ¢| (and also<;5a in the case of an excita- Fig. 2 coincide because they correspond to triplet states that
tion) for which we want fractional occupation. We identify are treated in the same way. The singlet energies are larger in
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the IE-SM method by roughly 0.1 eV: the peaks extend to HRARE AR AR LR AL LA LA
higher energies and there is more apparent structure with our SKs |
chosen 0.1-eV Gaussian width. But overallf and D/5SM T | (a)
are quite similar. Because of this and of the complexity of
the SM method for open-shell ground stafg$], we did not
computeD|5M for other clusters.
We now compare the other two methods against the set
D{E for the clusters &, 4a, ... , 8a, which provide a total
of 132 calculated BEs. First of all, we note that the Bi§°
are seriously in error: the average shift required to bmﬁ j\ , ‘/j\ / \‘
equal toD>Fis 1.73 eV. Moreover, the shifts needed for the AT I AR W AT AR W AW
different clusters are far from uniform; they vary between 05 1.0 1.5 2.0 25 3.0 3.5 40 45
1.58 and 2.17 eV. Even with individual shifts for each clus- Binding energy (eV)
ter, the shifted Kohn-Sham eigenvalu2s“® are still in error
by 0.21 eV on average. This is clear in Fig. 3 where the
dotted curve departs from the other two. Orbital relaxation e SKS
(or “final state effects’) is quite importan{32]: it changes
not only the absolute but also the relative values of the BEs. - E
The errors on the unshifted ' are 1.27 eV on average,
with a standard deviation of 0.13 eV. Such large and system-
atic errors are surprising considering the success of STS in
calculations of the ionization potentials of small neutral mol-
ecules[33]. After shifting to reproduceD3°F, the average
absolute difference between ti2>®™ and D{F, for 126
casesexcludingthe sixD,’s (which agree by definition is tedy
only 0.011 eV(see Fig. 3. This close agreement is reassur- 05 1.0 1.5 20 25 3.0 3.5 40 45
ing and convenient. In a few cases we failed to reach con- Binding energy (eV)
vergence in SGTS calculations. When that happened, we

performed an IE calculation and usB¢f in place ofD>¢'>, AR LA AR AL AR AL
Mixing results from the SGTS and IE methods is inconse- | SKS ,\ ﬂ
guential because other errors, rooted in LSD theory or dueto | ____ SGTS
numerics or approximations, are much larger than 0.01 eV. IE
The SGTS calculations are generally easier and constitute
our method of choice.
ll. RESULTS
A. Equilibrium geometries and vibrations /\

Comparison of our BEs to experimental spectra identifies ATTN AR R Y TP A1
the clusters seen experimentally &s, 3a, 5b, 6a, 7a, and 05 1.0 1.5 20 25 3.0 3.5 40 45
8a. This coincides with the lowest-energy isomers that we Binding energy (eV)

found except for 8 and S, which are only 0.09 and 0.30
eV higher than & and 5, respectively. Considering all the FIG. 3. The electron binding energies calculated with different
structures of Fig. 1, and others we tried, the Niclusters ~ Methods — IE(full line), SGTS (dashed ling and SKS(dotted
can be briefly characterized as being three dimensionaline) — for clusters(a) 4a, (b) 6a, and(c) 8a.
fairly compact, and having low symmetry. This contrasts
with clusters of simple metals, which apparently tend toThe shapes are the same, but small distortions lower the
adopt more open, often two-dimensional, structuressymmetry in 4 and 6a. The bond lengthglisted in Table )
[10,11,34. It also contrasts with structures predicted fromare typically within 0.05 A of those of the neutrals. A simple
classical potentials or effective medium theories, which typi-explanation for this is that, with ad#5s' valence configu-
cally have high symmetry. For instance, the structures preration, the frontier orbitals of Np are essentially nonbond-
dicted by the corrected effective medi®@EM) method for  ing, ds-like, orbitals. This is certainly true for Nb which
nickel clusterg35] closely resemble our Np clusters ex-  has the ground-state configuratiomflo5207515; [24], but
cept that theyall have higher symmetnDg3y,, Ty, Dap, Oy it also holds approximately for larger clusters with compli-
(which is topologically different from & but similar to @),  cated shapes. Adding or removing electrons from these non-
Ds;,, andD,q, for Ni; to Nig respectively. Other LSD stud- bonding orbitals should have little effect on the bonding so it
ies besides our own indicate that Jahn-Teller distortion igs not too surprising that the anion niobium clusters have
probably common among metal clust¢gs]. geometries close to those of the neutrals. Likewise, one ex-
The Nb,” equilibrium geometries are very similar to pects that the vibrational modes of the anions and the neu-
those calculated by the same method for the neuf28%  trals are similar. Figure 4 shows that this is indeed the case
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TABLE I. Calculated LSD bond lengths and angles of thg,Nb 400 T
clusters of Fig. 1. Numbers in parentheses indicate the number of Foox P
- ; 350 a3
equivalent bonds when there is more than one. 0 F > 4a 3
S 300F o Y A
Cluster Bonds) Bond lengthgA) a 250 E A g&Ro E
© E ° ba o R E
3a Dg 2.31(3) 2 200 o7a ° b E
3b Cy, 2.21; 2.42(2) o = o8 $a :
. = 150 a =
3c C,, 2.11; 241 c E 0o © 3
i 9 100 & 0 -
4a Doy 2.43(2); 2.50(4) c E a x -
4b Doy 2.33(4); 2.62 < gL o 3
O -
4CD°°h 203(2)’270 0:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:
5a Dgy 2.44(6); 2.71(3) 0 50 100 150 200 250 300 350 400
5b CS equatorial: 2.45; 2.77; 2.83 Harmonic frequencies (cm_1)
axial-eq. 2.392); 2.47 (2); 2.54(2)
5¢ Cyp, perimeter: 2.42: 2.24: 2.35; 2.35: 2.24 FIG. 4. Normal modegharmonig LSD frequencies of the nio-
inner: 2.77(2) bium cluster anion isomersh3 4a, 5b, 6a, 7a, and &, compared
5d C, perimeter: 2.45: 2.22: 2.38: 2.38: 2.22 to those of the corresponding neutral clusters.
inner: 2.71(2) for our LSD harmonic frequencies. There are only three
dihedral: 12° modes(one each for B, 4a, and ) for which the neutral
6a C, rhombus: 2.422); 2.51(2); 2.81 and anion frequencies differ by more than 40 ¢ The
Ri3, Rz 2.61(2); 2.89(2) insensitivity of equilibrium geometries and frequencies on
Ro3, Ray 2.41(2); 2.38 the charge state of niobium clusters may be responsible for
dihedral 2112": 10°: 36°; 36°; 22°: 0° the relatively clean photodetachment spe¢d] and sug-
6b Dy, equatorial: 2.732); 2.92(2) gests that the PFI-ZEKE spectra of Nbould also be fairly
2.49(8); 2.98 simple. o _ -
6d D, 2.34(6): 2.79(3) The harmomc vibrational f_requer!ues of all minima are
7a C, equatorial: 2.53: 2.51: 2.48: 2.48: 2.51 reporteqlm Table II. Frequencies typically range from 1700 to
: i : ! : ; 350 cm 1, and the average goes from 246 cinfor Nb,
axial-eq. 1: 2.49; 2.49; 2.84; 2.48; 2.84 . _
axial-eq. 2- 2.76: 276 2.42: 2.77 2.42 to an essentially converged value of 215 ¢tn(215, 214,
de'hcg I' _ ' 22 e 22 o' and 218 cm'* for the 6-, 7-, and 8-atom clusters, respec-
€a. dinedrais. ; 36 j 367 22% 0 tively). Judging only from the lowest frequencies there does
7b Cs Rz, R 2.45(2); 2.64(2) not seem to be a simple correlation between the stability of a
Ra3, Roa 2.47(2); 2.58(2) cluster isomer and its rigidity. The very low frequency
Ras, Ras, Rus 2.80(2); 2.52; 2.36(2) modes in @& and 7a, 58 cm ! and 33 cnmi'! respectively,
7c G, Riz, Ris 2.58(3); 2.51(3) suggest that these clusters might even be fluxional at room
R,3, Roy 2.51(6); 2.55(3) temperature. This would be remarkable considering that nio-
7d C, equatorial: 2.46; 2.92) bium has one of the highest melting poifi&750 K) of all
axial-eq.: 2.522): 2.55(2): 2.83(2) elements. However, in both cases, those low frequency
Ras, Ros, Rua: 2.34(2); 2.45(2); 2.64(2) modes are essentially twisting motions of two atoms, the two
7e G, equatorial: 2.812); 2.85 topmost atoms of & and two of the equatorial atoms o&y
axial-eq. 2.422): 2.64(2): 2.87(2) with very small amplitudes on all other atoms. Anharmonic
) , i force fields or molecular dynamics simulations would be re-
Ras» Ross Ryt 2.32(2); 2.36(2); 2.62(2) . ; . : .
o . quired to characterize more precisely the configuration of
7f C, equatorial: 2.84; 2.862)
_ these clusters at room temperature.
axial-eq.: 2.402); 2.60(2); 2.94
Ras, Rag) Rua: 2.38(2); 2.41(2); 2.49(2) B. Electronic structure
8a C,, Ri2, Rz, Rug 2.47 (4); 2.83(4); 2.46(2) . N
Rys, Ras, Rus 2.44(2); 2.56 (4); 2.57 Thess, p, andd electronic densities of stat¢®OS) for
8b C, equatorial: 2.09: 2.52: 2.60; 2.35: 2.42 3b, 4a, 5_b, 6a, 7a,. and & are dlsplayed.m Fig. 5. They can
axial-eq. 1: 2.81: 2.79: 2.54: 2.88: 2.60 b_e dgscrlped qualltat|vel.y by analogy with the orpltals of the
. ) : ! _ : niobium dimer{24]. Starting with the low-energy side of the
axial-eq. 2: 2.71; 2.61; 2.55; 2.47; 2.86 L . .
axial-cap: 558 DOS, there is first a strongly bondind, -like state, then
F?' ) 37'. 23 somes-d,-like hybridized states that extend up B, and
ed--cap: | oehese next a large DOS associated with bondihgtates extending
eq. dihedrals: 12°; 25%; 28°; 19°; 3 between 0 and 3 eV belof: . The empty states are first the
8¢ Dag Ri1 Riz, Ry 2.85(6); 2.43(6); 2.52(6) antibondings-type states just abovEg, which become hy-
8d Cy, equatorial: 2.5322); 2.89(2) bridized withd,-like states at higher energies, and then an-
Ri2, Roa 2.86(4); 2.57(4) tibonding d states going from about 1 to +4 eV, which
Ris, Ras 2.39(2); 2.41(4) are, in order of increasing energy, @f, d,, andd, char-

acter. In the simplest picture, the valence states-atom
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TABLE II. Harmonic vibrational frequencie&m™1).

3a:
3b:
4a:
4b:
5a:
5b:
5c:
5d:
6a:
6b:
6¢:
7a:

7b:

7c:

7d:

7e:

7f:

8a:

8b:

8c:

8d:

264, 264, 387
94, 260, 383
182, 188, 191, 194, 287, 381
131, 140, 244, 294, 314, 344
93, 94, 166, 167, 264, 264, 265, 295, 349
102, 139, 155, 169, 205, 225, 243, 310, 350
26, 85, 163, 188, 202, 215, 265, 340, 350
63, 92, 161, 170, 180, 227, 239, 330, 353

are similar. However, the chemically important frontier or-
bitals are rather strongly localized inb56a, and 7a: in
these clusters, but not ira8or the smaller clusters, the high-
est occupied molecular orbitdHOMO) has small ampli-
tudes on atoms where the lowest unoccupied molecular or-
bital (LUMO) has large amplitudes, and vice-versa.

Some of the cluster anions have a positive energy HOMO.
In those cases, by virtue of Janak’s theol@"|, some frac-
tionally charged states would have a lower energy: varying
the number of electrons, the lowest energy would be

58, 109, 148, 199, 203, 209, 223, 245, 264, 279, 321, 323)chieved with a charge such thef°MC is zero. Likewise,
46, 83, 133, 142, 165, 168, 183, 235, 248, 256, 258, 329the exact LSD solution for singly charged anions having

38, 77, 78, 103, 126, 144, 170, 181, 254, 261, 274
33, 134, 160, 169, 172, 184, 199, 208, 214,
247, 267, 288, 307, 310, 314
99, 104, 129, 148, 157, 170, 182, 210, 214,
248, 258, 277, 286, 306, 324
74, 92, 103, 140, 173, 174, 179, 195, 220,
231, 242, 265, 289, 299, 308
67, 95, 111, 136, 152, 172, 213, 215, 219,
235, 249, 257, 289, 320, 335
35, 86, 115, 130, 157, 177, 197, 214, 224,
228, 253, 266, 299, 338, 340
56, 92, 131, 156, 158, 172, 182, 205, 232,
239, 242, 269, 285, 318, 338
107, 129, 131, 1683, 167, 186, 195, 204, 209,
214, 231, 258, 267, 268, 270, 296, 298, 320
78, 104, 126, 138, 153, 169, 172, 197, 204,
213, 222, 227, 258, 263, 285, 297, 312, 323
110, 111, 112, 151, 151, 200, 200, 210, 210,
219, 224, 224, 238, 238, 286, 289, 305, 307
76, 124, 138, 139, 146, 169, 175, 183, 202
216, 228, 238, 243, 245, 253, 289, 319, 325

positive e"°MO must have a fraction of an electron delocal-

ized in free space. This unphysical situation is due to the
spurious self-interaction in LSD, which leads to an incorrect
(+1/r) long-range behavior of the effective one-electron po-
tential. As clusters get bigger, the self-interaction becomes
less and the anions should become stable in LSD. Using the
€"OMO of the anions and neutrals, and assuming #"°
varies linearly with number of electrons, we can estimate the
maximum negative charge for which a stable exact LSD so-
lution exists. Taking only the most stable isomers, and going
in order from the dimer to the 6-atom cluster, these maxi-
mum negative charges are0.77, —0.78, —0.95, —0.97,

and —0.99; the anions of the 7- and 8-atom clusters are
stable in LSD. These numbers suggest that the problem is not
serious except maybe for the dimer, trimer, and Thdso-

mer of Nb, for which the maximum negative charge is
—0.84. Shoreet al. [38], who studied this problem for

H ™, suggested that good results can be obtained even for
atoms if the electrons are constrained to stay near the nucleus
with a spherical potential barrier at a large radius. By using a
standard localized basis set we achieve essentially the same
thing: the incorrect LSD potential should drive a fraction of
an electron away from the smaller cluster anions, but our
approximate LSD solution does not permit this unphysical

hiobium clusters consist ofrborbitals formed by combining  hehayior. We believe that anion instability in DFT becomes
the fived and singles orbitals of each of th& atoms, with

very smallp contributions as seen in Fig. 5. For each cluster,omy when highly accurate solutions, expressed in a large
we have used ther6lowest-energy valence eigenvalues 10 pasis set. are sougf9].
calculate the mean, rms deviation, and a width taken simply

as the difference between the highest and lowest eigenvalues.
As the cluster size increases the mean of the eigenvalues

problematic only for very small molecules or clusters, and

C. Size evolution of properties

goes down and correlates roughly with the increase of the Table Il shows the binding energy per atom, Nb
electron affinity of a conducting sphef2]. The mean also —(n—1)Nb+Nb~+nB eV, and the energy required for dis-
shows interesting variations with geometric structure: withsociation, N~ —Nb,_;~ + Nb+E eV, disproportionation,
few and minor exceptions, it is highest for the most stable2Nb,”—Nb,_;~+Nb,, ;" +D eV, and ionization Np

and most compact isomers and is lowest for the more open>Nb,+e~+A eV. Judging from values oE and D in

and least stable structures. The rms deviation increase&able Ill, the four- and seven-atom Nb anion clustera (4
steadily with cluster size, from 1.58 to 2.08 eV, as the DOSand 7a) are relatively more stable than the rest. Four- and
evolves from a few discrete levels toward bulklike energyseven-atormeutral and cationic niobium clusters also show
bands. We expected that the rms deviation might be larggparticular stability according to collision-induced dissocia-
for the most stable cluster isomers because the separation @én experiment$40] and to DFT calculationg23]. Stability
bonding and antibonding levels is presumably larger inin Nb clusters is determined more by the number of atoms
strongly bound clusters, but such is not the case. The rmand atomic structure, which affects the relative orientation of
deviation changes very little from one cluster isomer to an-orbitals and number of dangling bonds, than by the number
other and is not correlated with stability. The width alsoof valence electrons and electronic shell closing effects. We
increases steadily with cluster size and shows more praiote that the ionization potentials of Nb clustd#0,41]
nounced but apparently nonsystematic variations with geoshow no evidence of shell closing effects whereas those of
metric structure. The localatom projectel DOS for the
most stable clusters shows that different atoms in a clustegls. Overall, the binding energy per atol)(increases with

Cu clusterd42] do follow a pattern typical of jellium mod-
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FIG. 5. Electronic density of statd®OS) of niobium cluster anion&a) 3b, (b) 4a, (c) 5b, (d) 6a, (e) 7a, and(f) 8a. The vertical line
is drawn at the Fermi enerdy "OMO+ ¢-UMO) /2],

cluster size in a way that is typical for clusters. By ;N\bthe  electron affinities of different cluster isomeisee Table II).
calculatedB is still only about 74% of the experimental bulk There is a range of bond lengths among the different clusters
cohesive energy7.57 eV/atomand it is very likely that our ~and everwithin some of the cluster.g., &). Typical bond
LSD calculations overestimate all binding energies. Thdengths are between 2.4 and 2.9 A, the latter corresponding
value ofB for Nbg~ that we get from data in Refg40] and  (© the bulk interatomic distanc€2.86 A. If we define
[13] is 5.1 eV/atom, or 67% of the cohesive energy Webonded atom pairs as those havmg. interatomic distances less
) ' L ’ than 3 A, the average bond length in clusteastBrough 8
compared the electron affinitie®\] to those that we calcu-

) . respectively is 2.31, 2.48, 2.53, 2.57, 2.59, and 2.58 A. We
late for a conducting spherical dropl€SD) model[2] by gxpect an ‘accuracy of about 0.05 A or better in our LSD

taking 4.3 eV as the work function of niobium, and cluster czjculations, so the bond lengths in Nbare still very far

radii consistent with our DFT optimized geometries. Thefrom those of the bulk. Yet, it is not impossible that the
CSD model overestimates electron affinities by amounts goaverage bond length increases sharply and gets near 2.86
ing roughly from 0.3 to 1.0 e\(0.5 eV on average Details A for cluster sizes between 10 and 20. That could happen if
of the electronic structure, which are ignored in the CSDthe presence of one or more interior atoms with a high coor-
model, are responsible for variations of roughly 0.7 eV in thedination and distances to its neighbors close to 2.86
electron affinities. Similar variations are found among theA places constraints on the overall structure of the cluster.
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TABLE Ill. Binding energy (in eV) per atom B), and energy  calculations[43] must be developed or else the computing
for dissociation E), disproportionation @), and ionization §) of  requirement for moderate size clusters will be prohibitive.

niobium cluster anion¢see text The STS method should also prove useful in calculations of
photoabsorption spectra of metal clusters. We did prelimi-
B E D A nary tests for transition metal clusters in the range from three
2a 283 5.65 1005 1.10 to seven atoms and found that STS calc_ula_tions are very fast.
3a 3.73 557 124 114 The_ calculation of all the valence excitation energies and
3b 3.70 1.06 oscillator strengths negded for mo_dellng a UV—v'|S|bIe spec-
3 280 166 trum (as many as 780 in NP requires a computing e_ffor_t
that is of the same order as that for a geometry optimization.
4a 4.51 6.82 +0.50 0.89 . .
b 431 0.79 It remains to be seen whether such calculatlc_)ns are accurate
enough to give reliable assignments of experimental spectra.
4c 3.30 1.83 The four-atom and seven-atom clusters of niobium appear
oa 4.87 6.32 +0.08 1.62 to be particularly stable irrespective of the electric charge
5b 4.81 1.66 (=1, 0, +1) on the cluster. This is inconsistent with the
5¢ 4.46 1.86 simplest jellium models where electronic shell closings that
5d 4.44 1.88 occur for particular number of electrons are responsible for
6a 5.10 6.24 —-0.98 163 the extra stability of some clusters. But it is consistent with
6b 4.98 141 the assumption that geometric structure is the key factor de-
6c 4.28 2.05 termining stability, and our observation that the geometries
7a 5.40 7.22 +0.49 1.90 of neutral and anion clusters are very similar. We believe
7b 5.27 1.92 that the structural similarity between neutrals and anions is
7c 5.19 1.45 essentially due to niobium being near the middle of the tran-
7d 5.18 1.73 sition metal series: since the binding energy is large and
7e 5.17 1.70 involves many localized bonding orbitals in addition to the
7f 5.15 1.72 usual delocalized bonding, addition or removal of essen-
8a 5.57 6.73 1.55 tially nonbonding electrons dEr has a small effect. But
8b 5.44 1.63 even for operd-shell metals like niobium the jellium model
sc 5.42 1.71 is useful for interpreting the results of a more accurate
8d 536 1.91 theory. The trend in our calculated electron affinities agrees
roughly with the CSD model, the magnitude of the discrep-
ancies gives insight into how much cluster isomerism can
IV. SUMMARY AND CONCLUSION affect a physical property.

The Slater’s transition state can be a very helpful tool for
elucidating cluster structure. It is easy to implement, its effi- ACKNOWLEDGMENTS
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