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Atomic and electronic structures of niobium clusters
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First-principles electronic structure calculations have been carried out greidéters withN=2—23 atoms
using ultrasoft pseudopotentials, a plane wave basis and generalized gradient approximation for the exchange-
correlation energy, to elucidate the growth behavior and the evolution of the electronic structure. Our results
show that clusters witiN>13, prefer high coordination structures with hexagonal antiprisms excef for
=15 which has a distorted body centered cubic strudfoce). Clusters withN>2 favor lowest spin configu-
rations. Of particular importance is the finding that icosahedral growth is not favored in these clusters. There
are large highest occupied-lowest unoccupied molecular o(biaMO-LUMO) gaps for clusters with 4, 6, 8,
10, and 16 atoms. These are in agreement with the observed low reactivities as well as the photoemission data
of 6-, 8-, 10-, and 16-atom clusters. Clusters with 4, 8, 10, 15, and 16 atoms are found to be magic, suggesting
the importance of the atomically closed shell bcc structure of;eben though the HOMO-LUMO gap is
small. However, Npis not magic. A dimerization behavior is obtained injland it is found to be even more
prominent in the isoelectronic 1y. But, this tendency is absent in {ha The calculated binding energies,
electronic structures and fragmentation behavior are in good agreement with available experimental data.
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[. INTRODUCTION bium should make its clusters quite reactive as also the sur-
faces of bulk niobium. This is indeed reflected in the behav-
Atomic and electronic structures of transition metal clus-ior of large clusters. Therefore, the different behavior of
ters play an important role in understanding their growthsmall clusters is interesting for developing a proper under-
behavior, and associated catalytic, magnetic, thermal and optanding of the phenomena occuring in transition metal
tical properties. Several experimental stullies abundance, clusters.
ionization potentiallP), photoemission, reactivity and mag- ~ The abundance spectrum of niobium clusters shows
netic behavior show size specific properties of transitiormagic behavior that is different from the often obserfved
metal clusters. However, theoretical studies of such clustersosahedral growth in metal clustesuch as Sr, Ba, and Ni,
have been difficult due to the presencedotlectrons that with N=7,13,19, ... . ltsuggests an important role of the
also lead to their different magnetic behavior from bulk. Thiselectronic structure in the growth behavior of these clusters.
is important from the point of view of nanodevices. A rela- Large HOMO-LUMO gaps and high IPs due to electronic
tively simple but interesting case is the growth behavior ofshell closing are typical for magic clusters sp bonded
niobium clusters. Niobium is nonmagnetic in bulk but smallmetals: However, for niobium, the main contribution to
clusters could have magnetic moments due to the odd nunbBonding comes from theddelectrons and as such the jellium
ber of valence electrons in Nb atom. This could also lead tgicture is inappropriate for such materials. In bulk the stabil-
significant even-odd alternation in cluster properties. Reacity of the bcc structure of niobium is relaféth the existence
tivities of niobium clusters with hydrogen show dramatic of a pseudogap in the middle of the band such that predomi-
size dependenée’ that is quite different from the behavior nantly the ey States are occupied while thg, states are
known for clusters of some other transition metals such agempty. In clusters, the band narrows due to a lower mean
nickel® In particular low reactivites of hydrogen and coordination as compared to the bulk. It could lead to a sig-
nitrogerf have been obtained for niobium clusters with 8, 10,nificant gap for certain clusters of such bcc elements.
and 16 atoms. Similar studfeef CO reactivity with neutral The vertical detachment energiesf Nbg-Nb,, clusters
Ni and Nb clusters show different behaviors with a distinctshow an even/odd alternation similar to the behavior found
minimum for Nb,. However, niobium as well as nickel in simple metal clusters. This suggests that clusters with even
clusters with more than 20 atoms do not show significanhumber of atoms have closed electronic shell structures.
size dependent reactivities. This suggests that the electronidowever, in a different experimeftmass spectrum of au-
structures of small clusters of these two elements are differtoionized niobium clusters showed marked intensitiesNor
ent and that there are effects specific to niobium that make=7, 13, 15, and 22 with magic behavior for 7, 15, and 22
some of its clusters behave quite distinctly from normallyand a minimum in the abundance intensity f=19. An-
reactive behavior of transition metals. Photoemissiorother recent study also showed magic behavior for 7- and
studie on niobium clusters suggest large HOMO-LUMO 15-atom cation clusters. Therefore, the reactivities and the
gaps for 8-, 10-, and 16-atom clusters. Also the IPs of thesstabilities of these clusters have different behaviors. It is pos-
magic clusters are higrand these could be responsible for sible that the reactivity of the neutral 7 and 15 atom clusters
their low reactivities. In general, from the point of view of is due to the odd number of electrons that, as we shall show
the electronic structure, a partially occupied Band in nio- later, also leads to their small HOMO-LUMO gaps. On the
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other hand, the particular stability may be associated with thé&tions. In most cases of even atom clusters, spin-unpolarized
atomically close shell structures of such clusters. calculations were done. However, for dimer and in the cases
An important property of transition metal clusters is the of isomers of even atom clusters with high symmetric struc-
occurrence of magnetism. The odd number of valence eledures, spin-polarized calculations were also performed. How-
trons in niobium atom as well as the band narrowing couldever, these were found to lie higher in energy except for the
give rise to magnetism in small clusters. Photoemissiorfdatadimer. A simple cubic supercell of size up to 18.0 A is used
suggest that these clusters exist in the lowest spin state ewith periodic boundary conditions. For such large cellslthe
cept for Nl and NIg. An important question in the growth point is sufficient for Brillouin zone integrations. It was
of clusters is the smallest size for which clusters attain bulkfound necessary to include the 4tates also as valence be-
like behavior. Photoemission studieshow the spectrum of cause with only outer 5 valence electrons some of the bond
Nb;s to have features that are different from those obtainedengths were obtained to be unphysically short in initial cal-
for other clusters. It has been suggested that this could beulations on several clusters. All the results presented in the
due to the bcc closed atomic shell structure of this cluster afllowing section are obtained considering 11 valence elec-
in the bulk. But so far there has been no theoretical study otrons in Nb atom. We optimized several isomers of a cluster
niobium clusters with more than 10 atoms. The reactivities ofising conjugate gradient technique to explore the lowest en-
cation and anion niobium clustétd?have been found to be ergy isomers.
similar. This has been considered to be an indication for the The ground state of Nbis found to have a magnetic
importance of the geometric effects. The electronic andnoment of 2ug with a bond length of 2.15 A. This is a
atomic structures are, however, correlated and therefore, it igery short bond as compared to the experimental bulk value
of interest to understand these and their correlation with reef 2.85 A and the calculated GGA bulk value of 2.869 A. It
activities. reflects strong bonding due tal4lectrons. The binding en-
Theoretical studies on the growth behavior and electroniergy (BE) is 4.43 eV. This is an underestimate as compared
structure of niobium clusters have been carried out in théo the experimental vald® of 5.24+0.13 eV and 4.86
small size range with up to 10 atoms. Goodwin and+0.02 eV?* The LSDA value¥® are 5.68 eV and 2.11 A
Salahub?® studied clusters having up to 7 atoms using spinwhereas the nonlocal valu8sre 5.4 eV and 2.10 A for the
polarized local and nonlocal density functional theories. TheBE and bond length, respectively. However, as we shall
growth was found to be close packed. Kietzmatal!*and  show, the agreement with the experimental values of the BE
Fournier et al® have performed local spin densittSD)  becomes better for larger clusters. In general, we find that the
functional calculations with a model core potential to de-calculated bulk BE of 6.893 eV/atom is also an underestima-
scribe the inner shells and the valence electrons of aniotion as compared to the experimental value of 7.57 eV/atom.
clusters withN=3-8. Their results of the atomic structures Therefore, GGA overcorrects the overbinding of LDA,
are similar to those of neutral clusters. From studies on isothough the bond lengths are in excellent agreement with ex-
mers of 8- to 10-atom clusters they obtained large HOMO-periments.
LUMO gaps for Nlg and Nh as also found in the photo-
emission experimenfsGronbeck and Rose® have studied
clusters withN=<10 in the LSD approximation and found . RESULTS

high coordinated structures to have lower energies. Struc- ) ) )
tural, electronic and vibrational properties of neutral and The results of the structures of different isomers studied

charged 8- to 10-atom clusters have been studied by-Gro here, as well as the BEs and HOMO-LUMO gaps are given
beck et al}” within LSD as well as gradient corrected ex- IN Tables | and Il. The nearest ne|'ghbor bo_nd lengths were
change correlation density functional of BecRe,ee, Yang, truncgted at.3.25 A. In the following we discuss these re-
and Part® (BLYP). Generally the lowest energy structures of SUltS in detail.
the neutral and charged clusters were found to be similar.
Here we present results of the atomic and electronic struc-
tures of neutral niobium clusters having up to 23 atoms and
discuss the growth and evolution of the electronic structures Nbg-Nb,;;. Nb; is an isosceles triangle with sides 2.29,
in the light of the experimental results. The exceptional sta2.42, and 2.42 A and spin multiplicity 2. These are in good
bility of 10-atom clusters has been further explored for iso-agreement with the values of 2.26, 2.37, and 2.37 A ob-
electronic \jg and Tg, clusters in order to find the common- tained by Goodwin and Salahtiband 2.25, 2.40, and
ality of the electronic structure and the magic behavior. ~ 2.40 A by Gronbeck and Rost¥husing LSDA. The BE is
3.03 eV/atom which agrees well with the experimental
value® of 3.27+0.11 eV/atom. Figure 1 shows different
isomers of Nb to Nby; clusters obtained from the present
The calculations have been performed usaiginitio ul-  study. Nb is a regular tetrahedron with side 2.53 A and
trasoft pseudopotential meth84*A plane wave expansion zero spin. This is the only cluster with perfect symmetry.
is used with a cutoff of 12.84 Ry for the wavefunctions. TheThis is in agreement with the results obtained in Ref. 13,
exchange-correlation energy is calculated within the generawhere the bond length was reported to be 2.47 A but it
ized gradient approximatioft.For all clusters with odd num-  differs from a slightly distorted tetrahedron with sides 2.51
ber of valence electrons we performed spin-polarized calcuand 2.52 A obtained in Ref. 16. The calculated BE is 3.74

A. Structures and growth behavior

Il. COMPUTATIONAL METHOD
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TABLE 1. Structure, BE(eV/atorm), HOMO-LUMO gap (eV), TABLE Il. Same as in Table I.
and the nearest neighbor bond lengths (A) forNtusters. PBP
and HBP refer to pentagonal and hexagonal bipyramids, respedN structure BE Gap d
tively. Generally, everfodd) atom clusters have ) ug magnetic
moment. In cases, where these are different, values have been givéA2 Capped HBP 4.84 039 245-3.10
in brackets. 12b bicapped N 476 061 2.37-3.12
12c hexagonal (2g) 473 010 2.45-2.95
N structure BE Gap d 12d Capped fused prism 471 035 2.46-3.04
2 dimer (2ug) 2.22 0.48 2.15 13a relaxed icosahedron 488 0.19 2.39-3.12
- i 13b relaxed cuboctahedrong3) 4.84 0.08 2.55-3.05
3 isosceles triangle 3.03 049 2.29,2.42 4. fused HBP-PBP 478 023 238-319
4 tetrahedron 3.74 1.20 2.53 14a  Capped hexagonal antiprism  5.02 0.33  2.40-3.13
5 capped rhombus 396 032 248-2.83 l4b cubic (2«g) 499 013 257-3.14
l4c capped N 496 048 2.48-3.12
6a Distorted prism 4.18 0.43 2.42-2.94
6b tetrahedral 415 010 2.44-295 15a Cubic 5.14 015 2.62-3.10
6C octahedral 4.05 0.31 2.46-3.14 15b  Capped hexagonal antiprism  5.11 0.194 2.47-3.10
7 PBP 4.46 0.20 247-291 1l6a hexagonal 5.16 047 2.36-3.02
- 16b cubic(face cappiny 5.06 0.10 2.42-3.17
8a Bicapped octahedron 465 078  2.52-3.25 14, hexagonafface capping ~ 5.05 0.12  2.39-3.10
8b Bicapped prism 457 080  2.52-324 144 hexagonalside capping ~ 5.05 0.19 2.47-3.10
%9a Tricapped prism 4.68 0.30 2.48-2.94 16e cubic(edge capping 5.04 0.61 2.25-3.18
9 capped PBP 466 022 242-289 49, Hexagonal 514 0.8 2.50-3.23
10a Bicapped antiprism 485 099 243-2.86 17b cubic 508 016 2.40-3.25
10b hexagonal 474 054 2.49-3.00 4g4 hexagonal 514 022 2.39-3.06
10c another hexagonal type 4.66 0.58 2.45-3.12 4gp hexagonal 509 024 241-3.24
11a 2 fused PBP 4.77 0.25 2.48-3.12 18c icosahedral 500 0.25 2.48-3.24
11b Capped HBP 476 030  2.48-3.12 19, hexagonal 514 008 2.49-3.14
1l1c capped trigonal prism 4.63 0.12 2.51-3.05 49, icosahedral 507 014 245-3.24
11d cubic 4.43 0.15 2.56-3.19
20a hexagonal 518 025 2.46-3.25
20b hexagonal 513 036 2.54-3.11
eV/atom which is also in close agreement with the experi20c icosahedral 513 0.29 2.48-3.23
mental value of 3.980.16 eV/atom. The pentamer is a dis- 20d cubic 5.03 0.16 2.54-3.25
torted trigonal bipyramid with a spin multiplicity 2. It has an
isosceles triangle base with sides 2.67 and 2.83 A. The ba hexagonal 522 017 2.55-3.16
to pole distances are 2.48 and 2.60 A. This is in contrast tgog hexagonal 527 0.17 2.47-3.08
the finding of a symmetric trigonal bipyramid in Refs. 13 and oo, hexagonal 526 021 2.46-3.14
16. In fact this cluster could be best described as a capping ef
a bent rhombus of side 2.48 A. The BE is 3.96 eV/atom ag3a hexagonal 531 012 247-313
compared to the experimental value of 42119 eV/atom. 23b icosahedral 515 006 2.46-3.33
For Nh;, we optimized an octahedron, a prism and a tetrahe23c decahedral (3g) 502 014 236-3.25

dral structure. The lowest energy structure is found to be &
distorted prism(6a in Fig. 2 with zero spin. The base is a
parallelogram and there are some short bonds (2.42 A). Thequitorial bond lengths are 2.47, 2.56, 2.60, 2.77, 2.81, 2.85,
overall bond lengths vary in the range of 2.42-2.94 A. Aand 2.90 A. The pole to pole bond length is 3.23 A. The
tetrahedral structuréh) as reported in Refs. 13 and 16, lies BE is 4.46 eV/atom as compared to the experimental value
0.2 eV higher in energy, while a relaxed octahedfén),  of 4.74+0.21 eV/atom. For Nj we tried several structures
0.79 eV higher in energy. The calculated BE18 eV/atom  such asD,y4, capped prism and a capped octahedron. The
is in good agreement with the experimental value of 4.44owest energy structure is a bicapped distorted octahedron
+0.20 eV/atom. We find the lowest energy isomer to have g8a in Fig. 2. This has a large basin of attraction and more
larger gap(0.43 eVj as compared to other isomers and this isthan one structure transforms to this isomer on relaxation.
important for understanding the lower reactivity of b From the point of view of growth, it is interesting that this
Nb; is a distorted pentagonal bipyramid as also obtainedtructure can be viewed as the one obtained from capping of
earlier in Refs. 13 and 16. The calculated equitorial bonda pentagonal bipyramid, or from bicapping of thegNdbruc-
lengths are 2.53, 2.54, 2.60, and 2.65 A whereas the polature. It is rich in rhombuslikgflat and bentlocal arrange-
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from capping of a prism. It has high rotational symmetry
with all the bonds from the two capping atoms to the anti-
prism being equal to 2.56 A while the bonds between the
two nearly square faces alternate with values of 2.43 and
2.73 A. Therefore, there is a dimerization in this cluster. The
bond lengths within the faces themselves are longer with the
value of 2.86 A. The BEs for Npand Nh, are 4.68 and
4.85 eV/atom in good agreement with the experimental val-
ues of 4.930.25 and 5.020.27 eV/atom, respectively.
The BE of Nhy has a local maximum which could be the
reason for its strong magic behavior. Two other isomers
based on capping of a pentagonal pyramid by a near rhom-
bus(10b) and two fused pentagonal bipyramid<®c) which
can be obtained from capping (#b) lie 1.178 and 1.956 eV
higher in energy, respectively. These results suggest signifi-
cantly lower energy of thé10g isomer which could lead to
a strong abundance of this isomer in experiments.

The two lowest energy isomers of Nkare shown in Fig.
1 (11a and 11p The one with the lowest energ¥la can be
described as two pentagonal bipyramids fused at a triangular
face. The bond lengths vary significantly and lie in the range
of 2.48-3.12 A. This behavior is in fact common to most of
the clusters. The other isomer can be described as a capped
hexagonal bipyramid1lb) or a capped pentagonal bipyra-
mid (116 is another view of 11p The bond lengths in this
case also vary in the range of 2.48-3.12 A. Both these iso-
mers are nearly degenerate with BE's 4.77 and 4.76 eV/

FIG. 1. Projections of atomic structures of low lying isomers of atom, respectively. This agrees well with the experimental
Nby (N=4-11) clusters. The smaller the size of the atom, thevalue of 5.120.28 eV/atom. We also calculated a penta-
farther it is down the page. capped prism(119 and a bicappedopposite facesbody

centered cub¢lld. The two lie 1.56 and 3.78 eV higher in

ments which are also seen in smaller clusters. The bondnergy than the isomer 11a. Also the cube has a magnetic
lengths vary in the range of 2.52—3.25 A. A similar struc-moment of Jug.
ture was obtained for the anion cluster by Kietzmatial ** Nb;~Nb,s. The low lying isomers of 12- to 23-atom clus-
and for neutral cluster by Gnbeck et all’ However, this ters are shown in Figs. 2—4. The lowest energy structure of
result differs from a capped hexagonal ring structure obNb,, can be described as capping of a distorted hexagonal
tained in Ref. 16. The BE is 4.65 eV/atom and it agrees welbipyramid or a capped pentagonal bipyran{itRg. The
with the experimental value of 4.900.24 eV/atom. An- bond lengths vary from 2.45 to 3.10 A. Another structure
other structure with a bicapped prism geomé8ly) lies 0.61  (12b) based on a dimer capping (f09 lies 0.92 eV higher
eV higher in energy. There is some similarity in the two in energy. This is a relatively large difference in energy and it
relaxed structures and indeed ]\ found to be a distorted is significant in the light of the strong magic behavior of
tricapped prism(9a). Another view of this structure is a tri- Nb,y. Furthermore, this isomer has a significant HOMO-
angle capping a distorted pentagonal pyramid or a neadtUMO gap (0.61 e\j. It is to be noted that in some
rhombus capping a rectangle. The latter is interesting as thexperiment¥ Nb,, has also been found to be less reactive.
bonds within rectangle are 2.71 and 2.94 A and in the rhomWe further considered a hexagon with three atoms capping
bus, 2.57 and 2.59 A. But some of the inter-rectangle-on either side. The optimized structure relaxes significantly
rhombus bonds are shorter with values 2.48 and 2.52 Aand is shown in(120). It lies 1.30 eV higher in energy than
while others have values 2.70 and 2.91 A. The existence dhe isomer(12g and has a magnetic moment oftg. An-
short bonds shows a tendency for dimerization as we shabither structuré12d based on two fused prisms with capping
show for Nlyy. This isomer is different from a hexagon with of 4 atoms(a different view of this is a distorted capped
cappings of one and two atoms on the two fat@g ob- cube lies 1.51 eV higher in energy thai2g.
tained in Refs. 16 and 17 within LSD@nother view of this 13-atom clusters of many transition metals are fduind
structure is two fused pentagonal bipyramidghis lies 0.13 have an icosahedral structure. However, for;Nib is not
eV higher in energy. However, Gronbeekall’ obtained a  even a local minimum. It relaxes to a structif®a shown
tricapped prism to be of lowest energy using BLYP, in agreein Fig. 2. It has threefold rotational symmetry as it can be
ment with our results. For Nj several structures were con- seen in(133 with elongated bonds between three atoms. The
sidered including, a bicapped antiprismT @structure and a bond lengths vary significantly and lie in the range of
capped prism. The lowest energy structure is a bicapped a®-39-3.12 A. The BE is 4.88 eV/atom. In an icosahedron
tiprism (10a in Fig. 2. This could also be considered to arise the center to vertex bond length is about 5% shorter than the
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FIG. 2. Same as in Fig. 1 but fod=12-16.

PHYSICAL REVIEW B5 125403

FIG. 4. Same as in Fig. 1 but fof=22 and 23.

pressibility reduces, making icosahedral growth difficult. An-
other isomer13b), obtained from relaxation of a cuboctahe-
dral structure converges to a high spin state withg3
magnetic moment. It lies 0.53 eV higher in energy. The near-
est neighbor bond lengths in this isomer are slightly elon-
gated as compared to isomers 13a and 13c that have a lower
spin magnetic moment. An isomer with fused hexagonal
bipyramid-pentagonal bipyrami@l3c) structure lies 1.268
eV higher in energy than the isom@33 and has BE of 4.78
eV/atom.

For Nby,, we tried a capped icosahedron, a hexagonal
layered structure, symmetric capping of the lowest energy
Nb;3, and a bcc structure. Capped icosahedron relaxes sig-

nearest vertex to vertex bond length. Therefore the surfacgificantly and lies highest in energy. This result together with

atoms.in an icosahedron are not optimally.bonded. This leadg,e instability of an icosahedron for Npsuggests thatio-
to an mgvard pressure on the core of an icosahedral clustegiym clusters do not favor icosahedral growtfhis result
Studie$® on strontium clusters showed that elements Withconfirms the correlation between high compressibility and
large compressibilities are more likely to exhibit icosahedralcqgsanedral growth suggested by us eaffieiobium has

growth of their clusters. In the middle of & series, com-

17a 170

o

25

FIG. 3. Same as in Fig. 1 but fod=17-21.

low compressibility and therefore, it is not surprising that
icosahedral growth is not favored. The lowest energy isomer
of Nby4 is a hexagonal antiprism with an atom at the center
and one face cappdgd4a. The other two(14b and 14gare
nearly degenerate. The BE's of the four isomers are 4.89,
5.02, 4.98, and 4.96 eV/atom, respectively. The bond lengths
for the lowest energy isomer have significant spread with
values lying in between 2.40 and 3.13 A. This reduces the
rotational symmetry from sixfold to twofold. Also isomer
(140 has significantly higher gap. As this is derived from the
lowest energy isomer of NBb, it is possible that it is present
in experimental conditions and could show low reactivity.
The cubic isomer(14b) has a magnetic moment ofuz .
This could be a reason for the slightly elongated bond
lengths in this cluster as also observed for isomer 13b.

For Nbys, we optimized two isomers: a bcc structure and
a capped hexagonal antiprism structure. bcc structure has
been proposed for this cluster as the peaks in the photoemis-
sion data are quite different from those of other clusters. We
find that this cubic isome(15a indeed has the lowest BE
(5.14 eV/atom, though cubic structure is not of lowest en-
ergy for Nb,. However, the symmetry is not fully cubic.
Slight distortions make threefold rotation to be the highest
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symmetry and the bond lengths are in the range oR2.68 and 3.14 A and two at a distance of 3.43 A. The other
2.62-3.10 A. As compared to other clusters, this does nastructure(19b) is based on a double icosahedron which is
have short bonds. (15ashows another view of this cluster distorted. Three different minimizations led to slightly differ-
such that a hexagonal layer with center atom is capped witing structures in the way distortion occurred. Their energies
a rhombus above and below. The hexagonal isomer lies onlgre quite similar and lie more than 1.35 eV higher than the
0.53 eV higher in energy and is likely to be present in ex-value for the(19a isomer. The 19-atom cluster is also often
periments. It has distortions and the bond lengths vary fronfound to have a double icosahedral structure for several
2.47 t0 3.10 A, metal clusters. These results, therefore, reaffirm that icosahe-
We studied several isomers of Nfas it is another cluster dral growth is not favored by niobium clusters.
which shows magic behavior. The lowest energy isomer is For Nb,, we tried several structures based on hexagons,
shown in Fig. 2(163. It is obtained from Nip; by capping cube and icosahedron. The lowest energy isomer is based on
three atoms on the face with three elongated bonds. This cahe capping of the hexagonal isomer of Niwith five atoms
also be viewed as an hexagonal antiprism structure in whichn one of the hexagonal facé20a. The isomer in which
on one side of a layer there are two atoms as shown itwo capping atoms are symmetrically missing from the two
(16d). One atom caps the other layer and there is an atom dtexagonal face@0b) lies 0.91 eV higher in energy. Another
the center. There are many ways of capping the hexagonégomer based on icosahedral structure but with a hexagon in
structure and this is found to have the lowest energy. Capthe middle(20¢) lies 0.95 eV higher in energy while a cubic
ping of the NRs cubic structure leads to an isomék6b)  isomer (200 lies significantly higher in energy2.96 e\j.
which lies 1.71 eV higher in energy. Also capping of the The bond lengths in the lowest energy isomer are in the
15-atom hexagonal structure with an atom adjacent to a polaange of 2.51-3.26 A. Nhis based on a double hexagonal
atom (160 leads to an isomer which lies 1.80 eV higher in antiprism with one capping atom missing.
energy. Capping on a sidé6d) leads to an isomer which is Lowest energy structures of Bja223 and Nb3 (233 are
1.88 eV higher in energy. Capping an atom on an edge of thelso based on a double hexagonal antiprigtiy. 4). For
bcc isomern(166 leads to a structure that is 1.997 eV higher Nb,,, we tried another isomer based on icosahedral struc-
in energy. These results support the particular stability of théure. It distorts significantly and leads to a struct(22b)
Nb,s cluster and suggest that the lowest energy structure dhat is similar to the hexagonal isomer. For lbwe opti-
Nb,s may be uniguely abundant. In this the central atom hagnized hexagonal isomer with two atoms capping a hexago-
15 neighbors in the range of 2.36—3.02 A. These are alsoal face instead of one as in by a decahedral and an
the shortest and longest nearest neighbor bonds in this clugsosahedral structure. Again, hexagon based isomer has the
ter. Therefore, niobium clusters favor high coordinated struclowest energy. The other two lie significantly higher in en-
tures. This is presumably due to the fact that dretates are  ergy (Table Il). A decahedral isomer distorts significantly
less than half-filled and their energy can be lowered by in{23b) and an icosahedral isomer opens(@Bc as in Nhj.

creasing the coordination. These results suggest that clusters with hexagonal isomers
Isomers of NB; to Nb,; clusters are shown in Fig. 3. become favorable in the size range 13 except forN
Continuing the trend of hexagonal structures,;Nis ob- =15 for which a bulk fcc type structure has the lowest en-

tained from NRg by adding an atom such that instead of aergy. In the smaller size range the growth behavior shows
dimer, there is a trimer on one sid&7a in Fig. 3. The competition between the tetrahedral and prism based
central atom has 16 nearest neighbors within a range ajrowths. In almost all cases there are some short bonds and
2.67-3.23 A. This is the highest coordinated cluster. In thén the case of Ny, dimerization is particularly evident. It
whole cluster, the bond lengths vary between 2.54 anghould be pointed out here that for chromium clustétsie
3.23 A. Another isomer based on a cubic struciilig) lies  structures are based on dimers with very short bonds. So it
1.05 eV higher in energy. This is capping of the,Nbtruc-  appears that in the middle ofcaseries, there is a tendency
ture by a dimer. for dimerization in clusters to increase tded bonding. In

The structure of Nfg is a continuation of the Njg struc-  niobium clusters this tendency is weaker and it gets further
ture such that instead of two atoms, now four atoms coveweakened with an increase in the cluster size such that there
one of the hexagonal faces with a rhombus structida in  is a preference for structures with higher coordination.
Fig. 3. There are 14 nearest neighbors of the central atom in
the range of 2.67-3.01 A. The bond lengths vary in between
2.39 and 3.06 A. Another isomer in which three atoms form
a triangle and one atom is nearest neighbor to one of these The electronic spectra of the lowest energy isomers of all
(18h), lies 0.93 eV higher in energy. An isomer based onthe clusters are shown in Figs. 5—8 with a Gaussian broad-
double icosahedral packirigne vertex atom missings dis-  ening of the levels. For the dimer and clusters with odd num-
torted (18¢) and lies 2.60 eV higher in energy. Therefore, ber of atoms, we have also shown the spin decomposed den-
hexagonal isomer continues to be favored. sity of stategDOS). It is seen from Fig. 5 that for Nbthe

The lowest energy structure of Njis shown in(19g of  exchange splitting is largé.5 eV) but it decreases signifi-
Fig. 3. This has intertwined capped pentagons and hexagomsntly with an increase in the cluster size such that all clus-
and two nearly square faces rotated with respect to eacters favor the lowest spin states except for the dimer. The
other by about 45°, each one being capped by an atom. Theccupied density of states of small clusters having up to 10
central atom has 16 nearest neighbors, 14 in the range eftoms can be grossly described to have prominent features

B. Electronic structure
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up-spin down-spin

el [22)

N

Density of states/atom

5 -4 3 -2 0 -1

Energy [eV]

-6 4 -3

Energy [eV]

-5 -2

FIG. 5. Gaussiafwidth 0.1 eV} broadened electronic spectra of
up- and down-spin components of NiThe exchange splitting of
states can be easily noticed.

around— 3.5, and—4.0-5.0 eV, all associated mainly with
4d electrons. The photoemission spettiave been obtained

for anion clusters and in most cases there are sharper pea

for clusters with odd number of atonfeven number of elec-

trons as compared to clusters with even number of atoms:

(odd number of electronsOn the other hand, neutral clus-

Density of states/atom

Energy [eV] Energy [eV]

FIG. 6. Gaussian broadened total electronic states of the lowe

energy isomers of Nbclusters. 9b and 11b are nearly degenerateD 0

with 9a and 11a, respectively. FNr=2 and odd values, the spin-up
(broken ling and spin-down(dots components of the spectra are
also shown. Vertical line shows the Fermi level.
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16b

s/atom

of state

Density

4 3

Energy [eV] Energy [eV]

FIG. 7. Same as in Fig. 6. F&t=15 and 16 we have given the
spectra of both the cubi(l5a and 16pas well as the hexagonal
(15b and 16pisomers.

ters with even number of atoms are likely to have sharper
features due to spin degeneracies. Furthermore, the photo-
emission peaks for anion clusters are likely to be shifted to
lower binding energies as compared to the density of states
of the neutral clusters. There could also be some thermal
broadening of the spectra. In the following we, therefore,
compare only the gross features.

22a

S&

sity of states/atom

y

-3

A

-7

1
6 -5 -4
Energy [eV]

-8

Energy [eV]

FIG. 8. Same as in Fig. 6 fdd=22 and 23.

125403-7



VIJAY KUMAR AND YOSHIYUKI KAWAZOE PHYSICAL REVIEW B 65 125403

First, it is interesting to note that in the photoemission s 1.25 T T T T
spectrd also there are two to three peaks with some fine % 1.00 - |
structure in a range of about 1.25 eV. This is in general 3
agreement with our results. However, the experimental band o 075 7
widths are narrower and suggest that correlation effects may S 0.50 4
be important for small clusters. The photoemission spectra of 5'
some clusters with even number of atoms show a peak at low g 025 - ]
binding energies that is separated from the main emission. T 0.00 : L L L
This corresponds to the HOMO of the anion and is indicative 6 5 10 15 20 25
of a large HOMO-LUMO gap in the corresponding neutral N

cluster. In particular, the photoemission spectra of 4-, 6-, 8-, 5 9 HOMO-LUMO gap as a function of the cluster size.
and 10-atom clusters show the HOMO of Nito be at the

lowest binding energy. From calculations also we find theThijs result agrees with experiments and also with the low
LUMO of Nb, to lie at lower binding energy than those for reactivity of 8-, 10-, and 16-atom clusters. The calculated
6- and 8-atom clusters. However, for Nb the calculated values are in good agreement with those obtained from ex-
LUMO again lies at nearly the same energy as fop Nkhe  periments in the case of 8- and 16-atom clusters whereas for
HOMO-LUMO gaps(Table ) for Nb, and Niy, are the larg-  Nb,q, the calculated value of the gap is slightly higher than
est among all the clusters studied here. Another notable fedhe one obtained from photoemission data. In experiments,
ture is that for small clusters with 3 or 4 atoms, more stateghere is a possibility of the presence of isomers which can
are in the energy region of 3.5 eV but for larger clusters affect the measurements. From Table |, it is seen that the
the peaks are more significant in the region -o# to isomer (100 has significantly lower HOMO-LUMO gap
—5 eV. This agrees well with the observed behavior. ~ though the BE is only slightly different frorf1.0a. However,

For Nhy, two isomers lie very close in energy and both of the large gap for N agrees with the finding that its reac-
these are likely to be present in experiments. We have showhVity is the lowest. In other cases the HOMO-LUMO gaps
the density of states for both the isomers in Fig. 6. For thétr® small and these are again in good agreement with the
second isomer9b), there is a significant peak at around €xPperimental data. Of particular mention is the small gap for
—5.5 eV which is also in agreement with significant emis-Nbis. Therefore, it is not surprising that it is also reactive in
sion in experiments in the high energy region. for-10,  SPite of its bee closed atomic shell structure.
the calculated spectra become broader and this is generally in
agreement with experiments. However, photoemission data C. Stability and magic behavior

show sharper features for fipas compared to those ob- ) 5100 gans are good indicators of the stability of clusters.
tained for other clusters in this range. While a quantitative,, yeyer the BEs are also important and as our results show,
comparison of widths and heights is difficult, also due to then'obium clusters are good examples. In Fig. 10, we have
charged nature of clusters in the experiments, the calculat own BE per atom and the second order diﬁerénce of the
spectra for both the cubic and the hexagonal isomers @§ Nb a1 energy to obtain the magic behavior. The calculated

have peaks in the high binding energy region and a strong g 5gree well with the available experimental data. Overall
peak at around-4.0 eV with broader features on either yo cajcylated values seem to be slightly underestimated.

side. This is in good qualitative agreement with experimentsHowever, the overall trend as well as the fragmentation en-

Another interesting comparison is for 17- and 19-atom Clus'ergies (see later are in very good agreement with experi-

ters. The photoemission data show a weak peak at low bindyants. The second order difference in energy shows 4-, 8-,
ing energies near the HOMO in both the cases. It can be S€8Mh. 15-, and 16-atom clusters to be magic and these should

in Fig. 7 that for neutral Ny and NQg clusters, there are Lo apundant. In addition, 7- and 12-atom clusters are weakly
significant peaks near the HOMO followed by a region of

low DOS and then a broad band around eV. In experi-
ments also this corresponds to the main peak for these clus-
ters. For Nb; and Nb,, the DOS has a sharp feature in the
middle of the band presumably due to the more symmetric
nature of the cluster. The DOS of bias similar (Fig. 8 to
the one for Nb,.

An interesting result of the electronic structure is the
variation in the HUMO-LUMO gap with size. This is shown
in Fig. 9. The calculated gap is largest fde=4. However,
experimental values are given in the range of 6- to 25-atom
clusters and therefore, this can not be compared with experi-
ments. It is noted that odd atom clusters have small gaps and FiG. 10. Plot of the variation of the binding energy per atom as
there is an even-odd alternation in the gap behavior as als@function of the cluster size. The experimental points are shown by
obtained experimentalf/Clusters with 8, 10, and 16 atoms error bars. Also shown in the inset is the second order difference in
have large gaps while those with 12 and 14 atoms, smalleenergy. The negative values indicate magic behavior.

A
akiwanl

15 20 25
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Binding energy [eV/atom]
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TABLE lll. The BE (eV/atom), HOMO-LUMO gap (eV) and g6 T T T T T 6 T T T T T
the nearest neighbor bond lengitds) for M, clusters. B Y, T,
8 ar 14 F
g
BE Gap d o
[=}
z 2 2
3.17 0.92 2.12-2.57 2 /\ /\ /\ /\ /\
Nb 4.85 0.99 2.43-2.86 S o ! ! L L L 0 L L - L
4 7 6 5 -4 3 238 7 6 5 -4 3 =2
Ta 5.99 0.83 2.51-2.76 Enery [oV] Energy [oV]

FIG. 11. Density of states plots for 10-atom clusters of V
magic while 3-, 14-, 18-, 20-, and 22-atom clusters are at th&nd Ta.
boundary. The magic behavior of 8-, 10-, and 16-atom clus-
ters is in agreement with the HOMO-LUMO gap data. How-|ar. However, for Tg,, the peaks and the gaps are less

ever, the stability of Np;, presumably due to atomic shell prominent as the states are more spread.
closing, is very intriguing and it endorses the fact that its

reactivity should be due to the small HOMO-LUMO gap.
There is a significant gap of about 0.6 eV above the LUMO E. Fragmentation behavior

and therefore, Ni3 is likely to be strongly abundant with o fragmentation behavior of clusters is shown in Fig.
electronic as well as atomic shell closing. The magic behavyy |t s found that in most cases, dissociation of a monomer

ior of Nb,s is in contrast to thesp bonded metal clusters for s energetically the most favorable channel. These results are
which the magic clusters also have a large gap and in generg very good agreement with the experimental déaiso

clusters with odd number of electrong are not magic. A larggnown in the figureexcept forN=2 and 11 for which the
HOMO-LUMO gap of 0.5 eV also exists above the LUMO ¢ jated values are lower. This gives us confidence that the
of Nb; and therefore, Np should also be strongly abundant. |g\est energy structures obtained here are likely to be the
It is interesting to note that from the energetic point of view, qround states of niobium clusters. For a few clusters with
Nbs is not magic though its HOMO-LUMO gap is nearly N>11, fragmentation into two subclusters become either
equal to that of Nls. Another important result is thadb;;  competitive or even the lowest energy channel. However,
is not magic However, Nk; has a gap of 0.36 eV above experimental resuls are available only up tdN=11. The
HOMO and it can also be abundant. As the cluster size inenergies for different clusters and low energy fragmentation
creases, the gaps become smaller and therefore, all clustefgannels are given in Table IV. It is seen that for,Nt.,3)
should be reactive as it is indeed also found experimentallynd(2,2) are competitive. This agrees also with experiments.
for hydrogen?: In general, the magiC behavior of niobium For Nb12 and NQ4, the lowest energy fragmentation chan-
clusters is found to be different from those kndviior other nels are, respectively(2,10 and (4,10. The latter corre-
transition metals in the beginning and the end af series. sponds to magic clusters. Fur=10, 13, 18, and 20, the next
lowest energy channels at2,8), (3,10, (2,16, and (4,16),
respectively. In all these cases, at least one cluster is magic.
Further, for Ny, Nbg, Nb;g, Nby4, Nb;5, Nb,,, and Nbs,

The particular stability of N and the existence of large the fragmentation energies are locally highest. These are also
HOMO-LUMO gap suggest that a similar behavior could

arise for Vg and Ta, clusters due to the band narrowing as

D. Vo and Tayq

V and Ta are isoelectronic and have the same bcc structure in E 10

bulk. To confirm this viewpoint, we studied the electronic 3 9T ]
structure of \{y and Tgq clusters. For vanadium, we consid- e 8 7
ered the P states also as valence, while for tantalum, the e 7r 7
calculations were performed by considering only five va- % 6 -
lence electrons per Ta atom. The HOMO-LUMO gaps in all 5 5r .
the three cases are comparable but it is the largest fgg.Nb E 4 .
The calculated BEs, gaps and structural data are given in L‘I_i’ 3 L L L L

Table Ill. The structures of these clusters are similar. An 0 5 10 15 20 25

important aspect is the dimerization which is most prominent N
for V4. It has the shortest bond length of 2.12 A and the

longest nearest neighbor bond, 2.57 A. As one goes from Yer
to Nb to Ta, the dimerization becomes weaker and fqgg,Ta

the nearest neighbor bond lengths vary in the range Ofion into two subclusters is either competitive or is the lowest
2.51-2.76 A only. The DOSs for the 10-atom clusters ofenergy process. The dotted line shows fragmentation into a dimer
these elements are compared in Fig. 11. It shows an overalhq a Nl _, cluster. Plus and cross show fragmentation energies
broadening of thel band in going from \, to Tay. Thisis  with one product to be Npand Nh, respectively. The calculated
expected due to the broader extent of the &tates. The values are in excellent agreement with experimental data shown by
features in the DOS of ) and Nh (Fig. 6) are quite simi- error bars.

FIG. 12. Low fragmentation energy channels of niobium clus-
s. In most cases fragmentation of(Nhto a Nb atom and Nb_;
luster is most favorabléull line). But for some clusters fragmen-
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TABLE IV. The fragmentation energies,f&n eV foran N atom  single atom fragmentation energies are the largest for clus-
cluster to fragment into Njp and Nk _\ clusters. Expt. values are ters with N= N,—1, whereN,, corresponds to a magic

taken from Ref. 23. cluster.

N Es Ea Es Es Expt. IV. SUMMARY

2 4.43 5.24:0.13 In summary, we have presentad initio calculations of

3 4.67 4.67 4.520.20 the growth behavior and the evolution of the electronic struc-
4 5.86 6.10 5.86 5.860.31 ture of niobium clusters. For small clusters the growth is
5 4.85 6.29 6.29 4.84 5.460.29 based either on a tetrahedron or a prism, but for clusters with
6 5.29 5.71 6.91 5.71 5.590.25 N> 13, high coordination structures based on hexagonal lay-
7 6.12 6.98 7.16 7.16 6.510.30 ers become more favorable. In particular, icosahedral growth
8 5.97 7.66 8.27 7.27 6.670.40 is not favored in niobium clusters. hbis distinct and has a

9 4.90 6.44 7.89 7.31 5.250.39 slightly distorted bcc structure. An interesting result is the
10 6.49 6.95 8.25 8.51 6.490.39 tendency for dimerization in NB. This tendency is even
11 3.94 6.00 6.22 6.33 5.400.40 more prominent for the isoelectronicy/ but it reduces for

12 5.55 5.06 6.88 5.91 Tayg. The lowest energy structures have lowest spin in all the
13 5.39 6.51 5.78 6.40 cases except for Nb The electronic structures of clusters
14 6.83 7.78 8.66 6.74 show large HOMO-LUMO gaps for 4-, 6-, 8-, 10-, 12-, 14-,
15 6.82 9.22 9.94 9.62 and 16-atom clusters. This agrees well with the low reactiv-
16 552 7901 10.07 9.59 ity of 6-, 8-, 10-, 12-, and 16-atom clusters. Howeverg i

17 4.83 5.92 8.07 9.03 not magic. These results show different behavior of clusters
18 5.07 5.47 6.32 728 with regard to their stability and reactivity. The calculated
19 510 575 5.90 556 binding energies, fragmentation behavior, gaps, and the elec-
20 593 6.60 701 597 tronic structures are in good agreement _With experimental
21 597 747 790 711 data and provide support for the theoretical results of the
99 6.35 790 9.15 8.39 structures presented here.

23 6.36 8.28 9.58 9.65
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