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Structural and electronic properties of small titanium clusters:
A density functional theory and anion photoelectron spectroscopy study
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Density functional theory calculations using the generalized-gradient approximation have been
carried out on the structural and electronic properties of Tin

2 and Tin clusters forn53–8 and 13.
Many low-lying states, of different spins and geometries, were found for each Tin

2 and Tin species.
We observed that the calculated density of states~DOS! and the adiabatic electron binding energies
for the ground state of a given anion are in good agreement with experimental photoelectron
spectroscopy~PES! data, lending credence to the assignments of the ground state structures.
Comparison between the calculated DOS and the PES data for other low-lying states made it
possible to affirm contributions of these states to the spectra, allowing the characterization of the
ensemble or composition of a given Tin

2 system. We found that all the clusters possess highly
compact structures, and Ti7 and Ti13 have distorted pentagonal bipyramidal and icosahedral
structures, respectively. From the ground state spin states, insight into the magnetic properties of the
clusters and their evolution with size was also obtained. Small Ti clusters withn,5 are highly
magnetic, but the magnetic moment drops rapidly with size. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1532000#
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I. INTRODUCTION

Transition metal~TM! clusters possess complicated ele
tronic structures caused by their 4s3d open shells. Determi-
nation and understanding of their geometric and electro
properties pose tremendous challenges both experimen
and computationally.1 Joint studies between photoelectro
spectroscopy~PES! and theoretical calculations have be
shown to be valuable to obtain structural information ab
small clusters,2–7 in particular for Si and Al clusters, which
contain onlys and p valence electrons.4–7 There have been
relatively fewer such studies on TM clusters. A joint PES a
theoretical study on small niobium anion clusters has b
reported.3 Of the first transition series, neutral and anion
Cun

2 ~n53–9! clusters have been investigated.2 But due to
the associated close 3d shell these clusters are less compl
than those containing open 3d shells, among which severa
small Ni clusters have recently been reported in conjunc
with PES data.8–10

PES of size-selected anions represents a powerful
perimental technique in probing the electronic structure
TM clusters, because it provides directly the valence e
tronic density of states of the underlying clusters. Rec
advances in our laboratory to improve the energy resolu
of the PES technique and in our ability to control the clus
temperatures6,11 have allowed us to obtain well-resolve

a!Electronic mail: castro@quetzal.pquim.unam.mx
b!Electronic mail: ls.wang@pnl.gov
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electronic features of size-selected clusters from a few at
up to more than one hundred atoms.12,13 This advancemen
plus PES spectra measured at high photon energies al
more meaningful comparisons with computational studi
leading to more reliable interpretations of the wealth of
formation revealed by PES.

Theoretically, the abundance of low-lying electron
states, the possibility of multiple isomers, and the comp
cated nature of the valence electrons~i.e., closely spacedd
levels, highly delocalized 4s orbitals, and the strongs–d hy-
bridizations! make the task of performingab initio calcula-
tions particularly difficult. For example, it is well known tha
the Hartree–Fock~HF! method is a poor starting point fo
TM clusters. A higher level of theory is required for th
accurate description of the exchange-correlation~XC!, which
for TM clusters is extremely complex. In terms of post-H
theory, this would require the use of massive configurat
interaction involving millions of determinants or the equiv
lent, with associated high-order scaling of the XC opera
(N5 at the second-order Møller–Plesset level, which itsel
not even well suited for the task!. Such methods, hence, hav
severe computational restrictions for studies of TM cluste
even for the dimers. On the other hand, density functio
theory ~DFT! techniques account for XC in many-electro
systems through the local spin density approximat
~LSDA! and, more accurately, by the generalized-gradi
approximation~GGA!. At the same time they scale only a
N3 ~or lower than N3). Thus, DFT-based methods seem to
6 © 2003 American Institute of Physics
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2117J. Chem. Phys., Vol. 118, No. 5, 1 February 2003 Properties of small titanium clusters
more suitable for TM clusters. In fact, theoretical studies
small Ti clusters have been reported recently using LS
and GGA,14,15 although some of the calculated electron
finities ~EAs! and density of states~DOSs! show significant
deviations from the experimental measurements.

In the present work, we focus on a combined PES a
theoretical study on the small Tin

2 clusters withn53–8 and
13 and their neutrals, using both LSDA and GGA. The g
ometries and electronic structures for the ground state
several low-lying states were investigated and the compu
DOS was compared to the measured PES data. The deta
the PES experiment and the results for Tin

2 clusters~n51–
130! at various photon energies are reported in the prece
article.16 In the current work, we present detailed compu
tional studies for the selected set of Ti clusters and comp
the theoretical results with the PES data.

II. COMPUTATIONAL DETAILS

The lowest energy states of Tin
2 and Tin ~n53–8, 13!

were obtained using the programDEMON-KS,17–19 which is a
DFT method based on linear combination of Gaussian-t
orbitals. LSDA in DEMON-KS was included as described b
Vosko et al.20 The GGA for exchange was from Perdew a
Wang ~1986!,21 and for correlation from Perdew~1986!.22

The orbital basis sets~63321/5211* /411! used for titanium
were optimized explicitly for DFT calculations.23 They are of
DZVP2 quality and containp polarization and diffused
functions. Additional auxiliary bases of Gaussian-type orb
als were employed to describe the charge density~CD! and
the XC potential: the CD is fitted analytically while the X
potential is fitted numerically on a fine grid.17–19

The ground state for each Tin
2 and Tin cluster was deter-

mined as follows. First, several candidates with different
ometries were tried for each cluster. Second, for a cho
candidate structure, several electronic configurations of
ferent total spins were searched. This gives a consider
number of states needed for the characterization of the
tential energy surface: ground state and excited states f
given cluster~Table 1!. Third, without imposing symmetry
constraints and by means of the Broyden–Fletch
Goldfarb–Shanno algorithm,24 each structure with a given
total spin was fully optimized by minimizing the norm of th
gradient with a 1025 a.u. threshold. It will be shown in the
following that the directional bonding effects, within the 3d-
manifold, are crucial for an accurate evaluation of the atom
forces during the geometry optimization procedure. It is a
found that the occurrence of degenerate states, due to
opend shells of the Ti atoms, promotes distortions from t
most compact or symmetric geometries. Consequently, m
of the computed Tin and Tin

2 ground states have structures
low symmetries. A strict convergence criterion was used
the total energy with a tolerance of 1027 a.u., and for the
electronic density with a 1025 a.u. threshold. These tigh
tolerances are needed for a correct estimation of the gro
state for a given cluster, because in most cases several
minima were found within a small energy range.

Mulliken population analyses25 were done to obtain both
the charges on each atom and unpaired spin population
Downloaded 25 Mar 2007 to 130.20.226.164. Redistribution subject to AI
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the above-mentioned procedure, a full optimization was p
formed at LSDA. Then, the structures were reoptimized
ing the GGA potential explicitly in the self-consistent-fie
~SCF! procedure. All the discussion will be done in terms
the GGA results. It is worthwhile to mention that the highe
occupied Kohn–Sham~KS! orbital is the only one with di-
rect physical meaning, whereas the remaining ones shoul
viewed in principle as auxiliary quantities, which help
solving the effective KS one-particle equations. Howev
the numerical similarity of these parameters to molecular
bitals ~recall that the many-body picture is recovered, at le
partially, through the SCF procedure! has proved to be usefu
to make estimations of the degree of thes, d, andsd contri-
butions, through Mulliken populations and Mayer bon
orders,26 to the bonding properties of TM clusters.27–29 Fur-
thermore, the calculated KS DOS for magnetic TM clust
resembles well the PES spectra.28,30 Although a definitive
protocol for DFT calculations on TM clusters has not y
been achieved, we have found that the above-mentio
simple procedure allows a systematic and accurate stud
these complex systems.27–29

III. RESULTS AND DISCUSSION

Figure 1 shows the computed ground state structure
the Tin

2 anion clusters forn53–8, and 13. Symmetries, spi
multiplicities, and selected bond lengths (Re) of the anion
ground state are indicated. The relative energies of o
low-lying spin states are also given. The anion ground sta
all possess highly coordinated and compact structures. T
I contains different geometries, spin multiplicities, bon
lengths, and relative energies for the ground state and l
lying excited states for Tin

2 and Tin . The experimental EAs
are also given for comparison. The GGA EAs are cons
tently overestimated with differences ranging 0.04 to 0.23
relative to the experimental values.

In Figs. 2 and 3, all the calculated DOS spectra for
anion ground state and some low-lying excited states
compared to the PES spectra for Ti3

2 to Ti13
2 . The Fermi level

of the calculated DOS is aligned with the experimental E
value for each cluster. The DOS spectra are generated u
Gaussians with a width of;120 meV, which is approxi-
mately the instrumental resolution between 1 and 2 eV bi
ing energies at 193 nm. The PES spectra are characterize
well-resolved and intense features near the Fermi level
;2 eV above the Fermi level, as described in detail in
preceding paper.16 In the following, we will discuss each
cluster and show that the DOS/PES comparison, in conju
tion with the computed EAs, is highly valuable in assess
both the ground state and the contributions of low-lyi
states to the measured spectra.

A. Ti3
À and Ti 3

As shown in Fig. 2~a!, the computed DOS for theD3h

~M54! ground state of Ti3
2 fits well with the PES spectrum

The DOS spectra for the two higher spin states~M58 and 6!
resemble that of the ground state, whereas that of theM52 is
very different. The two higher spin states are nearly deg
erate with the ground state and should contribute to the
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Low energy structures and states of Tin
2 and Tin ~n53–8, 13! clusters. The relative energies i

electron volts are given with respect to the ground state of the anion in each case. Experimental electron
~EA! in electron volts are compared with the theoretical results.

Cluster Geometry Multiplicity~M! Re ~Å! Relative energy EAi

Ti3
2 Equilateral triangle 4 2.41 0.00

8 2.36 0.01
Isosceles triangle 6 ~2.30, 2.30, 2.60! 0.08

2 ~2.49, 2.49, 2.32! 0.09
Linear 6 ~2.07, 2.39! 1.13

Ti3 Triangle 7 ~2.26, 2.31, 2.53! 1.20
5 ~2.35, 2.35, 2.44! 1.24c 1.13
3 ~2.36, 2.41, 2.45! 1.36

Linear 7 2.20 2.67

Ti4
2 Distorted tetrahedron 4 2.50,a 2.60b 0.00

6 2.51,c 2.78 0.10
8 2.53,a 2.64b 0.15

Distorted rhombus 4 2.31–2.45d 0.64
2 2.28–2.35d 0.67

Square 4 2.31 1.53
Ti4 Distorted tetrahedron 5 2.48,a 2.57b 1.22e 1.18

7 2.59,a 2.47b 1.36
3 2.51–2.62d 1.49

Rhombus 5 2.42 2.28

Ti5
2 Trigonal bipyramid 2 2.49–2.59d 0.00

4 2.50–2.62d 0.25
6 2.47–2.70d 0.45

Ti5 Trigonal bipyramid 3 2.45–2.59d 1.37e 1.15
1 2.51–2.58d 1.42
5 2.52–2.67d 1.66
7 2.52–2.70d 2.02

Square pyramid 3 2.46–3.69d 2.22

Ti6
2 Distorted octahedron 2 2.51–2.70d 0.00

4 ••• 0.07
6 ••• 0.46

C2v CTBPf 2 2.54–2.67d 0.09
4 2.50–2.68d 0.23
6 2.51–2.62d 0.51

Ti6 Distored octahedron 3 2.57–2.68d 1.47e 1.28
5 2.50–2.79d 1.79

C2v CTBP 3 2.48–2.71d 1.78
5 2.51–2.62d 1.73

Ti7
2 Pentagonal bipyramid 2 2.48–2.64d 0.00

4 2.48–2.68d 0.13
6 2.52–2.72d 0.31

Caped octahedron 2 2.50–2.74d 1.00
4 2.56–2.75d 1.03
6 2.53–2.71d 1.02

Ti7 Pentagonal bipyramid 1 2.55–2.62d 1.24e 1.11
3 2.54–2.76d 1.45
5 2.50–2.73d 1.66

Capped octahedron 3 2.32
5 2.36

Ti8
2 NTF-bicapped octahedrong 2 2.58–2.70d 0.00

4 2.53–2.65d 0.06
6 2.54–2.66d 0.32
8 2.53–2.82d 0.67

Capped pentagonal bipyramid 2 2.47–2.88d 0.17
Ti8 NTF-bicapped octahedron 3 2.57–2.71d 1.54e 1.47

5 2.55–2.65d 1.58
1 2.58–2.75d 1.68
7 2.53–2.89d 2.02

Capped pentagonal bipyramid 3 2.53–2.87d 1.62
1 2.54–2.81d 1.83
5 2.48–2.82d 1.89

OSF-bicapped octahedronh 1 2.52–2.72d 2.73
r 2007 to 130.20.226.164. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. ~Continued.!

Cluster Geometry Multiplicity~M! Re ~Å! Relative energy EAi

3 2.52–2.70d 2.54
5 2.49–2.75d 2.68

Ti13
2 Icosahedron 2 2.49–2.93d 0.00

4 2.45–2.78d 0.07
Ti13 Icosahedron 1 2.52–2.98d 1.96e 1.87

3 2.46–2.96d 1.99

aFour times.
bTwo times.
cFive times.
dRange of bond lengths.
eValue that should be compared with the experimental EA.
fCTBP5capped trigonal bipyramid.
gNTF5nearest triangular faces.
hOSF5opposite symmetrical faces.
iFrom Ref. 16.
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perimental spectrum. We also calculated the adiabatic
tachment energies, i.e., the EAs for the different neu
states. The total energy difference between theD3h M54
ground state of Ti3

2 and theM55 state of Ti3 ~DM51, the
photodetachment selection rule! yields an EA of 1.24 eV,
which is in good agreement with the experimental result
1.13 eV. Furthermore, allowing for a full structural, ele
tronic, and spin relaxation, we obtained an EA of 1.20
and anM57 spin state, which is the ground state of Ti3 , only
0.04 eV more stable than theM55 state~Table I!. Zhaoet al.
using GGA15 and Weiet al. using LSDA14 obtained an equi-
lateral triangle Ti3 with Re52.28 and 2.35 Å, respectively
The calculated EA by Weiet al. is 0.33 eV, much lower than
the experimental value. It should be mentioned that our
culated EA at LSDA is 1.06 eV, which is low compared wi
the GGA result, but much closer to the experimental va
than the LSDA result by Weiet al. The excellent agreemen
between the calculated EA and DOS and the experime
measurements in the current investigation confirms our
culated ground states for Ti3 and Ti3

2 .

B. Ti4
À and Ti 4

The ground state of Ti4
2 was found to be a distorte

tetrahedron~DT! with M54 andRe’s of 2.50 and 2.60 Å.
The M56 and 8 DT states are only 0.10 and 0.15 eV hig
in energy@Table I and Fig. 1~b!#. The two-dimensional struc
tures of Ti4

2 were found at least 0.6 eV above the grou
state. The computed DOS spectra of all the three DT state
Ti4

2 reproduce the PES spectrum well@Fig. 2~b!#, suggesting
that they may all contribute to the experimental spectru
The transition of the DTM54 ground state of Ti4

2 into the
DT M55 ground state of Ti4 yields an EA of 1.22 eV, in
excellent agreement with the experimental value of 1.18
~Table I!. This level of agreement allows us to firmly esta
lish the ground state of Ti4 to be the DT~M55! state and that
of Ti4

2 to be the DT~M54! state. Note that theRe’s of the
ground state of Ti4 are 2.48 and 2.57 Å, which are slightl
shortened relative to the ground state of Ti4

2 ~Table I!. Zhao
et al. reported an ideal tetrahedron with anRe of 2.51 Å as
the ground state of Ti4 ,15 whereas Weiet al. found a C3v
ground state for Ti4 with Re52.518 Å.14 The Re’s of these
r 2007 to 130.20.226.164. Redistribution subject to AI
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two previous studies are close to the present study, but
computed EA by Weiet al. was 0.7 eV, differing signifi-
cantly from the experiment. Overall, the DT ground state
Ti4 obtained currently is similar to those of Fe4 , Co4 and

FIG. 1. Ground state structures and spin states of Tin
2 ~n53–8, 13!. Selected

bond lengths are given in angstroms. The relative energies and spin m
plicities of low-lying spin states for each structure are also given in
upper-left part in each structure: the spin multiplicities~M! are given in
parentheses and the relative energies are given in electron volts. Also
Table I.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 2. Comparisons of the calculate
density of states with experimenta
photoelectron spectra for~a! Ti3

2 , ~b!
Ti4

2 , and ~c! Ti5
2 . GS stands for the

ground state. Also see Table I.
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Ni4 ,27–29 which all possess high spin ground states~M513,
11, and 5, respectively! with similar distorted tetrahedra
structures.

C. Ti5
À and Ti 5

A distorted trigonal bipyramid~DTB! with M52 was
found as the ground state for the Ti5

2 anion. The DTBM54
and 6 states were found to be 0.25 and 0.45 eV highe
energy@Table I and Fig. 1~c!#. With such large energy sepa
rations, it is expected that the higher spin states would no
significantly populated in the experiment and would ma
negligible contributions to the measured PES spectra of T5

2 .
In fact, the computed DOS for the DTBM52 ground state of
Ti5

2 fits the PES spectrum very well, as shown in Fig. 2~c!,
whereas those of the two high spin states are clearly infe
This is consistent with the single isomer domination by
M52 state in the mass spectrum for Ti5

2 .
The lowest energy state of neutral Ti5 is a DTB triplet,

derived from the DTB doublet ground state of the anion. T
computed EA is 1.37 eV, which is in reasonable agreem
with the experiment. Note that the DTB close-shell state~M
51!, which is also related to the anion ground state throu
a one-electron transition, is very close to the triplet st
~Table I!. These theoretical results are in excellent agreem
with the high resolution PES spectrum at 532 nm of Ti5

2 ,
which resolves the threshold band into two component16

corresponding to the triplet and singlet states of Ti5 . Our
findings agree with the results of Weiet al.,14 who also found
a DTB structure withM53 and similarRe’s for the ground
state of Ti5 . Zhao et al. also reported a DTB structure fo
Ti5 , but no information about structural distortion and mu
Downloaded 25 Mar 2007 to 130.20.226.164. Redistribution subject to AI
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tiplicity was given.15 Andersen has also determined that t
DTB Ti5 is more stable than the square pyramid, althou
much longer bond distances were given in that study~about
3.1 Å!.31 Wei et al. reported an EA~LSDA! of 0.90 eV for
Ti5 . Our LSDA EA for Ti5 is 1.26 eV, slightly lower than the
GGA value of 1.37 eV.

D. Ti6
À and Ti 6

A distorted octahedron~DOH! with M52 was found as
the ground state of Ti6

2 , with the M54 and 6 states lying
only 0.07 and 0.46 eV higher in energy@Table I and Fig.
1~d!#. The capped distorted trigonal bipyramid~CDTB! was
found to be very close to the DOH structure, only 0.09, 0.
and 0.51 eV above the ground state for theM52, 4, and 6
states, respectively~Table I!. Figure 3~a! compares the DOS
spectra of the ground state and the three most low-ly
states of Ti6

2 to the PES spectrum. Clearly, the DOS of t
Ti6

2 ground state fits remarkably well with the PES spectru
The nearest DOH~M54! state gives a DOS spectrum simila
to theM52 state and should contribute to the experimen
spectrum. However, the DOS spectra of the two CDTB sta
exhibit large discrepancies from the PES spectrum and
CDTB isomers were probably not significantly populate
The ground state of Ti6 was found to be the DOHM53 state
with a computed EA of 1.47 eV, in reasonable agreem
with the experimental value of 1.28 eV. The computed E
for all other states are significantly higher than the DO
M53 state. The good agreement between the computed
and DOS spectrum and the experimental measurements
ports the obtained ground states for both the neutral
anionic Ti6 cluster, i.e., the distorted octahedral structure
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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previous DFT study using GGA indicates a degeneracy
the octahedral and capped trigonal bipyramidal states
Ti6 ,15 while a LSDA14 and a molecular dynamics study32

both favor the capped trigonal bipyramid. Although w
found that the DOHM52 and CTBPM52 are nearly degen
erate for Ti6

2 , we believe that the present GGA results,
concert with the DOS/PES relationship and good agreem
of the EA compared to the experimental value, lend cons
erable credence to the distorted octahedral ground state
Ti6

2 and of Ti6 .

E. Ti7
À and Ti 7

The calculated ground state of Ti7
2 is a doublet distorted

pentagonal bipyramid~DPB!; the quartet and sextet state
were found to be 0.13 and 0.31 eV higher@Table I and Fig.
1~e!#. We found that the capped octahedral states of Ti7

2 were
at least 1 eV higher than the DPB ground state~Table I!. The

FIG. 3. Comparisons of the calculated density of states with experime
photoelectron spectra for~a! Ti6

2 , ~b! Ti7
2 , ~c! Ti8

2 , and~d! Ti13
2 . GS stands

for the ground state. Also see Table I.
Downloaded 25 Mar 2007 to 130.20.226.164. Redistribution subject to AI
r
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comparison of the computed DOS spectra for the three D
states with the PES spectrum is shown in Fig. 3~b!. Clearly,
the DOS of theM52 ground state yields the best agreeme
with the experiment, suggesting that the higher spin sta
were probably not significantly populated in the experime
The ground state of neutral Ti7 is a closed-shell singlet de
rived from the DPB ground state of Ti7

2 and yields an EA of
1.24 eV, in excellent agreement with the experimental va
of 1.11 eV. Thus, we can conclude firmly that the grou
states of Ti7 and Ti7

2 are the DPB structures with low spins
This conclusion is consistent with previous theoretic
calculations,14,15,32which all give a pentagonal bipyramida
structure for Ti7 . Thus, Ti7 possesses both a highly compa
geometrical structure and a closed electron shell, indica
that it should be very stable and less reactive. Indeed, pr
ous collision induced dissociation studies on Tin

1 clusters33,34

showed thatn57, 13, and 19 exhibit special stabilities rel
tive to their neighbors, consistent with the present conc
sion.

F. Ti8
À and Ti 8

The ground state of Ti8
2 was found to be a doublet bi

capped octahedron~BO!, where the two extra atoms cap tw
nearest triangular faces~NTFs! @Fig. 1~f!#. If the capping is
done on opposite symmetrical faces, the resulting states
exemplified for the neutral, are considerably higher in e
ergy, as given in Table I. The NTF-BOM54 state lies only
0.06 eV above the ground state, while theM52 state of the
capped pentagonal bipyramid was 0.17 eV higher. Fig
3~c! shows the DOS spectra of the NTF-BO states compa
with the PES spectrum. It is seen that the DOS spectra
both theM52 ground state and theM54 lowest-lying state
show good agreement with the PES spectrum. Thus, b
M52 and 4 states may contribute to the experiment. Elect
detachment from the Ti8

2 M52 ground state gives the
NTF-BO M53 state of the neutral, with an EA of 1.54 eV, i
excellent agreement with the experimental EA of 1.47 e
These DOS/PES and EA agreements support our obta
ground states for Ti8

2 ~NTF-BO M52! and Ti8 ~NTF-BO
M53!. Zhaoet al. also found the capped pentagonal bipyr
mid as the ground state for Ti8 with the bicapped octahedro
~capping two opposite symmetrical faces! 0.88 eV above.

G. Ti13
À and Ti 13

An icosahedral structure has been reported as the gro
state for Ti13 and Ti13

2 .15 An I h2Ti13
1 has been proposed t

account for its special stability in previous collision-induc
dissociation experiments.33,34 In addition, our PES studies
showed that Ti13

2 has particularly narrow PES spectra, su
gesting a more symmetric cluster than its neighbors.16,35

Thus, we included a study of Ti13
2 and Ti13 in the present

theoretical effort and started with an icosahedral arrangem
using interatomic separations of the nearest-neighbor
tance~2.89 Å! of bulk titanium. After electronic and struc
tural relaxation, we found that the ground state of Ti13

2 is a
distorted icosahedron withM52, with the M54 state only
0.07 eV higher@Fig. 1~g! and Table I#. The calculated DOS
spectra of both states fit the PES spectrum remarkably w

al
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as shown in Fig. 3~d!. The calculated EAs from these tw
states are also in excellent agreement with the experime
value, as given in Table I. Therefore, we conclude that
deed the ground state of Ti13

2 and Ti13 should be the distorted
I h structure with the lower spin states slightly favored.

From the structures of Ti7 and Ti13, an icosahedra
growth pattern is observed. It is expected that the Ti55 cluster
may also possess anI h structure, as suggested from its sp
cial PES pattern.16,35 The fact that all these clusters actua
possess lower symmetries is due to the Jahn–Teller effe
As we have suggested in the preceding article,16 Ti clusters
in the size range belown5130 may possess body-center
cubic ~bcc! type structures, rather than the hexagonal-cl
packed~hcp! type expected from the bulk hcp lattice of tita
nium. Therefore, we observe an interesting structural va
tions in the Tin systems, from the initialI h growth ~n57, 13,
55! to bcc ~n,130! to hcp eventually~n.130!. It would be
very interesting and important to confirm these size dep
dencies of the geometrical structures and their underly
driving force.

H. Evolution of the magnetic properties
of small Ti n clusters

The ground state electronic configuration of the titaniu
atom is 4s23d2. Thus, the Ti atom has a magnetic mome
of 2mb corresponding to the two unpairedd electrons. In
small titanium clusters, Mulliken population analyses rev
roughly a promotion of one 4s electron into the 3d shell,
resulting in abonding4s13d3 electron configuration, where
all valence electrons are unpaired and ready to form che
cal bonds. Thus, strong metal–metal bonding occurs in b
Ti, which has a very high cohesive energy and no unpa
spins~nonmagnetic!. In small Ti clusters, the extent of spi
pairing is determined by the coordination of the Ti atoms,
well as by the types of bonds~i.e., singles, doubles, o
triples! formed during the metal–metal interaction. The r
maining unpaired spins may build a magnetic moment
the cluster. It is expected that the magnetic moments o
clusters should decrease dramatically with cluster size.
deed, no Ti clusters have been definitively observed to p
sess a net magnetic moment.36

Here we measure the coordination as the number
nearest neighbors of a given Ti atom in a cluster. For
ample, the ground state of Ti2 , with a coordination of one
has been computed to possess a triple bond between the
of Ti atoms: two 3d–3d bonds and one 4s–4s bond. This
leaves one unpaired 3d electron on each Ti site, with th
ground state of Ti2 being a triplet corresponding to a ma
netic moment of 1mB/atom. This represents a dramatic d
crease from the Ti atom (2mB). For a triangular Ti3 , the
coordination increases from one to two, but the Ti–Ti bon
are single bonds. This means that there should be two
aired spins on each Ti site. Indeed, as mentioned earlier
ground state of Ti3 has six unpaired 3d electrons~M57! or
2mb/atom, i.e., an increase relative to the dimer. Moreov
in the studied size range~n53–8 and 13!, Ti3 has the larges
magnetic moment. It is to be stressed that the 4s13d3 con-
figuration leads to a plethora of bonding patterns for Ti3 , as
shown in Table I. States with double and triple bonds
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tween the Ti–Ti atoms also exist as excited states of Ti3 . In
the ground state of Ti4 the coordination number is three
meaning the pairing of three spins of each Ti atom and le
ing only one unpaired 3d electron. Indeed, the compute
ground state of Ti4 is a quintet~Table 1!, giving rise to a
magnetic moment of 1mb/atom. From Ti3 to Ti4 the mag-
netic moment decreases as a result of an increase in the
ordination number. In Ti5 , the coordination number is thre
for the two apex atoms and four for the equatorial ato
~Fig. 1!, implying a further reduction of the magnetic mo
ment. Indeed, the computed ground state of Ti5 is a triplet
state, giving rise to an average moment of 0.40mb/atom.

The coordination numbers of the larger clusters can
enumerated from the ground state structures of the Ti c
ters, as shown in Fig. 1, and they increase with the clu
size. The average magnetic moments as a function of size
plotted in Fig. 4 forn51–8 and 13. They are observed
decrease rapidly with size. The magnetic moments for7

and Ti13 are zero because their ground states are singlet w
out any unpaired electrons. This is in contrast with the l
3d clusters. For example, Fe7 was previously found to have
distorted pentagonal bipyramid ground state structure w
22 unpaired electrons, i.e., an average magnetic momen
3.14mb/atom.28 We note that for Ti13 the triplet state is al-
most degenerate with the closed shell ground state, only
eV higher in energy. It should be significantly populated u
der finite temperatures. In summary, we found that smalle
clusters withn,5 are highly magnetic with relatively larg
moments, but the magnetic moments decrease rapidly
cluster size and the average coordination number incre
rendering a fast convergence of the magnetic moment of
cluster to the nonmagnetic bulk.

IV. CONCLUSIONS

We have performed a systematic study of the electro
and structural properties of small Tin ~n53–8, 13! clusters
and their anions. Comparisons of the calculated DOS spe
and EAs with experimental PES data confirmed the obtai
structures and spin states. We found that the small Ti clus
all possess multiple isomers, as well as multiple spin sta
with very close energies. In all cases, the ground state of
anion yields the DOS spectrum and EA that are in best ag
ment with the experimental data, giving considerable c
dence for the identified structures and ground states. In g

FIG. 4. Magnetic moment of Tin ~n53–8, 13!.
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eral, from the charged to neutral states, structural relaxat
are small, consistent with the relatively sharp features of
PES spectra. From the spin states of the ground states, w
able to obtain insight into the magnetic properties of
small Ti clusters. We found that the small clusters are hig
magnetic, but the magnetic moments approach the bulk v
rapidly. The current study suggests that aboven57 the clus-
ter magnetic moment becomes negligible. Forn57 and 13,
two highly compact clusters, the magnetic moments are z
It will be very interesting to perform further magnetic defle
tion experiments to confirm the magnetic behavior of th
systems.
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