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Density-functional calculations for small iron clusters: Fe„,Fe„+,and Fe„ for n (5

Miguel Castro' and Dennis R. Salahub
Departement de Chimie et Centre dlxcellence sur la Dynamique Moleculaire et Interfaciale, Uniuersite de Montreal,

C.P. 6128, Succursale A, Montreal, Quebec, Canada H3C3J7
(Received 8 November 1993; revised manuscript received 25 January 1994)

The optimum geometries, electronic and magnetic structures, bond dissociation energies (BDEs),
binding energies (D, 's), ionization potentials (IP's), and electron affinities (EA's) of small iron clusters are
studied by means of a linear combination of Gaussian type -orbitals loc-al and/or nonlocal spin dens-ity

method. At the nonlocal level and with respect to nonspherical iron atoms the calculated D, 's are 1.04,
1.41, 1.87, and 2.20 eV/atom for Fe&, Fe3, Fe4, and Fes, respectively. The calculated IP's are 8.16, 7.01,
6.34, 6.20, and 6.52 eV for Fe, Fe&, Fe3, Fe4, and Fe&, respectively, in reasonable agreement with their ex-

perimental counterparts of 7.9, 6.3, 6.4—6.5, 6.3-6.5, and 5.9-6.0 eV, and also are close to those ob-
tained by means of ab initio techniques. The lowest-energy states are those with a maximum number of
nearest-neighbor (short) bonds, and with high magnetic moments (3, 2.67, and 3 spins per atom for Fe2,
Fe3, and Fe4,' in Fes the magnetization is unevenly distributed and ranges from 2.90 to 3.31 spins per
atom) coupled ferromagnetically. The gain in magnetic energy promotes the close-packed structures (for
n =3 and 4) or small distortions into somewhat more open geometries (for n =5). The importance of the
s electrons for the bonding properties increases with increasing cluster size; starting from predominantly
localized d bonds on earlier clusters, the chemical bond evolves to show a delocalized s pattern at the
Fermi level for the larger clusters. The equilibrium bond lengths, for the computed ground states (2.00,

0 0
2.10, and 2.22 A for Fe2, Fe3, and Fe4, respectively; whereas in Fes they range from 2.23 to 2.63 A) are
much shorter than the shortest distance in the bulk, 2.48 A, although for the pentamer some bond
lengths approach the bulk value. The fully optimized cations, Fe„,and anions Fe„,occur in similar
structures as those of the ground states; in general, Fe„+show a larger structural relaxation than Fe„

I. INTRODUCTION

Transition-metal (TM) cluster properties of ferromag-
netic elements present a challenge to state-of-the-art ex-
perimental and theoretical techniques. For example, re-
cent beam experiments have found a complex magnetic
behavior of size-selected iron and cobalt clusters, ' not
anticipated previously. The clusters defiect toward in-
creasing magnetic field with effective magnetic moments

p ff per atom far below the bulk moments. This was
identified as superparamagnetism by Khanna and Lin-
deroth, where each cluster has a large magnetic moment,
equal to the ferromagnetic alignment np of the n atomic
moments of the n atomic moments in the cluster. With
this model and with the cluster-temperature-dependent
results of Bucher, Douglas, and Bloomfield, it was found
that the true moment p of small Co„clusters, of 2.08pz,
is indeed enhanced (by about 20%) over the bulk value,
whereas for Fe„alower bound of 2.2pz for the true p
was established. As a measure of the binding of these
highly po1arized valence electrons, the ionization poten-
tials (IP's) of Fe„(n(25), determined by Rohlfing
et al. , start to decrease nonmonotonically from the
atomic IP toward the bulk work function as n increases.
Lastly, there has been studied ' the collision-induced dis-
sociation of Fe„+(n =2—19). In this way, and using the
known adiabatic IP's, were determined the bond dissoci-
ation energies (BDE's) of ionic and neutral iron clusters.
The trends exhibited by these size-dependent properties
imply complicated electronic structures, unique and non-

bulklike, in which the spin-polarization effects may play
an important role and indicate a nontrivial evolution
from insulating (more localized electrons} to metallic
behavior (more itinerant electrons).

Cluster properties may also depend sensitively on the
geometry. But experimental bond lengths (R, } and bond
angles for TM clusters are scarce. Even for the dimers
the experimental data are not yet complete and some R,
values show large uncertainties.

On the theoretical side, it is only very recently that
modern techniques have proven their ability to determine
the lowest-energy structures of relatively large clusters.
In particular, s- and sp-valence-electron systems have
been relatively well studied; " and trends and features
of the most favored geometries of the ground electronic
states have been characterized. Due to the complexity of
the TM atomic forces, which arise from the complex
TM-TM exchange-correlation interactions, calculations
on TM clusters commonly are done with the constraints
of frozen bond lengths and/or bond angles, usually equal
to the bulk values. This kind of calculation has been
widely used as models for the metal surface-ligand in-
teractions that occur in catalytic processes. ' For in-
stance, using ah initio techniques and chosen fragments of
the unit bcc cell of iron, Tatewaki, Tomonari, and
Nakamura' have performed electronic-structure and IP
calculations on Fez —Fe6. Although reasonable results
were obtained, ' the calculated IP's were somewhat
below the experiment values. It was pointed out' that
further discussion of ionization potentials, in this kind of

0163-1829/94/49(17)/11842(11)/$06. 00 11 842 1994 The American Physical Society



DENSITY-FUNCTIONAL CALCULATIONS FOR SMALL IRON. . . ll 843

system, qualitatively requires geometry optimization as
well as the inclusion of correlation.

The implementation of analytical energy gradients in
density-functional theory (DFt'), ' ' together with the
inclusion of electron correlation via the exchange-
correlation functional at the local and nonlocal levels of
Dl l, ' have allowed an accurate and full optimization of
bond lengths and bond angles in main group molecules
and in complex TM systems. ' Using the local spin-
density approximation (LSDA), the calculated equilibri-
um bond lengths are typically within 0.02 A or so of the
experimental values and the angles are within 1', '

whereas the vibrational frequencies lie within 5% of the
experimentally observed frequencies. ' ' The use of non-
local functionals substantially improves the atomic and
molecule exchange-correlation energy results and affords
estimates of TM-ligand and TM-TM binding energies
which, at this level of theory, are remarkably close to the
proposed experimenta1 values. ' Indeed, at this level of
sophistication, the recently developed DFT techniques
are powerful and useful tools for the analysis of proper-
ties and processes of systems (clusters, surfaces, metal-
ligand interactions, etc.) which involve TM atoms.

Recently, Chen et al. , using the LSDA, have deter-
mined the structural and magnetic properties of neutral
Fe„,n ~4. However, the LSDA substantially overesti-
mates the BDE's and binding energies (D, 's) of TM clus-
ters.

Here we report the results of first-principles a11-

electron calculations, using DFT 1ocal and nonlocal
exchange-correlation potentials, for neutral (Fe„}and
charged (Fe„+,Fe„)iron clusters up to n=5. We
demonstrate the power of these techniques for the
analysis of the binding of electrons and atoms and of the
bond strengths within the cluster (IP's, D, 's, and BDE's).
The computed electronic structures allow insight into the
observed trends and the main features involved in the sta-
bility of these magnetic clusters. A brief report of some
of the main results has already appeared.

II. COMPUTATIONAL PROCEDURE

We have used the code deMon a method based on
linear combination of Gaussian-type orbitals DFT. The
LSDA was included as in Ref. 25, while the nonlocal spin
density (abbreviated here simply as NL, for "nonlocal")
gradient-type corrections were those of Perdew and
Wang (1986) for exchange, and Perdew (1986) for corre-
lation. The nonlocal potentia1 was included in the
Kohn-Sham potential during the self-consistent-field
(SCF) procedure. Numerical instabilities in the nonlocal
functional, which arise when the ratio of the density gra-
dient to the density becomes too large, were removed by
means of a damping factor.

In these cluster calculations, all electrons were treated
explicitly. For each iron atom, a (43 321/43/41+ ) orbit-
al basis set optimized for the bonding 3d 4s' atomic
configuration was used. (Indeed, it will be shown below
that in these Fe„clusters the Fe atom is close to 3d 4s'. )

This basis was decontracted into (43 321/4211'/311+ ),
in which a p-polarized function was taken from the

(63 321/5211'/41+ ) basis set constructed as in Ref. 30.
The auxiliary basis set, used in the fitting of the charge
density (CD) and the exchange-correlation (XC) potential
has the pattern (9,4;9,4). In this notation

(k„kz,l, lz), k, (I, ) is the number of s-type Gaussians
in the CD (XC) basis and kz (lz) is the number of s-, p-,
and d-type Gaussians constrained to have the same ex-
ponent in the CD (XC) basis. The charge density was

fitted analytically, while the XC potential was fitted nu-

merically on a FINE grid ' comprised of 32 radial shells
and 26 angular points per shell, giving rise to a total of
832 points per atom. At the end of each SCF procedure,
the exchange-correlation contribution to the energy gra-
dients were calculated by numerical integration on an
augmented set of grid points consisting of the same 32 ra-
dial shells with 50, 110, or 194 angular grid points. '

Without imposed symmetry constraints, and by means
of the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algo-
rithm, the geometries were optimized by minimizing
the norm of the gradient with a threshold of 10 a.u.
All R, 's and bond angles were simultaneously refined,
and several candidates were tried in each case so as to lo-
cate different minima on the potential energy surface
(PES). The BFGS algorithm searches the PES through
its first derivatives, evaluated analytically, and through
approximate second derivatives (the Hessian matrix} up-
dated numerically. This affords an efficient method for
finding the best search directions and the optimal dis-

tance to move along that search direction.
In our spin-polarized calculations, the standard Mul-

liken population analyses were done to obtain both the
charge on each atom and the unpaired-spin population.
In the course of the geometry optimization of a given
cluster, several electronic configurations of different spin
were tried. Though convergence difficulties were found,
due to near degeneracy at the Fermi level, all these Fe„
clusters were converged to integral spin-orbital occupa-
tion numbers as shown in the tables deposited in the
AIP's Physics Auxiliary Publication Service. Such tables
contain the Mulliken population analyses for the calcu-
lated ground states of Fe„(n~ 5}. See Ref. 17 for more
computational details.

In order to test the basis set and the LSDA
and NL functionals we have calculated the
D(3d 4s )~ F(3d 4s ') excitation for the iron atom, for

which the experimental result is 0.875 eV. Using spher-
ical atoms {the five 3di orbitals have equal occupation
numbers, —,

' of an electron each, for D, or —', of an elec-
tron each, for F), the LSDA gives a D Fseparation -of

0.25 eU. The inclusion of nonlocal corrections improves
this value to 0.51 eV. Further, the removal of the con-
straint of a spherical atomic charge density (nonspheri-
cal iron atoms are constructed by assigning integral occu-
pation numbers to the 3d i orbitals) in the NL SCF calcu-
lation produces a D- F splitting equal to 0.30 eV. It
should be stated that the nonspherical calculations are
neither obvious to define (electrons may be assigned to
the available spin orbitals in several ways and several cal-
culations are needed to find the minimum energy) nor fa-
cile to converge. When viewed in the context of the in-
herent ambiguity about treating multiplets within Kohn-
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III.RESULTS

A. Structures

The ground states (structures 2a, 3a, 4a, and 5a in Fig.
1) of Fe„(n& 5) are ferromagnetic, with a high number

LOWEST ENERGY STRUCTURES OF
(RON CLUSTERS. UP TO N = 5.

2D
2S+ 1=7

1.96 A

($,00)

2S

2. 10 A

(2. 10)
2.7p g

2S+1=7

1,2 2.44s

1.88 A

+ 0.72 eV

2S+ 1

Ran

2S+1=9
4b

2.03 A 2.0p
(2.05)
+0.38 eV

(+0.49 eV)

2S+1=15

4c 2S+ 1=15

3.4 3.6p
&

W W
2.43 2.02 A

+ 0.77 eV

2S+ 1=17

2
(2.

5
3,2p

2, 8p

~0.002 eV
(+0.05 e V)

5c 2.08A 3.3p B

2.2OA

~ 3.1p ~
2.21k

3,2 '.

+0.25 eV

FIG. 1. Lowest-energy structures of Fe„(n~ 5). Ground
states are Za, 3a, 4a, and 5a for n =2, 3, 4, and 5, respectively.
Also indicated are the LSDA and NL (values in parentheses)
relative energies of the isomers (in eV/atom), the multiplicity
2S+1, the spin per atom (in bohr magnetons), and the LSDA
and NL (values in parentheses) equilibrium bond lengths.

Sham DFT, it seems that high accuracy for the splittings
should not be expected for such complex open-shell sys-
tems as the iron atom. Below we will argue that the er-
rors in the calculations of the binding energies for
Fe„(n& 5) may be traced, at least partially, to the errors
in the description of the iron atom. In the nonspherical
calculations, s and d orbitals mix and so the labels 3d 4s
and 3d 4s' are only approximate (as is also the case in a
correlated ab initio calculation). For the D (3d 4s )

state we find, via Mulliken analysis, a configuration of
3d 4s' whereas the F (3d 4s') states is calculated as
3d 4s . The hartree-Fock SCF calculations gave a
D —I' separation at least twice the experimental num-

ber, depending on basis-set size. ' ' After the inclusion of
correlation this splitting was improved to 1.32 eV. ' Fi-
nally, the total-energy diff'erence between neutral and ion-
ic iron atoms is 8.08 eV (LSDS) and 8.16 eV (NL); both
values are close to the experimental IP, 7.90 eV.

of nearest-neighbor bonds (NNB's) and with average
magnetic moments p enhanced over the bulk value of
2.2@~ by 22 —45%. The latter is in agreement with the
experimental results of Bloomfield and co-workers who
have found, by ion-beam techniques, that the moment p
of small iron clusters is enhanced by about 27%%uo over the
bulk value. Moreover, in the biggest of our studied clus-
ters, Sa, there is an anisotropic distribution of atomic mo-
ments (2.8pz —3.2pz, depending on the chemical envi-
ronment or number of NNB's of the Fe atom); the aver-

age value, 3.0pz, is close to that found by beam tech-
niques, (2.8+0.2}p,~. In the ground states 2a —4a the

R, 's are much shorter than the shortest distance in the
0

bulk, 2.48 A, whereas in 5a there are various short
values, close to that of 4a, along with R, 's close to, but
larger than, 2.48 A. Another interesting feature is that
the relative energy of the isomers (see Fig. 1}with respect
to the corresponding ground state decreases with increas-
ing cluster size; which is in agreement with the experi-
mental observations.

In Fig. 1 we have also indicated the multiplicity
M( =2S+ I), the total spin S, and the number of spins
per atom in Bohr magnetons (p~), for each isomer. It
will be shown below that diferent states of a given Fe„
(n &5) cluster give rise to different types of chemical
bonds, to diferent patterns of charge distributions, and to
different magnetic arrangements (depending on the local
chemical environment, as measured by the number of
NNB's). This is clearly displayed by the isomers; for ex-
ample, whereas in 4b short covalent bonds occur predom-
inantly, in 4c both longer "metallic" (between the atoms
separated by 2.43 A) and shorter covalent bonds (be-
tween the atoms separated by 2.02 A) occur. We will

now discuss the main findings for each cluster.

B. Fe2

The LSDA R, of Fez is 1.96 A. The NL R„2.00 A, is
closer to the value determined in the less polarizable
neon matrix, 2.02 A, which should more closely resem-
ble the R, of Fe2, than that measured in an argon host,

0
1.85 A. The spin-polarized configuration for
the valence molecular orbitals (MO's) of Fez (see
Table 1 in PAPS'7").

t la ln 15 2o 1$'21m' lcr'1t

tieing

2crl5Ef I, is consistent with a h„molecular
state, places the Fermi level (E~} at the minority 15t
weakly bonding MO, and indicates formally a double d
and a single (from sots)s bond. Tomonari and Ta-
tewaki ' have found a large d contribution to the bonding
in the 4„stateof Fe2. These results of a multiple d-bond
formation, in addition to the 4so single bond, are in
disagreement with the earlier ab initio result of a single
bond in Fe2, almost entirely due to the 4so g MO.

The quintet state of Fez, with R, = l. 811 A (LSDA} or
1.814 A (NL}, is located 0.598 eV (0.79 eV} above the sep-
tet ground state at the LSDA (NL) level. Further occu-
pancy of the minority-spin manifold until the S=0 state
is reached produces a nonmagnetic state for Fez, with

R, =1.80 A (LSDA) or 1.83 A (NL), which is located
2.32 eV (2.55 eV) above 2a, at the LSDA (NL) level. Its
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instability with respect to the ferromagnetic ground state
is a result of the tendency of the system to maximize the
gain in magnetic energy through an enhancement of the
exchange energy (which in turn maximizes the a, m., and
5d bonding). This result agrees with that of Chen
et al. , who have found that the nonmagnetic state of
Fe2, with R, =1.83 A, is located 2.32 eV (1.16 eV/atom}
above the ground state. The range of the d exchange
splitting in this microferromagnet, structure 2a,
1.7(lcr)-2. 5(15) eV, is close to the ferromagnetic bulk,
1.6-2.7 eV, computed by means of band theory, and to
that of a ferromagnetic Fe» cluster, 1.2-3.2 eV, calculat-
ed by means of the SCF Xa scattered-wave (SCF Xa-SW)
method, with R, 's=2.48 A.

The M=7 state of Fez with R, =2.48 A (a bulk frag-
ment) is located 1.39 eV (LSDA) or 0.94 eV (NL) above
the structure 2a. It will be shown below that in going
from a given bulk fragment (a cluster with R, 's=2.48 A)
to the optimized geometry for that fragment, the local
potential gives a relatively large difference of total energy;
the introduction of NL corrections reduces this difFerence
dramatically.

C. Fe3

The LSDA indicates the structure 3a in Fig. 1 as the
ground state for Fe3, with R, 's=2. 10 A and with S =4.
The linear combination of atomic orbitals (LCAO) and
the SCF-Xa-SWs calculations have found 3a with
R, =2.04 A, 23 and R, =2.00 A, and with S=4. The
far-infrared spectra suggest that Fe3 is bent, since the
symmetric stretching mode would otherwise be infrared
inactive. In fact, the linear structure 3b is 2.16 eV higher
(0.72 eV/atom), with S=3 and R„1.875 A, shorter than
that of Fez. Similar results were reported by Chen
et al. for the structure 3b: 0.82 eV/atom higher, S=3,
and R, =1.92 A.

The Mulliken population analysis for the valence MO's
of the computed ground state 3a (see Table II in
PAPS' ") indicates a nonet ground state for Fe3, M=9.
Then, the chemical bond formation, a spin-pairing pro-
cess, has removed 1.33 spin/atom (with respect to the
limit of separated species, where each iron atom has 4.0
spins). In 3a Er is d ~ type. Another feature is the split-
ting of the majority-spin (1') MO s into lower (bonding)
and up er (antibonding, labelled by e in Table 2 of
PAPS' '~) branches, as in Fe2. It was pointed out previ-
ously that the ground states of Fe2 and Fe3 show similar
electronic structures; below, we will show that this pic-
ture remains for their cations.

In our LSDA calculations, the nonmagnetic state of
Fe3 in the triangular geometry is located 1.22 eV/atom
above the ground state 3a, with R, =2.01 A. Chen
et al. have found this nonmagnetic state 0.99 eV/atom
above 3a, with R, =1.97 A.

D. Fe4

The three-dimensional (3D} structure 4a was found to
be the ground state for Fe4, with R, 's=2.22 A, S=6, and
a high number of NNB's, three per atom. The 2D

geometry 4b is higher in energy than 4a, by 1.94 eU for
NL and by 1.5 eV for the LSDA, with shorter R, 's, 2.03
A (LSDA), a lower magnetization, S=4, and a lower
number of NNB's, two per atom. Similarly, Chen
et al. have found 4b (with R, =2.05 A, S=4}1.12 eV
above 4a (with R, =2.25 A, S=6}. (This is not the case
for the s-type alkali-metal clusters where the sodium ag-
gregates, for instance, do not always saturate the number
of nearest-neighbor bonds and Jahn-Teller distortions
drive the tetramer, and the pentamer, toward 2D planar
geometries. Even in silicon clusters the sp hybridization
drives the tetramer into a 2D rhombus. ' "}

The linear geometry 4c, with R, 's=2.02 and 2.43 A, is

located 3.06 eV above 4a. 4c resembles two dimers joined
by a weak "metallic" bond (2.43 A is remarkably close to
the shortest R, in the bulk, 2.48 A) and also reaches a
high spin state, S=7.

The Mulliken population analysis for the ground-state
structure 4a indicates an s -like Er for Fe4 (see Table III
in PAPS). ' " The nonmagnetic state of Fe4 (in the
tetrahedral geometry} is located 0.93 eV/atom (LSDA)
above 4a. The R, 's of this S=O state have been shor-
tened to 2.09 A. Chen et al. have located this state
0.79 eV/atom above 4a, with R, 's= 2.12 A.

E. Fes

After the optimization procedure for Fes, the distorted
trigonal bipyramid Sa, S=8, was found to be of lowest
energy. This structure was reached from the S=8 state
of a square pyramid with R, =2.48 A, see below, through
a simultaneous optimization of bond lengths and bond
angles; some of the R, 's were shortened unevenly to the
values shown in the structure 5a (Fig. 1). Another in-

teresting feature is that EF has been moved from the
minority- (in the square pyramid, R, =2.48 A) to the
majority-spin (in Sa) manifold, and now, instead of being
d-like, it is of s type, but shows a similar uneven distribu-
tion of charge: there are 0.30 s-type and 0.05 d-type elec-
trons for each of the atoms 1 and 2 of 5a (see Table I and
Table 4 in PAPS' "). The reason for this behavior (the
spin change in Er } is that the more bonding minority-

spin manifold has been moved to lower energies, due to
the chemical bond formation. [When the remaining emp-

ty MO's of minority spin of 5a (see Table 4 in PAPS' ")
are further occupied until the S=O state is reached, and
after allowing for electronic and structural relaxation, all

R, 's are further shortened considerably, as the levels of
more bonding character of the minority-spin manifold
are occupied (see below). ]

The geometry optimization for the S=9 state of the
square pyramid (R, 's=2.48 A) converges to a square py-
ramid with shorter R, 's (2.24 A for the bonds in the
square base and 2.32 A for those between the apex atom
and the atoms in the square) and with a total-energy
change (with respect to the initial geometry} equal to
—1.08 eV (—0.22 eV/atom), for the LSDA. [This opti-
mized S=9 state is 0.3 eV (0.06 eV/atom) above Sa, for
LSDA. ]

The geometry evolution of the square pyramid
(R, 's=2.48 A}, through the optimization procedure, de-
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TABLE I. Total charge distribution for the M=19, 17, and
15 states of Fe& in the square-base pyramid, all nearest-neighbor

0

R, 's=2.48 A. Atoms 1, 2, 3, and 4 are in the square base. The
charge distribution for each of the Fermi levels is also shown.

Site' 2S+1=19 2S+1=17 2S+1=15 2S+1=17

Fe(1)
Fe(2)
Fe(3)
Fe(4)
Fe(5)

25.953
25.953
25.953
25.953
26.188

25.805
25.193
25.805
26.193
26.004

25.997
25.997
25.997
25.997
26.013

25.970
26.041
25.970
26.041
25.979

S
t'c

S
1'c

Fe(1)
Fe(2)
Fe(3)
Fe(4)
Fe(5)

0.042
0.042
0.042
0.042
0.469

0.066
0.322
0.066
0.322
0.018

0.049
0.422
0.049
0.413
0.014

0.000
0.303
0.000
0.303
0.000

'In this order, atoms 1, 3, and 5 correspond to atoms 1, 2, and 3
of 5a (Fig. 1), respectively; similarly, sites 2 and 4 correspond to
4 and 5.
For the ground state 5a.

'Main contributions are of this orbital type at the Fermi level.

pends on the nature of the chosen state. Indeed, in TM
clusters different total-spin states give rise to different
types of chemical bond, and to different patterns of
charge distributions (which in turn build up difFerent

types of magnetic arrangements). This is illustrated
clearly by Fe5. In Table I is shown the total charge dis-
tribution for the S=9, 8, and 7 states of the square py-
ramid, and also that for the computed ground state Sa to-
gether with the charge distribution for each EF. For the
S=9 state, the total charge on the square is evenly distri-
buted; additionally, the s-type E~ also shows a uniform
charge distribution on the square, which gives rise, dur-
ing the geometry relaxation, to compensated atomic
forces in the square. For the S=8 state, the total charge
distribution as well as that of the d-type Ez are unevenly
distributed on the square, which gives rise to uneven
atomic forces on the square, which produce its distortion
and eventually the convergence into the distorted trigo-
nal bipyramid 5a. The importance of the atomic forces of
d type is underlined by these results.

The structure 5a may be regarded as an attempt of the
system to maximize the number of NNB's. The shortest
R, 's of 5a, 2.22 A, match those of 4a, 2.22 A. The trigo-
nal bipyramid 5b is energetically quasidegenerate with Sa,
for the LSDA. (In 5b the equatorial R, 's are 2.36 A for
LSDA and 2.37 A for NL, while the axial to equatorial
ones are 2.21 A in the LSDA and 2.22 A in the NL). The
NL potential breaks this degeneracy. After a NL relaxa-
tion 5b is 0.25 eV (=6.0 kcal/mol) higher than 5a. The
total spin of 5b is equal to 7, while its state with S=8 is
0.13 eV higher. Although the difference is small, this is
the reverse order from that of 5a where the state with
S=7 is 0.01 eV higher than the one with S=8.

The structure 5a may be viewed as a Jahn-Teller dis-
tortion of the S=8 state of Sb, which has a degenerate

electronic state (there is one electron in the twofold-
degenerate s-like MO at the top of the majority-spin man-
ifold), and is therefore unstable. The result is the stabili-
zation of the higher-spin state, S=8, in the more open
structure 5a. This was the reverse for Fe4 and Fe3 where
the stability of the compact structures was enhanced by
the magnetic energy, as shown above and as pointed out
previously. For Fe~, the magnetic energy depends criti-
cally on the chemical environment or number of NNB's.

The 2D geometry of Fe5, structure 5c, is 0.25 eV/atom
above Sa. It looks like a compressed pentagon with bond
lengths equal to 2.08, 2.20, and 2.21 A.

The nonmagnetic state of Fe&, in the same geometry as
in 5a, is located 0.95 eV/atom above the magnetic struc-
ture 5a. After a (LSDA} geometry relaxation the non-
magnetic state of Fe, is 0.74 eV/atom above 5a. It
remains in a similar structure to 5a, but with substantial-
ly shortened R, *s: those of 2.23, 2.22, and 2.32 A, in Sa
become 2.07, 2.09, and 2.20 A, respectively, in the non-
magnetic structure.

F. Clusters with bulk geometries

We have also calculated the electronic structure of Fe„
(n ~5) clusters constrained to have R, 's equal to the
nearest-neighbor distance, 2.48 A, in bulk iron. In fact,
most of the previous theoretical studies on iron clusters
have been performed under this constraint. ' ' Below we
will show that such an approximation leads to a quite
different physical picture from that found for the true
ground-state geometries.

For Fe3 we have chosen a triangular geometry

(R, =2.48 A). This cluster has a lowest-energy state of
high spin, S=6, just the superposition of the aligned
atomic spins, and E~ is s -like. This bulk fragment is lo-

cated +1.23 eV (+0.09 eV) above the ground-state
geometry 3a at the LSDA (NL) level. We agree with Ta-
tewaki, Tomonari, and Nakamura' in that Fe3
(R, 's=2.48 A) has S=6. However, E~ was found to be
d-like rather than s-like using the hSCF approach. '

For Fe4 we have chosen a tetrahedral structure
(R, 's=2.48 A). Here, the lowest energy state has S=6,
a s"-like Ez, and is located +1.32 eV (+0.41 eV) above
the ground-state structure 4a at the LSDA (NL) level.
[We have also considered the square geometry with

R, 's =2.48 A; this structure, with S=7 and a d -like EF,
was located 0.69 eV (LSDA) above the tetrahedron, with

R, 's=2.48 A.]
For Fe5 we have chosen a pyramidal square geometry

(R, 's=2.48 A). This geometrical arrangement has been

widely used in studies of TM-surface-ligand and TM-
TM interactions. ' Here are our main results for this
bulk fragment: (i} Its lowest-energy state [located +1.38
eV (+0.23 eV} above the ground-state geometry Sa at the
LSDA (NL) level] is able to support an average magneti-
zation equal to 3.6 spins/atom, S=9: there are 3.59
spins/atom at the square's sites and 3.65 spins/atom at
the apex atom. E~ is predominantly s -like delocalized
throughout the cluster (see Table I}. (ii) The magnetic
state with S=8, 3.2 spins/atom, is only 0.057 eV above
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the S=9 state. For S=8, EF is mainly d type, localized
principally between two opposite atoms in the square
base. (iii) The state with S=7, 2.8 spins/atom is higher
in energy, 0.79 eV above the S=9 state. Here EF is also
d~ type.

In summary, the lowest-energy states for Fe2, Fe3, Fe4,
and Fes, constrained to have R, =2.48 A, are located
+ 1.39(+0.94), + 1.23(+0.09), + 1.32(+0.41},and + 1.38
eV (+0.23 eV), respectively, above their corresponding
ground-state geometries, at the LSDA (NL) level (see Fig.
1). It is interesting to observe that whereas the LSDA
gives, in all cases, a large total-energy difference (between
bulk and ground-state clusters}, the NL approach tends
to decrease this difference as the cluster size increases.

The SCF electronic structures for the bulk iron clusters
(R, 's=2.48 A) show total-spin S states (2S+1=13,13,
and 19 for Fe3, Fe4, and Fes, respectively}, which are, in
general (the exception is Fe4}, larger than those found for
the ground-state structures (see Fig. 1). This means that
at R, =2.48 A the spin-pairing process (that is, the chem-
ical bond formation} in Fe„(n& 5) has not been
switched on completely. This would lead to unrealistic
estimates of properties such as binding energies and/or
magnetic moments.

Finally, the ground-state geometry of Fe~ (a distorted
trigonal bypyramid} has a different shape and R, 's from
those of the bulk cluster (a square pyramid}. These re-
sults show that there are substantial differences between
the properties of bulk fragments and those of isolated,
geometry-relaxed iron clusters.

IV. VIBRATIONAL FREQUENCIES

In the previous section it was shown that a given Fe„
cluster presents several states, of different total spin and
dimensionality. Here we present vibrational analysis for
the calculated ground-state structures. The harmonic ap-
proximation has been used with two-point numerical
differentiation of gradients. ' Additionally, the infrared
intensities were calculated by two-point differencing of
the dipole moments. Experimental data for vibrational
frequencies (co, 's) and structural parameters (R, 's and
bond angles) for Fe„arevery scarce. Values of R, and
co, exist for Fez and infrared lines have been tentatively
assigned to Fe3. It is therefore important to establish the
accuracy of the density-functional-calculated frequencies
in view of their use for guiding future assignments. Fur-
thermore, as will be seen below, the agreement with ex-
periment is far less satisfactory than for other systems in-
volving TM-TM bonds that have been studied with DFT
and, hence, they may be very useful as demanding bench-
marks for the development of new methodology.

Table II contains the calculated co, 's for Fe2-Fes. It
should be noted that, to our knowledge, Fes is the largest
TM cluster for which such vibrational analysis has yet
been performed.

For Fe2 we have estimated 497 cm ' (LSDA) and 474
cm ' (NL) for co, . The NL co, is relatively close to the
configuration-interaction (CI) estimation of Tomonari
and Tatewaki, ' 448.5 cm '. Lower than these values is

the LSDA result, 418 cm ', of Chen et al. These
theoretical estimations show a huge discrepancy, greater
than 100 cm ', with respect to the experimental results
of Moskovits and co-workers, 299.6 cm ', obtained by
resonance Raman techniques and of Leopold and Line-
berger, 300+15 cm ', obtained by negative-ion photo-
electron spectroscopy. [Reported errors in co, calculated
using various DFT techniques for dimers of other 3d met-
als are smaller: 40 cm ' (Scz), 60 cm '

(Vz), 30 cm
(Cr2), 20 cm ' (Mn2), and 20 cm ' (Cuz)]. In TM's, par-
ticularly in iron systems, there is a delicate balance be-
tween exchange and correlation, between magnetism and
chemical bonding, between populating d and s electrons,
etc. It would seem that the current local and nonlocal
functionals do not have the balance quite right and this is
manifested in the large error of co, for Fe2 (although there
is no a priori reason that Fe2 should present more
diSculties than its neighbors in the periodic table).

It may be pertinent to note that the errors are similar
for the DFT techniques as for the CI calculations. One
would expect a difficulty in adequately correlating the d
electrons. As we have seen, in addition to the 4so g bond,
there is a large d contribution to the bonding in Fe2. It is
interesting to observe that, under the assumption of a sin-
gle 4scrg bond and using CI techniques, the calculated
co, for Fez is 204 cm . This theoretical value is =100
cm below the experimental one, and is, effectively, in
the regime where the bonding is dominated by the 4scr
MO. For example, the experimental frequency for Cu2
is 266.1 cm '. For Cu2 we have calculated 216 cm
for co, (LSDA). This estimate is in much better agree-
ment with the experimental value than is the case for Fe2.
That the correlation of the d and s valence electrons is
one of the limiting factors in the calculation of co, for Fe2
is also reflected in the calculated values of IP and BDE
for these species, which show large discrepancies with
respect to the experimental results (see below).

Our vibrational analysis for the structure 3a of Fe3
(Fig. 1) indicates three real frequencies 270 (3.3}, 274
(3.4), and 433 cm '

( & 10 km/mol) for the LSDA, and
259 (4.2}, 288 (10.6), and 470 cm ' (0.10 km/mol) at the
NL level; the values in parentheses are the infrared inten-
sities. The symmetric stretching mode corresponds to
274 cm ' (LSDA) or 288 cm ' (NL). The far-infrared
spectrum of iron clusters in an argon matrix shows two
bands at 180 and 386 cm ', and a shoulder at about 220
cm '. As in Fe2, the calculated co's for Fe3 are above the
experimental values. Nour et al. have assigned 220
cm ' to the symmetric stretching model. If we assume
that the overestimation of co, found for Fe2 is systematic
then experiment (220 cm ') and theory [274 cm
(LSDA) or 288 cm ' (NL)], agree in the assignment for
the symmetric stretching mode. However, Nour et al.
have assigned the weak far-infrared band at 386 cm ' to
some iron atom impurities. (This value has been quoted
in parentheses in Table II.) Our theoretical results [433
cm ' (LSDA) or 470 cm ' (NL)] indicate that this band
may belong to Fe3, again assuming a systematic bias to-
ward high frequency in the calculations. Moreover, the
far-infrared spectra for Ni3 shows a similar pattern: a
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strong band at 198 and weaker bands at 300 and 405
cm '. By similar arguments as for Fe3, Nour et al. have
disregarded 405 cm ' as a frequency for Ni3. Our results
indicate that this value may in fact correspond to a vibra-
tion of Ni3.

The vibrational analysis for structure 4a of Fe4 pro-
duces six real frequencies: 103 (2.6), 112 (7.7), 222 (13.2),
223 (3.4), 227 (0.42), and 412 cm ' (3.4 km/mol). The
values in parentheses are the infrared intensities. These
co, 's are in the range 103-412 cm '. Similarly, for the
structure 5a of Fe& we have obtained nine real frequen-
cies: 102 (1.0), 121 (4.6), 141 (0.4), 191 (1.9), 205 (0.04),
256 (4.3), 270 (0.54), 323 (1.4), and 401 cm ' (1.5
km/mol). Now, the co, 's for Fes are in the range
102-401 cm '. These results confirm that the structures
4a and 5a are indeed local minima on the potential ener-
gy surface. The exhibited trend is the following: in Fe4
and Fe, there are vibrational modes of high frequency (as
in Fez and Fe3), but also there have started to appear vi-
brational modes of low frequency, =100 cm '. These
soft vibrational modes will converge (in the limit of a
large Fe„cluster, n-+ ao ) into the lower-frequency part
of the phonon spectrum. It should be remembered that

no account of anharmonicity has been taken and this is
likely to be important for the low-frequency modes.

As far as we know, this is the first time that the fre-
quencies for a TM cluster bigger than the dimer have
been calculated. There are no experimental frequencies
for Fe4 and Fes. On the basis of experimental and calcu-
lated frequencies for Fe2 and Fe3 we predict that the fre-
quencies given in Table II for Fe4 and Fe5 will be some-
what too high.

V. BINDING ENERGIES

The D, 's of Fe2-Fe5 at different levels of calculation
are shown in Table II. Our results for the LSDA are
close to those of Chen et al. up to n =4 [the discrepan-
cy, 0.2 —0.3 eV/atom, may be due to a different
configuration for the atom (it is not stated in Ref. 23
whether the experimental or the LSD ground state was
chosen), or to differences in the computational details].
Compared with the experimental D, of Fe2, 1.30 eV,
and 1.14 eV, the LSDA overestimates this property by
more than a factor of 3. The introduction of NL correc-
tions improves dramatically, =1 eV, the estimation of

TABLE II. Molecular parameters D„R„andco, of Fe„(n 5) clusters in their calculated ground
states.

LSDA'
LSDAb
NL'
NL-NS
CI'
Expt.

LSDA'
LSDAb
NL
CI'
Expt.

LSDA'

LSDAb
NL
CI'
Expt.

Fe2

4.38
4.05
3.24
2.08

—1.29
1.14, 1.30~

1.96
1.98
2.00
2.02
1.87', 2.02'

497

418
474
448.5
299.6"

Fe3

D, (eV)
8.26
7.81
5.99
4.23

R, (A)
2.10
2.04
2.10

cue (cm )

270, 274, 433

180, 220, (386)'

Fe4

13.08
12.29
9.83
7.48

2.22
2.25
2.22

103, 112, 222i
223, 227, 412

Fe5

17.93

13.89
10.98

2.22-2.32"

2.23-2.31"

102, 121, 141,
191, 205, 256,
270, 323, 401

'USDA results for the structures 2a, 3a, 4a, and 5a of Fig. 1; with respect to spherical 'D Fe atoms.
LSDA results from Ref. 23.

'NL spin-density results with respect to spherical 'D Fe atoms.
NL spin-density results with respect to nonspherical D Fe atoms.

'CI results from Ref. 41; D, is with respect to 'D Fe atoms.
From Ref. 7.

~From Ref. 47(a).
"Only the range of the shortest distances is indicated (see Fig. 1).
'From Ref. 40.
'From Ref. 39.
"From Ref. 47(b).
'From Ref. 45; see text.
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D, . Furthermore, removal of the constraint of a spheri-
cal atomic charge density, produces a deeper atomic en-

ergy if a NL SCF calculation is done, which in turn im-

proves the estimation of D, . In this way, the D, for Fe2,
2.08 eV, is overestimated by about 0.7 eV. We have
found ' similar diSculties in the calculation of D, for
other systems containing the Fe atom, such as the Fe-CO
molecule, where our best estimate, 1.3 eV (with the NL
nonspherical approach), differs by about 0.8 eV from the
experimental values; see Ref. 51 for more details.

The estimate of D, for Fez, as mentioned above, has
been made using an auxiliary basis set to fit the XC po-
tential and evaluate the XC energy. Better results may be
obtained by evaluation of the XC terms numerically
through the use of an EXTRAFINE (see Ref. 31} grid
which, for Fe2, consists of 2745 points for each atom. In
this way the NL functional of Perdew and Wang ' pro-
posed in 1986 (PW86), produces 3.13 eV (with respect to
spherical Fe atoms) and 1.70 eV (with respect to non-
spherical Fe atoms) for the D, of Fe2. (The correspond-
ing NL fitting values are 3.23 and 2.08 eV, respectively}.
So, the numerical evaluation of the XC terms, though
much more demanding computationally, results in an im-
provement over the fitting procedure, particularly at the
NL nonspherical level. However, they still differ by
about 0.5 eV from the experimental results 1.14 (Ref. 7)
and 1.30 eV. Using this numerical procedure, the im-
plementation in our code of the NL functional proposed
recently by Perdew and co-workers produces 3.5 eV
(with respect to spherical atoms) and 1.94 eV (with
respect to nonspherical Fe atoms} for the D, of Fe2. The
PW86 D, 's for Fe2 are in better agreement with the ex-
perimental results than those obtained by means of the
functional of Ref. 48. Similarly, the PW86 functional
yields 5.87 eV (with respect to spherical Fe atoms) and
3.73 eV (with respect to nonspherical atoms) for the D, of
Fe3. These results should be compared with those ob-
tained by means of the functional of Ref. 48, 6.65 eV
(spherical} and 4.25 eV (nonspherical). PW86 produces
an equilateral triangle, with R, =2.10 A, for the ground
state of Fe3. The functional of Ref. 48 gives the same

0
structure with R, =2. 11 A. The difference in R, 's is rela-
tively small. So, concerning the binding energies, the old-
er functional of Perdew and Wang ' does a better job in
the present context, than the new one of Perdew and co-
workers. In what follows, we will continue our discus-
sion with results obtained by means of the NL functional
proposed in 1986.

The nonspherical NL treatment of the atom is the best
one can currently do within DFT. Higher accuracy will
require a better understanding of open-shell multiplets in
terms of DI j.', aside from the improvement of the nonlo-
cality in the functional, in order to account properly for
the exchange-correlation interactions in this kind of sys-
tem.

VI. IONIZATION POTENTIALS

The calculated NL adiabatic IP's for the Fe„(n~ 5)
ground-state structures are shown in Table III, together
with the experimental and the symmetry-broken hSCF
ab initio results for bulk fragments. ' The structural re-

TABLE III. LSDA and NL ionization potentials (eV) of Fe„
(n ~5) clusters, calculated for the ground states, for some iso-

mers, and for some bulk fragments.

Cluster Structure LSDA NL 6SCF' Expt.

Fe
Fe2
Fe3
Fe4
Feq
Fes
Feq
Fe5
Fe3
Fe4
Feg
Fes

2a'
3a'
4a
4b
sa'
Sb
Sc
trigonal'
square'
tetrahedral'
square pyramid'

8.10 8.16'
7.21 7.00'
6.27 6.20'
5.90 6.20'
6.16 6.34
6.37 6.52'
6.36
6.59
6.22 6.66
6.55 6.64
5.90 6.26
6.25 6.34

5.3

5.9
5.9

6.4

7.9
6.3

6.4-6.5
6.3-6.5

5.9-6.0

laxations were +0.09, +0.05, and —0.002 A for Fe2+,
Fe3+, and Fe~+, respectively (see Fig. 2). This means
that for Fez the 15E t MO (from which the electron was

F
ionized) is not as weakly bonding as expected; it behaves
as a bonding orbital whereas in Fe3 and Fe4 the electrons
at EF behave as weakly bonding or as nonbonding. In
Fe3 a d electron was ionized while in Fe4 a delocalized
st electron was removed. In Fes+ the relaxations range
from +0.002 to +0.076 A except for one of —0. 116 A,
between sites 1 and 2 of 5a. Here, an s ~ electron was ion-
ized, mainly localized between these sites. The change in

2.8

2.6-

0)
2.4-I

0
C0

E
~~

2.0-

U
UJ

Bulk Value 0

I

-N-'

Cations ~~,0

O' Neutrals

1.8
bonding weak- non- anti-bonding

Iron Cluster Size (Atoms)

FIG. 2. Equilibrium bond lengths for the calculated ground-
state structures of Fe„(n~ 5). Open squares represent neutrals
and solid circles cations. The bonding character of the Fermi
level is labeled.

'hSCF ab initio results from Ref. 13.
"From Ref. 5.
'Adiabatic IP's for the ground states, as indicated in Fig. 2 of
Ref. 24.
From this structure (see Fig. 1) was calculated the geometry

and electronic-structure relaxation for the cation.
'Bulk fragments with fixed bond lengths equal to 2.48 A.
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R,2 indicates an antibonding behavior of EF in Fe~. Our
IP values mimic the experimental pattern and are nearer
to this than are the ASCF ones. The biggest discrepancy
is for Fe2, where the NL IP is =0.7 eV higher, while the
ASCF one is =1 eV lower. For Fe5, DFT and ASCF
yield overestimates, by 0.57 and by 0.45 eV. For n =3
and 4, our agreement with experiment is excellent. The
bSCF calculations' revealed d-like EF's for n =2—5.
We have found EF's of d type for n =2 and 3 and of s
type for n =4 and 5. The changes in the electronic struc-
ture, from the unoptimized to the fully relaxed (structural
and electronic) geometries, with the most noticeable ones
in the compositions of the Fermi levels, stress the impor-
tance of geometry optimization for iron cluster proper-
ties. Even in this small range, n ~5, theory and experi-
ment show an overall decrease of the IP's, as needed to
converge toward the bulk work function.

In the previous section, we showed the dramatic im-
provement of the calculated D, 's produced by the NL
corrections. In Table III are shown the LSDA and NL
adiabatic IP's calculated for the ground states of the Fe„
(n ~ 5) clusters, along with the IP's for some isomers, and
for some bulk fragments (i.e., those calculated for unop-
timized geometries, with fixed bond lengths equal to 2.48
A}. We will discuss the LSDA and NL IP's for the
ground states. For Fe and Fe3 there are slight differences
between LSDA and NL IP's. For Fe2 and Fe4 the NL
corrections clearly improve the IP's, by 0.2—0.3 eV, with
respect to those at the LSDA level. However, for Fes the
LSDA is nearer to experiment than NL (albeit by only
0.15 eV) (see Table III). In other words, the screening
properties of the NL functional are not demonstrably su-
perior to those of the LSDA. Even with the Xa function-
al, reasonable IP's have been obtained for some iron clus-
ters. For instance, using the SCF Xa SW method, and
through a transition-state calculation, the vertical IP for
Fe3 6.30 eV, is remarkably close to the experimental
value, 6.4-6.5 eV. In the vertical approach, our calculat-
ed IP's for Fe3 are 6.35 and 6.34 eV for the LSDA and
NL (as shown, the structural relaxation makes these
values deviate slightly from the experimental one, see
Table III}. So, the LSDA should be an adequate level of
theory for the computation and analysis of IP's in this
kind of system. However, as shown in the previous sec-
tion for the D, 's, an accurate analysis of the binding
properties of iron clusters requires NL functionals. For
this reason we have performed a careful analysis of the
IP's at the NL level, as shown in Table III, where this
level of theory is confronted with experimental and
theoretical results. This information is useful for the
study of BDE's of Fe„+.Indeed, we have shown in Ref.
24 that, at the NL level of theory, the calculated BDE's
for Fe„andFe„+(n ~ 5), reproduce the main trends that
have been determined experimentally for this property.

VII. KI.ECTION AFFINITIES

We have also considered the process of attaching one
extra electron to the ground states of Fe„(n& 5). After a
full relaxation our main results for Fe2 are the follow-
ing. (1) In the lowest-energy state the extra electron goes

into the 4so. ~ MO, as predicted by Leopold and Line-
berger. This results in a molecular state of the type
( = b,„+4so „);eff'ectively this state was also found by
Tomonari and Tatewaki. "' However, the ab initio 40.

„

is
p-like, predominantly; whereas in our results although
there is a substantial p contribution, 4o

„

is predominant-
ly 4s-like, as was originally predicted. (2) the LSDA and
NL R, for Fe2 is 2.07 A, in both cases; the elongation

0
with respect to Fe2, of 0.05 A, confirms the prediction of
0.08+0.02 A made on experimental grounds. " The CI
result, ' of 0.03 A, is also of the right order of magnitude.
(3) Fez has a lower energy than Fe2, 0.95 eV for the
LSDA and 1.31 eV for NL, so that our computed adia-
batic electron affinity (EA) is in reasonable accord with
the experimental value, 0.90 eV. The CI estimation is
0.45 eV. ' (4) The calculated frequencies for Fe2, 412
cm ' (LSDA) and 345 cm ' (NL), give ratios co,

(Fez)/co, (Fez ), of 0.83 and 0.73; close to experimental
and ab initio ratios, 0.83. ' ' Note that the NL co, for
Fe2 is closer to the experimental value, 250+20 cm
than that determined with the LSDA. However, the
LSDA does a somewhat better job than the NL function-
al for both the EA and the co ratios.

Here are our main results for Fe3 . It remains in a
structure like 3a (see Fig. 1), but with longer, +0.08 A,
bond lengths. [The linear structure of Fe~ is located
=1.5 eV (LSDA) above the trigonal one. ] Within the
LSDA Fe3 is 1.37 eV more stable than Fe3, while for
NL it is 2.0 eV more stable. Our computed BDE for
Fe~ is 2.86 eV (NL); the suggested experimental value is
1.9 eV, deduced under the assumption of similar bonding
schemes for charged (positive and negative) and neutral
trimers. In this triad (Fe&, Fe&+, and Fe&), theory and
experiment agree that Fe3 has the largest BDE. See
Ref. 24 for more details of the calculations of BDE's.
(Here we have used the relation Fe& ~Fez +Fe, and
performed NL calculations for Fe3, Fe2, and for non-

spherical Fe.)
In the ground state of Fe4 the added electron is distri-

buted throughout the cluster by the highly delocalized s-

type Ez MO (this is a threefold-degenerate MO) (see
Table 3 in PAPS' "). Our vertical (keeping the same
geometry as in 4a) EA is 1.67 eV. After structural relaxa-
tion, the adiabatic EA of Fe4 is 1.69 eV. In fact, the R, 's

in Fe4 have been increased slightly, by less than 0.01 A,
with respect to those of Fe4. These EA's are for the
LSDA. The vertical NL EA of Fe4 is 2.11 eV, and the
adiabatic one is 2.19 eV.

The added electron to the ground state of Fe5 goes into
the lowest unoccupied MO of minority spin (e,. =4.11 eV,
see Table 4 in PAPS' "), which results in a molecular
state with M =2S+ 1 = 18 for Fes, with a vertical EA
equal to 2.04 eV, for the LSDA. (The M=16 state of
Fe5 is 0.34 eV above the M=18 state. ) In contrast to
Fe5+, the structural relaxation in Fe5 is very small; its

R, 's have been increased by about 0.02 A with respect to
those of Fe5. The adiabatic LSDA EA of Fes, 2.08 eV, is

essentially the same as the vertical one. The vertical NL
EA of Fe~ is equal to 2.28 eV; a similar value is expected
for the adiabatic one. To summarize this section: the
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EA s of Fe„increase with increasing cluster size, from
(LSDA values) 0.90 (for Fe2} to 2.08 eV (for Fe5 }.

VIII. CONCLUSIONS

In conclusion, recently developed techniques, as
exemplified by the Gaussian DFT code deMon have al-
lowed an unprecedented level of analysis of the properties
of small transition-metal clusters. The main features of
the experimental trends (R, 's, co, 's, D, 's, jtt's, IP's,
BDE's, and EA's), have been accounted for and insight
has been achieved as to how the structural, electronic,
and magnetic parameters are involved in the stability of
these clusters. The two forces, chemical and magnetic,
drive the iron clusters toward ferromagnetic ground
states with a maximization in chemical bond formation.

These calculations show the importance of a fu11 op-
timization (geometry and electronic structure) and of the
exchange-correlation effects on an accurate analysis of
transition-metal cluster properties. It has been found
that compact structures of Fe„(n=2—5) are more stable
than the geometrical fragments of the iron bcc lattice.
The computed ground states show equilibrium bond dis-
tances substantially shorter than the shortest distance in
the crystal, 2.48 A; although on the pentamer some bond
lengths approach the bulk value. This is most transpar-
ent for the cation Fe5+, which more closely resembles
(from the structural point of view) a fragment of the bulk
(see Fig. 2).

For the ground states we obtained SCF high-spin-
polarized electronic structures, with magnetic moments

per atom enhanced over the bulk value, by 22-45%%uo.

The magnetic effects play an important role on the
structura1 and binding properties. The nonmagnetic
states are higher in energy; they remain in similar struc-
tures as the ground states but with substantially shorter
R, 's.

The maximization of the number of nearest-neighbor
bonds and the gain in magnetic energy drives the iron
clusters toward compact high-dimensional geometries.
However, for the pentamer, the magnetic energy favors
the more open structure 5a.

The Mulliken analyses for the computed ground states
of Fe„(n(5), revealed d-like Fermi levels for n =2 and
3, and s-like for n =4 and 5. Starting from highly local-
ized multiple d bonds on earlier clusters, the chemical
bond evolves toward a delocalized s pattern. The impor-
tance of the s-type electrons increases with increasing
cluster size. (This accounts for the small difference of
BDE's for neutrals and cations in the n ) 5 size range, as
found experimentally. )

Our results anticipate that the anions Fe„would

occur in very similar structures to those for neutral Fe„.
The structural relaxations were about +0.05, +0.08,
+0.01, and +0.02 A, for Fe2, Fe3, Fe4, and Fe5
respectively. It would be interesting to see, for instance,
the results of negative-ion photoelectron spectroscopy for
this kind of system. The structural relaxations for the
cations (+0.09, +0.05, and —0.002 for Fe2+, Fe3+, and

Fe4+, and +0.002 ——0. 116 A for Fes+) are, in general,

larger than those for the anion Fe„;however, they also

remain in similar geometries as those of the ground
states. Cations and anions of Fez and Fe3 show the big-

gest changes in R, s; these species display similar bond-

ing schemes, mainly of d type. The small changes in

R, 's; for the cations and anions of Fe4 and Fe5 may be
traced to the occurrence of weak "metallic" bonding at
the Fermi level.

The introduction of NL gradient-type corrections
shows a dramatic improvement in the estimation of the
binding properties, D, 's and BDE's. But even at this lev-

el of theory there remains an overestimation in the corn-

puted values, with respect to the experimental results.
These properties involve the energy of the open-shell
multiplets of the isolated iron atom, and this has proved
to be difficult to calculate with very high accuracy within
Kohn-Sham DFT in its present state. On the other hand,
the calculated NL ionization potentials and electron
affinities are of similar quality to those calculated with
the LSDA. The local and nonlocal functionals used in
this work exhibit similar screening properties.

These computations, though demanding, have all been
done on general-use Silicon Graphics 4D/280 and FPS
511 servers. Extensions to fully optimized TM clusters in

the 10-15-atom size range should be feasible with more
powerful computing equipment. We find this prospect
very exciting. Among other things, it will open up possi-
bilities for the study of far more interesting models for re-
actions involving TM's than has heretofore been possible.
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