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Abstract. The atomic structures and physical properties of small iron clusters have been
calculated using density functional theory with the local spin-density approximation. We have
found that the small iron clusters tend to form compact structures. The magnetic moments are
found to be larger than the bulk value, which is in good agreement with experimental data. The
results on the electronic properties and ionization potentials for small clusters in the ground state
are also discussed. ' '

Atomic clusters constitute an intermediate phase between atom and buik phases, which
shows anomalous physical and chemical properties in comparison with the behaviour of
the corresponding bulk solids and free atoms. In recent years, much effort has been made
theoretically and experimentally to understand the physics of clusters. Transitiorn-metal
clusters are of particular interest, because their significant catalytic and magnetic properties
have led to useful technological applications, such as in high-density magnetic devices [1].
The experimental results on magnetic properties and electronic structures of transition-metal
clusters have stimulated extensive theoretical investigations. Cox et @l [2] and de Heer ez
al [3] have reported the results of Stern—Gerlach deflection experiments with iron clusters,
where they found the magnetization increasing with the applied field. As we know, the
magnetism of atoms is localized, while the magnetism of bulk phases is largely dependent
on the d-band filling, lattice structure, and so on. The measured magnetic moments for the
iron clusters reported recently are not consistent. Cox et al [2] found magnetic moments
larger than the bulk value, but de Heer et af found magnetic moments smaller than the bulk
value. The icnization potentials (IPs) of iron clusters have also been measured by a few
authors [4, 5, 6]. Generally the ionization potentials decrease rapidly but non-monotonically
up to N ~ 20, beyond which the ionization potentials evolve more slowly and smoothly.
Unlike for alkali-metal clusters, the results from the liquid droplet model for ionization
potentials of iron clusters do not agree well with experimental data [5, 6], especially in
clusters of a few atoms. The measured IPs are lower than those predicted by the conducting
spherical droplet model. To understand completely the observed magnetic properties of iron
cluster and the other physical properties changing from the atom to the bulk phase, it is
necessary to study the atomic structures and magnetic properties of small iron clusters.

A few calculations on fragments of bulk iron phases have been performed since the
beginning of 1980s [7, 8]. In these studies, the magnetic moments and electronic properties
are found to converge to the bulk values very quickly. Actually, in small clusters, most of
the atoms are on the surface, the structures of the small clusters can be very different
from the fragments of bulk phases, and different structures might have- quite different

0953-8984/95/122421+08519.50 (& 1995 IOP Publishing Ltd 2421



2422 X G Gong and Q Q Zheng

electronic and magnetic properties. Cheng et af [9] made calculations for Fe,, Fe; and Fey in
ferromagnetic, paramagnetic and antiferromagnetic states by using the linear combination of
atomic orbitals method. They found that the lowest-energy state is the ferromagnetic state,
and that the equilibrium interatomic distances are much smaller than the nearest-neighbour
distance in the bulk phase, while the magnetic moments are larger than that of the bulk
phase. The ground-state properties of small iron clusters have also been studied using the
effective-medium theory [10], and an observable difference has been found in the bond
lengths, binding energies and magnetic moments on comparing with the results obtained by
first-principles methods. Some model Hamiltonians [11] have also been used to study the
small iron clusters.

In this paper, we report theoretical results for small iron clusters with N < 7 obtained
using spin-density functional theory with the Barth-Hedin local spin-density approximation
(LsDa) [12]. It is known that the gradient correction to the LSDA for the phase diagram
of bulk iron is important [13], but in the present studies we find that the energy difference
between the different structures is large, so0 we can assume that the gradient correction
to the LSDA will not change the results of the present calculation significantly. The linear
combinations of atomic wave functions of 3d, 4s and 4p orbitals have been used as the basis
functions. The Kohn-Sham equation is solved by the discrete variational method which has
been discussed in detail by Ellis er af [14]. The calculations including more diffusive 4d
orbitals show very small effects on the binding energy, magnetic moments and equilibrium
distances. The frozen-core approximation has been used in all the calculations. The binding
energies of the elusters are calculated from Ey = E5 — E;, where E; is the total energy of
the cluster and E is the sum of the total energies of free atoms, and the zero-point energy

" is not included in the binding energy calculation. The equilibrium atomic structures of the
clusters are obtained by maximizing the binding energy E}, with respect to the interatomic
distances, within the symmetry constraints. Mulliken population analysis has been used
to obtain the occupation number of atomic orbitals, and the magnetic moments are the
differences between the occupation numbers in spin-up and spin-down states. The vertical
ionization potentials are the total energy differences between neutral and positively charged
clusters at the equilibrium distances of the neutral clusters.

Table 1. The equilibrium bond length R, (A), vibrational frequency we {¢m™!), and binding
energy £y (eV) for the Fez dimer.

Re e Ep/ per atom
Present calculation
Ferromagnetic 2.09 368 165
Antiferromagnetic 2.18 182 0385
Chen {9]
Ferromagnetic 1.98 418 2.03
Antiferromagnetic 220 209 096
Harris and Jones [18] 2.10 390 173
Shim and Gingerich [I16]* 246 226 L.10
Shim and Gingerich [16]* 2.40 204 174

Experimental values [15] 2.02, 1.87 299

* ¢r Calculation.
® ye Calculation,

We have calculated the equilibrium structures of small iron clusters for up to seven
atoms. The structural data for the dimer are listed in table 1, where they are compared with
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available theoretical and experimental results. Several LSDA calculations on the equilibrium
structures of small iron clusters of up to only four atoms have been reported [9, 101, and our
equilibrium structures are similar to those found by other authors [9, 10]. We have found the
equilibrium bond length to be 2.09 A for the iron dimer, which is in good agreement with
EXAFS studies of matrix-isolated Fe, which give an interatomic distance between 1.87 A
and 2.02 A [15). This bond length is considerably smalier than the nearest-neighbour
distance 2.5 A of bulk BCC crystalline iron. The binding energy obtained, 1.61 &V, is
much Jarger than the value of ~0.8 eV for the experimental binding energy determined by
Knudsen cell mass spectrum matrix measurements [16]. The large difference between the
experimental data and the present results for the binding energy might be attributed to the
LSDA method. In fact, other calculations also obtained very large binding energies as given
in table 1, but the <I calculation got a value closer to the experimental data. The vibrational
frequency calculated in the harmonic approximation near the equilibrivm bond length is
about 368 cm™, as usual in the LSDA, which is also larger than the experimental value of
299.cm™! determined by Moskovits and Di Lella [17], because the LSDA always tends to
have higher charge density. A small difference of vibrational frequency was also observed
between the present work and other calculations, but the ¢I calculation obtained rather a
small vibrational frequency. We have ailso studied the antiferromagnetic states of Fe,, and
obtained the equilibrium distance as 2.2Q A, which is about 0.1 A larger than that in the
ferromagnetic state. The binding energy is about 0.8 eV lower, as shown in table 1.

Table 2. The binding energy Ey (eV), magnetic moment per atom, ionization potentials p teV)
and average bond length Dy (A) for all calculated small iron clusters.

Cluster - Egl per atom gy P Dy
Fes .

Chain 1.812 353 6.8 213
Triangle 2036 398 370 237
Feyq )
Tetrahedron 2.667 301 568 232
Ehombus 2.606 341 551 236
Square 2.489 3.55 499 233
Fes

Rhombus pyramid 3062 331 506 239
Triangle bipyramid ~ 3.169 345 518 243
Pentagon 2390 . 335 497 249
Feg

Octahedron 3592 330 553 238
Pentagon pyramid 3.203 333 495 234
Hexagonal 2.477 349 570 233
FB',t

Capped octahedron  3.634 3.14 5390 254 -
Pentagon bipyramid ~ 3.754 285 521 242
Hexagonal pyramid 3.302 339 548 245

The calculated physical and structural properties of the Fes—Fe; cluster are given in
table 2. In the case of the Fe; cluster, we have calculated the linear and triangle geometric
structures. The binding energy of the triangle structure is about 0.67 eV higher than that of
the linear structure; this is consistent with the results of other theoretical calculations [9, 10].
We have studied Fe, clusters with square, rhombus and tetrahedron structures. We found the
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tetrahedron structure to be the structure with the largest binding energy, in agreement with
other theoretical studies, which indicates that a transition from a two-dimensional structure
to a three-dimensional one takes place at N = 4. In the larger clusters, we also found the
planar structures to have very small binding energy. There is a large difference between
the bond lengths for Fey (N = 2, 3, 4) and Chen and Christensen’s results; however, the
value that we have obtained is in between.

For the cluster Fe;, we found the compact triangle bipyramid structure to have the largest
energy, the thombus pyramid to have energy only slightly lower, but the pentagonal structure
for Fes cluster has very small binding energy. We found the octahedral structure to have the
largest binding energy for the Feg cluster, and the binding energy of the pentagonal pyramid
structure to be very close to that of the equilibrium structure, while the planar hexagonal
structure has much smaller binding energy. For the Fe; cluster, the energy with the largest
binding structure is the pentagonal bipyramid; the capped octahedron has a slightly smaller
binding energy.

From table 2, we can see that the binding energies increase quickly as the size increases,
but are still far from the theoretical bulk phase valve of 3.9 eV [19]. However, we can
also see that the average bond distance Dy, starting at 2.09 A in the dimer, increases
to 2.54 A which is close to the nearest-neighbour distance in the bulk BcC phase. The
ionization potentials and their dependences on cluster size can shed light on the elecironic
structures of the clusters. In the present study, the ionization potentials are obtained by
calculating the binding energy difference between neutral and positively charged clusters at
equilibrium distance. From figure 1, we can see that the calculated ionization potentials are
in reasonably good agreement with experimental data, except for the shift of about 0.5 eV
to lower values. It is also worth noting that the ionization potentials are strongly dependent
on the atomic structures (see table 2); for each cluster, different structures have different
ionization potentials. Hence to understand the physical properties of the small iron clusters,
it is necessary {o calculate the true ground-state structure.
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Figure 1. The jonization potentials for small iron clusters. The dots with error bars are
experimental results from [4]; the solid line shown the results of the present calculation.

In all the clusters for which we made calculations {(up to seven atoms), we find that the
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magnetic moments are generally larger than the bulk value (2.21ppfatom) in BCC phase.
The total magnetic moments increase as the number of atoms in the cluster increases, but
the magnetic moment per atom fluctuates with the size of the cluster, which is in agreement
with experimental data. For the iron dimer, we obtain a value of about 7.6up for the total
magnetic moment. A large difference between the values for the neutral and charged dimers
has been observed. The magnetic moment for FeJ is about 7.0u5. We also obtain 2 value
of about 11.0up for iron the trimer, and 9.0up for Fe;". As we will show later, most of the
electrons near the Permi level are in the spin-up state, which is why the magnetic moment
decreases upon ionization. The magnetic depletion experiments [2] gave (6.5%1)up for Fe
and (8.1 usp for Fe;". ‘We can see that for the charged clusters, a good agreement between
the theoretical and experimental data has been reached; but there are no direct experimental
data on the magnetic moments for the neutral dimer and trimer to compare with. In ail the
clusters, we bave also obtained a small magnetic moments for sp electrons {(~ —0.1ug). In
figure 2, the average magnetic moments for neutral and positively charged clusters at the
equilibriurn bond lengths are shown, and the experimental results of Cox ef af [2] are also
replotted for comparison. We can see that the agreement with experiment is quite good,
except that we get a slightly smaller value at the most compact structure, the bipyramid
Fe;. We have also tried to calculate the magnetic moments at distances which are a little
bit larger than equilibrium distances, and the results show that the magnetic moments are
increased. These results may partially explain why the magnetic moments increase as the
temperature of the cluster increases.
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Figure 2. The calculated magnetic moments per atom as a function of cluster size. The dotted
line shows the results for neutral clusters, the solid line shows the results for positively charged
clusters, and the dots with error bars are the experimental results from [2],

~ Since, in the clusters, the thermal expansion coefficients can be very large, when the
temperature increases, the cluster expands, which can lead to a larger magnetic moment.
For each cluster, the more compact the structure is, the smaller the magnetic moment. This
is not surprising because in the small clusters, the atoms have fewer neighbours than in the
bulk. and therefore the kinetic energy will not increase much upon magnetization. Hence the
magnetic moment in the cluster will have a larger value than that in the bulk. The number of
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nearest neighbours in the compact structure is larger than that in the loose structures; it will
‘cost’ more energy to have large magnetism, so the compact structures tend to have smaller
magnetic moments. This phenomenon has also been already observed in the surface.

Table 3. The average Mulliken populations for small iron clusters at ¢he bond length with the
largest binding energy, magnetic mornents per atom and exchange splitting A Exc. The numbers
in brackets are for positively charged clusters.

Cluster 3d 4s 4p m AEx(d) AE,(sp)
2 6395 1300 0305 400 2430  1.0-20
(6.43)  (0.940) {(0.116) (3.49)
3 6389 1202 0409 398  23-30  05-19
(6554) (0.859) (0.253) (3.00)
4 6513 0998 0489 300 1925 0.7-14
(6583 (0.838) (0.330) (275
5 6423 1095 0482 345  20-27 . 0817
6527 (0907 (0366) (3.00)
6 6482 1000 0518 330 2024 09-16
(6523) (0942) (0.368) (3.22)
7 6509 0929 0567 285 1325 05-12
(6535) (0.901) (0422) (2.71) )
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Figure 3. The eigenvalue spectrum for the small iron clusters: {a) for spin-up states; (b) for

spin-down states.

In table 3, the average 3d, 4s, 4p Mulliken populations for neutral and positively charged
clusters for the structure with the largest binding energy have been given. As the size of
cluster increases from Fe; to Fey clusters, the average nomber of d electrons and of the
4p electrons increase by up to about 0.5 electton, which indicates the increasing sp-d
hybridization. We can also see that the ionized electrons are seen to come largely from
4z and 4p orbitals. Comparing to that for neutral clusters, the number of s electrons also
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increases, and this might be why the magnetic moments decrease upon ionization.

The eigenvalue distributions for all the clusters calculated are shown in figure 3, with
the Fermi energy shifted to zero in all the cases. We can see that the band width increases
gradually from the Fe; to the Fe; cluster. For Fe; dimers, the total occupied band width
is about 5 eV. For the Fe; cluster, the total occupied band width is about 9 eV, which is
already close to the thecretical buik band width [19]. For the spin-down states, the total
occupied band width is about 1-2 eV narrower than that of spin-up states. The exchange
splitting differs from cluster to cluster, and the values are listed in table 3. Although as the
size of cluster increases the exchange splitting decreases, the exchange splitting in Fe; is
still larger than the bulk value of about 1.1-2.2 eV for d states and about 0.16-0.85 eV for sp
states. These values are consistent with other LSDA work [7] which found ~1.8-3.2 eV for
the d states in the Fep cluster and ~1.0-2.7 eV for the d states in Feys clusters. Comparing
to the eigenvalues in the spin-up and spin-down states, we can find that the electrons near
the Fermi level are largely from the spin-up states, so the ionization, which reduced the
number of electrons in the spin-up states, will decrease the magnetic moments.

In summary, we have performed LSDA calculations for the small iron clusters. The
equilibrium state structures are obtained through binding energy calculations. We found
that the small iron clusters tend to have a compact structure. Beginning at N = 4, the
binding energies of planar structures are very small. The calculated ionization potentials
are in good agreement with experimental data. The magnetic moments are found to be larger
than the bulk values. With the increase of cluster size, generally the magnetic moment per
atom decreases. These results are in agreement with experimental data of Cox et al [2]. We
have also observed a small charge transfer between the sp and d states because of the sp—d
hybridization. For the Fe; cluster, we found that the occupied band width and the average
equilibrium distance are close to the bulk-phase values, but that other physical properties,
like the magnetic moments and ionization potentials, are far from the bulk values.
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