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Complementary to our previous study@Wanget al., Phys. Rev. B59, 12 672~1999!#, the intrinsic stability
of the magic Fe13O8 cluster is confirmed by the calculations on the vibrational properties. For all the vibration
modes, the frequency is positive, and therefore the structure is dynamically stable.A1g , B1g , andB2g modes
are Raman active,A2g , A2u , andEu modes are infrared active, while theEg mode is active both in Raman and
in infrared spectroscopy. The intrinsic stability combined with the relative stability make this cluster to be
magic.
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I. INTRODUCTION

Transition-metal oxides show a rich variety
phenomena,1–3 e.g., Mott transition, high-Tc superconductiv-
ity, ferromagnetism, antiferromagnetism, low-spin to hig
spin transitions, ferroelectricity, antiferroelectricity, coloss
magnetoresistance, charge ordering, and bipolaron for
tion, which cover almost all the interesting phenomena
physics and in materials science. Therefore, extensive stu
have already been devoted to this field. In recent years,
the new advent of flexible and precise experimental te
niques, the studies on the oxidation of transition-metal cl
ters have also started to attract great attention: e.g., Fen ,4–6

Crn ,7 Mnn ,8,9 Con ,10 and Nbn ~Refs. 11 and 12! systems
have already been studied. Among these systems, Fe-O
ters are of particular interest due to the diverse physical
chemical behaviors, and it is expected that well-control
studies on iron oxide clusters will not only provide a ne
avenue to obtain detailed information about the interact
between oxygen and iron but also provide models for
iron oxide materials13 and iron oxide surfaces.14,15 Recently,
a magic cluster Fe13O8 has been found by using a reactiv
laser vaporized cluster source.16 The equilibrium geometry,
electronic structures, and magnetic properties are studie
detail in a previous work.17 It has been found that this mag
cluster hasD4h symmetry, in which there are three no
equivalent Fe atoms: the central Fe atom~labeled Fe1! and
surface Fe2 and Fe3 atoms, as shown in Fig. 1. The b
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lengths and bond angles are as follows: rO2Fe153.141 Å,
rO2Fe251.848 Å, rO2Fe351.807 Å, /O-Fe2-O5178.4°,
and /O-Fe3-O5159.1°. The average binding energy p
atom is 5.64 eV. Our central theoretical interest is the stu

FIG. 1. The equilibrium structure of the Fe13O8 magic cluster
with D4h symmetry.
5781 ©2000 The American Physical Society
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TABLE I. Comparison of the bond length~in Å! and of the vibrational frequencies~in cm21) obtained in
the present calculation with the results of other calculations and experimental data for the H2O molecule.

Present cal. All-electron cal. Pseudopotential cal. Expt. valu
~Ref. 30! ~Ref. 30! ~Ref. 31!

Bond length 0.975 0.970 1.125 0.960
Symmetric bending mode 1500 1547 1302 1595
Symmetric stretching mode 3795 3714 3010 3657
Asymmetric stretching mode 3915 3823 3018 3756
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of stability of this magic cluster. The relative stability o
Fe13O8 has already been confirmed in our previous stud17

by comparing the binding energies and the gaps between
highest occupied molecular orbital~HOMO! and the lowest
unoccupied molecular orbital~LUMO! for Fe13O6 , Fe12O9 ,
Fe14O7, and Fe13O8 clusters. However, the intrinsic stabilit
of this magic cluster has not, to the best of our knowled
been studied yet. Theconventionalgeometry optimizations
converge to a structure on the potential energy surface w
the force on the system is essentially zero and the struc
may correspond to a minimum on the potential energy s
face or it may represent a saddle point, which is a minim
with respect to some directions on the surface while a m
mum in other direction~s!. This ambiguity can be solved b
analyzing the dynamical properties of the system. In fact
the latter case, the system displays some imaginary freq
cies, suggesting there are some geometry distortions
which the energy of the system is lower than it is in t
current structure, such an instability in structure cannot
easily detected by a relative stability study. In this paper,
will calculate the vibrational eigenstates of the Fe13O8 cluster
to check its intrinsic stability; if all the vibration modes hav
positive frequency, the structure is dynamically stable, a
the system has so-called intrinsic stability.

II. THEORETICAL METHOD

The state-of-the art methods for calculating vibration
properties of crystals or clusters from first principles can
separated into two different categories: the linear-respo
method18–20 and the direct~supercell! approach.21–25 The
modern implementation of the linear-response appro
evaluates only the valence eigenfunctions and eigenval
the computational effort is equivalent or even less than
the direct method. In the direct method, the so-called froz
phonon technique is used, where the phonon energy is
culated as a function of the displacement amplitude in te
of the energy difference between the distorted and the id
lattice. This method is restricted to the systems whose vib
tional wavelength is compatible with the size of unit cell.
the present calculation, we use the directab initio force con-
stant approach employing a supercell with periodic bound
conditions.

Solving the dynamic equation

D•e5v2e ~1!

we obtain the vibration frequencyv and eigenvectorse,
where the supercell dynamic matrixD can be calculated
he
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from the force constant matrixF representing a bond be
tween two atoms; the detailed formula can be found in R
21.

The calculated frequency spectrum of the vibration
modes of the cluster can be efficiently displayed in terms
the partial density of states, describing the contribution to
density of state for the selected atom vibrating along a
lected Cartesian coordinate, which is defined as

gi ,n~v!5
1

ndDv (
K , j

uei~K , j ;n!u2dDv„v2v~K , j !… ~2!

whereei(K , j ;n) is thei th Cartesian component of the eige
vector of the mode (K , j ) for the n atom,Dv is the broad-
ening factor, n is the number of sampling wave-vecto
points,d is the dimension of the dynamic matrix, anddDv(x)
equals 1 ifuxu<Dv/2, otherwise it is zero.

The total vibrational density of states can be obtained

g~v!5(
i ,n

gi ,n~v! ~3!

where summationn runs over the atom andi runs over the
Cartesian component.

III. RESULTS AND DISCUSSION

In the present calculations, the Hellmann-Feynman for
are obtained using theab initio plane-wave ultrasoft pseudo
potential scheme ViennaAb initio Simulation Program
~VASP!,26–28 further details of the calculation can be foun
in Ref. 17. To solve the eigenvalue problem for the dynam
matrix Eq.~1!, we used the method described in Ref. 21,
implemented in thePHONON program.29 In order to test our
calculations, first we performed calculations on the H2O
molecule by putting this molecule in the supercell with
39310 Å3. The results are shown in Table I. The compa
son with the experimental values is reasonable.

For the Fe13O8 cluster, the supercell is 12.5312.5
313.4 Å3, which is sufficiently large to make dispersion e
fects negligible. A kinetic-energy cutoff of 430 eV has be
used in the plane-wave expansion of the pseudowave fu
tions, which is large enough to obtain a good converge
~the changes of the total energy are of the order of only
meV if the kinetic-energy cutoff is increased to 450 eV!. For
the exchange-correlation energy of valence electrons,
adopted the form of Ceperley and Alder32 as parametrized by
Perdew and Zunger.33

For the amplitude of displacement, we have made ext
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sive tests. Much attention should be paid to preserve
linearity of the force as a function of displacement amp
tude; too large a displacement will destroy the lineari
while too small a displacement will cause too much calcu
tion noise. Taking into account the symmetry of the clus
the Hellman-Feynman forces are computed for ten indep
dent configurations: two with the Fe1 atom displaced alo
the x and z direction at an amount of 0.025 and 0.027
respectively, to preserve linearity; three with the Fe2 at
displaced alongx ~0.031 Å!, y ~0.013 Å!, andz ~0.033 Å!;
three with the Fe3 atom displaced alongx ~0.031 Å!, y
~0.031 Å!, andz ~0.013 Å!; two with the O atom displaced
alongx ~0.025 Å!, andz ~0.027 Å!. Each displacement gen
erates 3321563 force components. Therefore, the ten ch
sen independent configurations in total produce 630 dat
Hellmann-Feynman forces. Fitting these data gives 154
dependent parameters for force constants. Figures 2~a!–2~d!
show the force constant changes with the distance for
Fe1, Fe2, Fe3, and O atoms, respectively. It can be fo
that the force constant rapidly decreases with distance,
gesting that our supercell is large enough to obtain the
brating properties with an appreciable accuracy.

With the broadening factor of 0.1 THz, Figs. 3–6 sho
the partial density of states obtained for vibration along
independent directions for the Fe1, Fe2, Fe3, and O ato
respectively. Figure 7 shows the total density of states for
cluster. From our results we obtained the following conc
sions.

~i! The frequencies for all the vibration modes are po
tive. Therefore, the structure is dynamically stable, and
Fe13O8 cluster has intrinsic stability. The intrinsic stabilit
together with the relative stability make this cluster to
magic, resulting in a very sharp peak in the time-of-flig
mass spectra.16,17

~ii ! Because the nearest-neighbor distance for the

FIG. 2. Force constants as a function of distance for the Fe1~a!,
Fe2 ~b!, Fe3~c!, and O atoms~d!.
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FIG. 3. Partial density of states for the Fe1 atom vibrating alo
the x direction ~a! and z direction ~b!. The vibration along they
direction is equivalent to that in thex direction.

FIG. 4. Partial density of states for the Fe2 atom vibrating alo
the x direction ~a!, y direction ~b!, andz direction ~c!.
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FIG. 5. Partial density of states for the Fe3 atom vibrating alo
the x direction ~a!, y direction ~b!, andz direction ~c!.

FIG. 6. Partial density of states for the O atom vibrating alo
the x direction ~a! and z direction ~b!. The vibration along they
direction is equivalent to that in thex direction.
atom is 2.430 Å, larger than those of the Fe2~1.848 Å! and
Fe3 ~1.807 Å! atoms, the interaction between the Fe1 ato
and its nearest neighbors is weaker than for the other
atoms. Accordingly, the vibrational frequencies of the mod
in which mainly the Fe1 atom moves are lower than those
the modes more or less localized on the other iron ato
The Fe2 atom vibrates with high frequency in they direction,
while the Fe3 one shows its high frequency regime for
bration in thez direction.

~iii ! Compared to the Fe atom, the O atom is much ligh
in mass; as a result, the vibrating frequency of the O atom
much larger than that of the Fe atom.

~iv! It is possible to probe the vibrational properties of
cluster by infrared~IR! and Raman~R! techniques to obtain
the structural information of a cluster, as it has already b
applied to the C60 dimer.34 For future comparison with ex
periment, Table II shows the vibration modes active in R
man~R! or/and infrared~IR! spectroscopy, the correspondin
irreducible representations~IrRep! are also given.A1g , B1g ,
andB2g modes are Raman active,A2g , A2u , andEu modes
are infrared active, while theEg mode is active in Raman a
well as in infrared spectroscopy.

TABLE II. Frequencies~in cm21) and irreducible representa
tions of the vibrational modes active in Raman or/and infrared sp
troscopy for the Fe13O8 cluster.

IrRep Frequency

R A1g 5.44, 8.88, 9.89, 14.11, 22.16
B1g 5.21, 8.82, 14.62
B2g 4.89, 9.15, 14.24, 21.74

IR A2g 8.25, 17.84
A1u 6.63, 9.35, 10.15, 17.26
Eu 3.90, 6.67, 7.02, 9.28, 14.86, 17.28, 22.12

R1IR Eg 5.25, 8.26, 15.10, 17.22, 21.69

g

FIG. 7. Total vibrational density of states for the Fe13O8 cluster.
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In summary, by using an approach based on the fi
principles force constant method, the intrinsic stability of t
Fe13O8 cluster has been investigated and confirmed. Furth
more, it has been pointed out that this study can be rele
as a supplementary tool to the usual static minimizat
procedure.17
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