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First-principles studies on the intrinsic stability of the magic Fe 405 cluster
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Complementary to our previous stufifanget al, Phys. Rev. B69, 12 672(1999 ], the intrinsic stability
of the magic FeOg 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 $tapleB,,, andB,y modes
are Raman activéd,, , A,,, andE, modes are infrared active, while thg mode is active both in Raman and
in infrared spectroscopy. The intrinsic stability combined with the relative stability make this cluster to be
magic.

. INTRODUCTION lengths and bond angles are as follows: go;=3.141 A,
fo—rer=1.848 A, _re3=1.807 A, L 0O-Fe2-0=178.4°,
Transition-metal oxides show a rich variety of and £0-Fe3-C=159.1°. The average binding energy per
phenomend;3e.g., Mott transition, highF, superconductiv- atom is 5.64 eV. Our central theoretical interest is the study
ity, ferromagnetism, antiferromagnetism, low-spin to high-
spin transitions, ferroelectricity, antiferroelectricity, colossal
magnetoresistance, charge ordering, and bipolaron forma-
tion, which cover almost all the interesting phenomena in
physics and in materials science. Therefore, extensive studies
have already been devoted to this field. In recent years, with
the new advent of flexible and precise experimental tech-
niques, the studies on the oxidation of transition-metal clus-
ters have also started to attract great attention: e.g.,*Fe
Cr,,” Mn,,%% Co,,X® and Nb, (Refs. 11 and 12systems
have already been studied. Among these systems, Fe-O clus-
ters are of particular interest due to the diverse physical and
chemical behaviors, and it is expected that well-controlled
studies on iron oxide clusters will not only provide a new
avenue to obtain detailed information about the interaction
between oxygen and iron but also provide models for the
iron oxide materiaf$’ and iron oxide surface’$:** Recently,
a magic cluster FgOg has been found by using a reactive
laser vaporized cluster sourteThe equilibrium geometry,
electronic structures, and magnetic properties are studied in
detail in a previous work! It has been found that this magic
cluster hasD,, symmetry, in which there are three non-
equivalent Fe atoms: the central Fe atdabeled Fel and FIG. 1. The equilibrium structure of the ®g magic cluster
surface Fe2 and Fe3 atoms, as shown in Fig. 1. The bongith D,,, symmetry.
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TABLE I. Comparison of the bond lengtiin A) and of the vibrational frequencié® cm 1) obtained in
the present calculation with the results of other calculations and experimental data forQhmdtecule.

Present cal.  All-electron cal. Pseudopotential cal. Expt. value
(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

of stability of this magic cluster. The relative stability of from the force constant matrip representing a bond be-
Fe;s0g has already been confirmed in our previous stfidy tween two atoms; the detailed formula can be found in Ref.
by comparing the binding energies and the gaps between til.

highest occupied molecular orbitdHOMO) and the lowest The calculated frequency spectrum of the vibrational
unoccupied molecular orbitdLUMO) for Fe ;0g, Fe,0q, modes of the cluster can be efficiently displayed in terms of
Fe 40;, and FgsOq clusters. However, the intrinsic stability the partial density of states, describing the contribution to the
of this magic cluster has not, to the best of our knowledgedensity of state for the selected atom vibrating along a se-
been studied yet. Theonventionalgeometry optimizations lected Cartesian coordinate, which is defined as

converge to a structure on the potential energy surface where 1

the force on the system is essentially zero and the structure _ NY _ ;

may correspond to a minimum on the potential energy sur- (@)= DR % l&i(K,j;v)|*0s0(0—o(K,j)) (2)
face or it may represent a saddle point, which is a minimum . : ) )
with respect to some directions on the surface while a maxiVhereei(K,j;») is theith Cartesian component of the eigen-
mum in other directiofs). This ambiguity can be solved by Vector of the modeK,j) for the v atom,Aw is the broad-
analyzing the dynamical properties of the system. In fact, iffMiNg factor,n is the number of sampling wave-vector
the latter case, the system displays some imaginary frequeR©INtS.d is the dimension of the dynamic matrix, ang,(x)
cies, suggesting there are some geometry distortions fdfduals 1 ifix|<Aw/2, otherwise it is zero. ,
which the energy of the system is lower than it is in the The total vibrational density of states can be obtained
current structure, such an instability in structure cannot be

easily detected by a relative stability study. In this paper, we

will calculate the vibrational eigenstates of the §& cluster 9(w)= % 9i, (o) €

to check its intrinsic stability; if all the vibration modes have '

positive frequency, the structure is dynamically stable, and
the system has so-called intrinsic stability. where summationv runs over the atom andruns over the

Cartesian component.

Il. THEORETICAL METHOD Ill. RESULTS AND DISCUSSION

The state-of-the art methods for calculating vibrational

roperties of crystals or clusters from first principles can be In the present calculations, the Hellmann-Feynman forces
prop ot cry . o princip are obtained using thab initio plane-wave ultrasoft pseudo-
separated into two different categories: the linear-respon

_ . ~ otential scheme Viennab initio Simulation Program
method?® .20 and the direct(supercell approactf.~** The S\/ASP) 26-28fyrther details of the calculation can begfound
modern implementation of the linear-response approac ;

X . . 1 Ref. 17. To solve the eigenvalue problem for the dynamic
evaluates only the valence eigenfunctions and elgenvalue%atrix Eq.(1), we used the method described in Ref. 21, as
the computational effort is equivalent or even less than for iy o

H 29
the direct method. In the direct method, the so-called frozen'mplememed in theHONON program. In order to test our

honon techniaue is used. where the phonon eneray is ¢ ﬁ:_alculations, first we performed calculations on theOH
P q ' P gy holecule by putting this molecule in the supercell with 8

culated as a function of the displacement amplitude in term%<9>< 10 A®. The results are shown in Table I. The compari-

of the energy difference between the distorted and the ideal ith th ; | val . bl
lattice. This method is restricted to the systems whose vibra="" with the experimental values Is reasonable.
' For the FeiOg cluster, the supercell is 12&12.5

tional wavelength is compatible with the size of unit cell. In %13.4 &, which is sufficiently large to make dispersion ef-

the present calculation, we use the dirabtinitio force con- fects negligible. A kinetic-eneray cutoff of 430 eV has been

stant.a.lpproach employing a supercell with periodic boundar)(lsed in gt]hg pla.ne-wave expangs)ilon of the pseudowave func-

Cogdéfl/?r?;.the dynamic equation tions, which is large enough to obtain a good convergence
(the changes of the total energy are of the order of only 0.7
meYV if the kinetic-energy cutoff is increased to 450)eNor

D-e=w’e (1) the exchange-correlation energy of valence electrons, we

adopted the form of Ceperley and Aldeas parametrized by

we obtain the vibration frequency and eigenvector®, Perdew and Zungéer

where the supercell dynamic matr@ can be calculated For the amplitude of displacement, we have made exten-
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FIG. 2. Force constants as a function of distance for the(&el
Fe2(b), Fe3(c), and O atomsd).
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FIG. 3. Partial density of states for the Fel atom vibrating along

direction is equivalent to that in thedirection.

sive tests. Much attention should be paid to preserve the

linearity of the force as a function of displacement ampli-
tude; too large a displacement will destroy the linearity,
while too small a displacement will cause too much calcula-
tion noise. Taking into account the symmetry of the cluster,

the Hellman-Feynman forces are computed for ten indepen

dent configurations: two with the Fel atom displaced along
the x and z direction at an amount of 0.025 and 0.027 A,
respectively, to preserve linearity; three with the Fe2 atom
displaced along (0.031 A), y (0.013 A), andz (0.033 A);
three with the Fe3 atom displaced alomg(0.031 A), y
(0.031 A), andz (0.013 A); two with the O atom displaced
alongx (0.025 A), andz (0.027 A). Each displacement gen-
erates X 21=63 force components. Therefore, the ten cho-
sen independent configurations in total produce 630 data o
Hellmann-Feynman forces. Fitting these data gives 154 in-
dependent parameters for force constants. Figui@s-2(d)
show the force constant changes with the distance for the
Fel, Fe2, Fe3, and O atoms, respectively. It can be founc
that the force constant rapidly decreases with distance, sug
gesting that our supercell is large enough to obtain the vi-
brating properties with an appreciable accuracy.

With the broadening factor of 0.1 THz, Figs. 3—6 show

the partial density of states obtained for vibration along the—

independent directions for the Fel, Fe2, Fe3, and O atoms
respectively. Figure 7 shows the total density of states for the
cluster. From our results we obtained the following conclu-
sions.

(i) The frequencies for all the vibration modes are posi-
tive. Therefore, the structure is dynamically stable, and the
Fe s0g cluster has intrinsic stability. The intrinsic stability
together with the relative stability make this cluster to be
magic, resulting in a very sharp peak in the time-of-flight
mass spectre:t’
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FIG. 4. Partial density of states for the Fe2 atom vibrating along
(ii) Because the nearest-neighbor distance for the Fethe x direction(a), y direction(b), andz direction (c).
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=
T 5002 atom is 2.430 A, larger than those of the Ré2848 A and
2 Fe3(1.807 A atoms, the interaction between the Fel atom
g— 0.001 and its nearest neighbors is weaker than for the other iron
< /\ atoms. Accordingly, the vibrational frequencies of the modes
0.000 . S A A A e A e i i i
- 5 10 12 14 16 15 20 22 o4 in which mainly the Fel atom moves are lower than those of
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the modes more or less localized on the other iron atoms.
The Fe2 atom vibrates with high frequency in théirection,

FIG. 5. Partial density of states for the Fe3 atom vibrating alongwhile the Fe3 one shows its high frequency regime for vi-
the x direction (a), y direction (b), andz direction (c).

bration in thez direction.

(iii) Compared to the Fe atom, the O atom is much lighter
in mass; as a result, the vibrating frequency of the O atom is
much larger than that of the Fe atom.

0.008 ] (iv) It is possible to probe the vibrational properties of a
0007 O-X (a) cluster by infrgrec{lR) _and RamarR) techniques to obtain
0.006 ] the structural information of a cluster, as it has already been
0.005] applied to the g, dimer3* For future comparison with ex-
0.004 ] periment, Table Il shows the vibration modes active in Ra-
0.003] man(R) or/and infraredIR) spectroscopy, the corresponding
0.002 ] irreducible representatiori§Rep) are also givenA,q, Byg,
0.001 ] /\/\A and_B2g modes are Raman activAy, ,_AZU,_an(_jEu modes
0.000 /\/\ /\/\ : ' are infrared active, while thEy mode is active in Raman as
0 2 4 6 8 10 12 14 16 18 20 22 24 well as in infrared spectroscopy.
0.008
0971 0.7 (b) TABLE II. Frequencies(in cm™1) and irreducible representa-
. 00067 tions of the vibrational modes active in Raman or/and infrared spec-
T 0005 troscopy for the FgOg cluster.
L_r 0.004 4
S 0008 IrRep Frequency
=}
0% R A 5.44, 8.88, 9.89, 14.11, 22.16
< A /\/\/\/\/\A B, 5.21, 8.82, 14.62
0.000 e S S AR A S A y Blg 4 89. 9 ’15. 1zi 24. 21.74
0 2 4 6 8 10 12 14 16 18 22 24 29 . y I ’ . ’ .
Frequency(THz) IR Az 8.25, 17.84
Ay 6.63, 9.35, 10.15, 17.26
FIG. 6. Partial density of states for the O atom vibrating along E, 3.90, 6.67, 7.02, 9.28, 14.86, 17.28, 22.12
the x direction (a) and z direction (b). The vibration along the/ R+IR E 5.25, 8.26, 15.10, 17.22, 21.69

direction is equivalent to that in thedirection.
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