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A simple dimer cluster model combined with density functional B3LYP/6-311G(d,p) ab initio calculations is employed to
describe the magnetic ordering in Fe, Co and Ni. The proposed adjacent spin-pair model reproduces the observed reduction
of the Bohr magneton in the 3d metal series, and is in agreement with the Stoner theory and the multidisciplinary ideas of
Pauling regarding electronic, magnetic and chemical bond properties in 3d transition metals.
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1. Introduction

During the last decades, our group have reported
diversified multidisciplinary research using molecular
simulation to elucidate problems including metal-contain-
ing systems [1—10]. In particular, a complete quantitative
treatment of the magnetic behaviour in Fe, Co and Ni
remains problematic since 3d electrons are neither
completely localised on single centres nor entirely
delocalised. In the localised electron model, the d
electrons are strongly bound to individual atoms, whereas
due to direct exchange interaction between adjacent atoms
with parallel spins there is a decrease in the energy of the
system [11-13]. In the itinerant d electron model, the
complexity of the electronic configuration of the valence
levels has made more difficult a better comprehension of
the mechanisms yielding magnetism in the transition
metals. Zener’s [14] indirect exchange model for
magnetism of transition metals contain both localised
and itinerant character, whereas spin coupling between the
incomplete d shells and the conduction electrons leads to
ferromagnetic alignment of d spins. Stearns [15] attributed
the origin of ferromagnetism to the indirect coupling
between the predominantly localised d-like electrons and
the smaller number of itinerant d-like electrons. This
model suggests that about 5% of the 3d electrons are in
itinerant bands and 95% are in d bands, which are
sufficiently narrow such that they may be considered as
localised, yielding scaling rules for contributions to
hyperfine fields. Following Stearns, Mota and Coutinho
Filho [16] introduced a two d-band model, where one band
is narrow and degenerate representing the quasi-localised
electrons, whereas the other band is wide containing few
itinerant electrons, and the reported results for magnetism
of Fe are in fairly good agreement with low- as well as

high-temperature experimental data. Pauling [17] made a
great contribution to the comprehension of ferromagnet-
ism by elaborating a theory based on the supposition that
in most transition metal atoms (Cr, Mn, Fe, Co and Ni),
there exist as much as six conduction electrons. The value
of 5.78 was designated as the metallic valence for Fe,
which is the result of subtracting 2.22 electrons from the
eight electrons in 3d®4s® configuration. This value, 2.22,
represents the number of unpaired electrons and also the
saturation value of the magnetic moment of iron. Pauling’s
resonating valence bond (RVB) theory of metals assumes
that hybrids of 3d, 4s and 4p orbitals combine with orbitals
of other atoms in the crystal, yielding bonding orbitals
occupied by electron pairs. The number of covalent bonds
resonating among the available interatomic positions
increase from one to nearly six in the sequence K, Ca, Sc,
Ti, V, Cr; remains nearly constant from Cr to Ni; and
begins to decrease with Cu. The remaining d orbitals, with
very small interatomic overlap, are occupied by non-
bonding electrons that are mainly responsible for the ferro-
and paramagnetic properties of metals. RVB provides a
surprisingly good qualitative explanation of many proper-
ties of transition metals (including those of the palladium
and platinum groups), such as interatomic distances,
characteristic temperatures, hardness, compressibility and
coefficients of thermal expansion, accounting, satisfac-
torily as well, for the observed values of the atomic
saturation magnetic moments of the ferromagnetic
elements iron, cobalt, nickel and their alloys. Based on
Pauling’s ideas of occupation and bonding of valence
orbitals, resonance of covalent bonds and conduction band
metallic orbitals, we developed a diatomic molecular
cluster model that gives a correct quantitative description
of the electronic, magnetic, hyperfine interactions, as well
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as chemical bond properties of ferromagnetic iron [18]. In
the present work, we extend this model to describe the
magnetism in Fe, Co and Ni. It is shown that our adjacent
electron spin-pair molecular model leads to a good
agreement with experiments and supports the ideas of
Stoner and Pauling regarding magnetism in transition
metals.

2. The dimer cluster model

In spite of the sophisticated theoretical techniques now
available, the properties of bulk Fe, Co and Ni are not well
understood from first principle calculations and the
discrepancies regarding magnetism in 3d transition metals
are still not completely elucidated. For example, the
attempt to determine magnetic properties and band
structure by using large clusters leads to serious difficulties
in defining the correct magnetic state. Atomic clusters
represent an important class of reduced dimensionality
systems and have produced some unexpected results
bearing on magnetic ordering in small systems. In fact,
transition metal clusters containing up to 100 atoms have
been shown to exhibit novel magnetic behaviour including
non-bulk-like magnetic ordering and unusually large
magnetic moments [19]. The evolution of magnetism from
the atom to the bulk constitutes a fundamental problem of
basic and applied physics, and its correct description is
important for understanding magnetism at the nanoscale
level. In addition to the spin state definition problem, the
quality of the calculations is critically dependent on the
cluster size. We herewith avoid these types of complex
problems. Since small atomic systems can be described in
detail by using sophisticated molecular orbital calcu-
lations, let us start with a metal dimer to model the
magnetic metals. Such a molecular model was previously
applied to describe ferromagnetic iron and revealed the
aspects of magnetism that at first sight it would appear not
to be possible with the model [18]. The M, cluster is, of
course, an extreme limit of a cluster model, but it has much
relevance to the bulk systems. For example, small-angle
scattering data for bulk iron indicate the existence of spin
clusters implying short-range order well into the
paramagnetic region [20]. The fact that one can easily
define spin states in dimers, which are physically
meaningful, constitutes another good reason to consider
that they can be used as substitutes for much larger
clusters. The present results are surprisingly good and call
attention to how one might better understand magnetism in
the 3d transition metals by using this simple model.

The dimers are calculated by employing the B3LYP/6-
311G(d,p) density functional theory (DFT) via the
Gaussian program [21]. The B3LYP hybrid density
functional is constructed using the correlation functional
of Lee, Yang and Parr (LYP) combined with the
exchange functionals by Becke: the three-parameter

Hartree—Fock/DFT hybrid exchange functional (B3)
[22]. The accuracy of the DFT results is found to be
highly dependent on the functional employed [23-29], but
even DFT in the local density approximations gives a
quantitatively reasonable description of several ground
state properties of these materials such as the ordered
magnetic moment and the spin wave stiffness as calculated
from the spin wave dispersion [24]. The lattice interatomic
distances (2.4823, 2.5061 and 2.4916 A for Fe, Co and Ni,
respectively) are used in all calculations. It must be
pointed out that we are not studying the diatomic
molecules of these transition metals, in which optimised
geometry calculations would be required.

Our model assumes that there are two spins in each
atomic centre, i.e. the spin multiplicity of the M, cluster is
2§S +1=15. Such assumption is in agreement with
positron annihilation experiments [30], as well as localised
spin statistical models [16,31,32], which indicate S = 1 for
localised spins on Fe. According to Pauling [17], six of the
eight external electrons of iron in the bulk are conduction
electrons that occupy the d*sp? hybrid orbitals and two are
magnetic electrons. For Co, seven of the nine external
electrons are conduction electrons that occupy d’sp’
hybrid orbitals and two are magnetic electrons. In the case
of Ni, 8 of the 10 external electrons are conducting
electrons and 2 are magnetic electrons.

3. Results and discussions

Isolated Fe, Co and Ni atoms have 8, 9 and 10 valence
electrons, respectively, which are distributed in 3d and 4s
sublevels. There should be thus six electrons with spin T,
whereas one electron should be in the 4s orbital and five
electrons in the 3d orbital. The other electrons should
indicate spin | . Consequently, Fe, Co and Ni have non-
zero spins. In individual atoms, the magnetic state is
determined by Hund’s rules, giving rise to large spin and
orbital moments [33]. We know that the magnetic moment
of a free electron is 1.73 g and that the atoms of Fe, Co
and Ni in the ground state have magnetic moments of 4.90,
3.87, and 2.83 wp, respectively. However, in the bulk,
these metals have magnetic moments of 2.22, 1.72 and
0.60 wp, respectively. Isolated atoms of a metal have
discrete energy levels and localised orbitals, but when
these atoms are close to each other, the atomic orbitals
become delocalised, whereas the discrete atomic levels
disperse in energy. In the case of Fe, for instance, the
electronic configurations found in the bulk could be
4s'3d”. Accordingly, our previous calculations [17]
showed that in the A configuration, each atom colla-
borates with only one electron for the formation of the 4s
band, different from the isolated atom that has two
electrons in the 4s orbital. Table 1 shows the calculated
electronic state, total energy and Fermi level of the triplet,
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Table 1. Total energies and Fermi levels for the triplet, quintet
and septet spin states.

Cluster State Total energy (a.u.) Fermi level
Fe, e —2527.011 wu
SA, —2527.038 oy
TS —2527.120 T
Co, I, —2765.242 Oy
51, —2765.304 Ou
I, —2765.276 T
Ni» 3. —3016.357 3y
I, —3016.399 oy
A, —3016.053 oy

quintet and septuplet states of the Fe,, Co, and Ni,
clusters.

The Stoner theory [34], which has been widely used to
rationalise the existence of ferromagnetism in transition
metals, predicts that the Fermi level must be highly
localised, which is in agreement with experimental
observations. From the point of view of molecular orbital
theory, this means that the Fermi level, identified as the
highest occupied molecular orbital (HOMO), should
correspond to the anti-bonding state. In molecular orbital
theory, anti-bonding orbitals are strongly localised,
whereas bonding orbitals are delocalised. Table 1 shows
that only the quintet states of the Fe,, Co, and Ni, clusters
have o, anti-bonding states, in agreement with require-
ments of Stoner’s theory. It is interesting to verify that the
septet state of Fe, and the triplet of Ni,, despite being more
stable, do not comply with the criterion of Stoner. We note
that the localised or delocalised character of the Fermi
level is not a consequence of the assumed distances.
According to Pauling [17], the stabilising energy of the
metal can be taken as proportional to the number of
resonant unsynchronised structures by atom. Thus, the
quintet spin state for Fe, and Ni,, although not the most
stable, could in principle, be stabilised by unsynchronised
resonances of covalent bonds.

One of the important factors for understanding the 3d
transition metals is the nature of the electronic band, i.e.
the structure of the energy bands and their widths arising
from the electron—electron interactions. The s band, for
example, is wider than the d band because their orbitals are
not as concentrated around the atomic nuclei as the d-type
orbitals. Figure 1 shows the energy diagram for Co,,

Table 2. Calculated and experimental band properties (in eV).
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Figure 1. Energy diagram for the quintet spin state of Co,.

illustrating definitions of d bandwidth, 3d exchange
splitting and bottom of the s band.

Table 2 shows a comparison of the calculated and
experimental widths of the occupied 3d bands, exchange
splitting (d), as well as the bottom of the s band for the
quintet state of the Fe,, Co, and Ni, clusters.

The calculated d bandwidth and d exchange splitting
are systematically higher than the experimental values
determined via angle-resolved photoemission (ARP) with
crystals of Fe(111), Co(0001) and Ni(111) [35]. A correct
trend is found for the d exchange splitting, but for
the d bandwidth, which is one of the most important
properties of metals, the calculated trend is inverted.

Fe Co Ni
Property Calc Exp Calc Exp Calc Exp
d bandwidth 4.2 3.1% 4.0 3.8% 4.8 3.4% 4.3°
d exchange splitting 2.5 1.5% 1.7¢ 1.3 1,1* 0.8 0.3*
Bottom of s band (1) 7.7 9.2¢ 8.8 - 8.2 -

2135]. ®[36]. € [37].
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Table 3. Spin population for Fe,, Co, and Ni, clusters.

Metal d spin S spin B €Xp.
Fe 2.664 —0.662 2219
Co 2.461 —0.460 1.76
Ni 1.531 0.467 0.604

The discrepancies could possibly be attributed both to the
B3LYP functional [38] and to the ARP measurements on
superficial atomic layers, where a narrowing of the band
occurs [35]. Comparison of ARP dispersion curves for
several theoretical Ni bands widths showed that the
individual d bands are theoretically about 1.4 times as
wide as those found experimentally [39]. It has already
been indicated that the B3LYP functional for atoms,
molecules and solids can overestimate the exchange and
correlation energies [22,40]. Table 2 also shows that the
bottom of the s band tends to increase by increasing the
atomic number. The present orbital population analysis of
the quintet state of Fe,, Co, and Ni, also confirms the
importance of this state for the comprehension of the
magnetic moment of these metals. According to Stearns
[15], the d electrons gives the predominant contribution to
ferromagnetism, whereas the contribution of the s
electrons is small. Table 3 shows the B3LYP-calculated
spin population for the Fe,, Co, and Ni, clusters.

Analysis of the spin population given in Table 3
indicates that the contribution of the s orbital population is
effectively small. For Fe and Co, the negative s component
contributes to antiferromagnetism ordering, in agreement
with Stearns [15]. Table 3 reproduces the expected
reduction of magnetisation in the d band from Fe to Ni.
Comparison with experiments shows that the present ab
initio calculations describe magnetic moments of Fe and
Co much better than Ni. Regarding Ni we note that due to
the narrowing of the band on the surface, the calculated
values for the spin d population could be larger than the
experimental magnetic moment.

Since Fe, Co and Ni have relatively high spin, their
magnetic behaviour shares a lot of similarities with the
physics of small molecular magnets. Typical examples of
high-spin small magnetic clusters (dimers, trimers,
tetrahedral, etc.) have been successfully described by
analytical expressions for the total magnetic moment and
the static spin correlation functions of the classical
Heisenberg model [41]. These systems, as well as the
present dimer cluster model, provide a useful theoretical
framework for calculating the magnetic properties of
several recently synthesised molecular magnets.

4. Conclusions

Ab initio calculations on the quintet spin state of metal
dimers describe well the magnetic properties of Fe, Co
and Ni. It is found that all the calculated HOMO levels are

anti-bonding states, in agreement with the Stoner theory
regarding highly localised Fermi states. Our calculations
yield suitable results for d bandwidth, exchange splitting, as
well as the depth of the s band of these three metals.
The orbital population analysis shows a reduction of the d
band magnetisation in the Fe, Co and Ni series, in agreement
with the experimental data. The proposed adjacent spin-pair
model, taking advantage of a straightforward spin state
definition and a high-level computational treatment, leads to
results in agreement with experiments and Pauling’s ideas
regarding 3d magnetism. Particularly, this dimer model may
also be a good theoretical framework for synthesised small
molecular magnets and related devices.

Acknowledgements
We acknowledge financial support from Faperj and CNPq.

References

[1] J.V. Ferreira and A.C. Pavao, Ressonating valence bond mechanism
of the H, dissociation on Pd surface, Surf. Sci. 602 (2008),
pp. 1964-1967.

[2] J. Sambrano, V. Longo, E. Longo, and C.A. Taft, Electronic and
structural properties of the (001) SrZrO3, J. Mol. Struct. 813 (2007),
pp. 49-56.

[3] J. Sambrano, G.F. Nobrega, C.A. Taft, J. Andres, and A. Beltran,

A theoretical analysis of the TiO»/Sn doped (110) surface properties,

Surf. Sci. 580 (2005), pp. 71-79.

E. Orhan, E. Longo, E. Leite, M. Fenelon, M. Pontes, A. Beltran,

J. Andrés, P.S. Pizani, J.A. Varela, T.M. Boshi, and C.A. Taft,

Combined experimental and theoretical study to understand the

photoluminescence of Sr;_TiO;_«, J. Phys. Chem. 108 (2004),

pp. 9221-9227.

[5] C.A. Taft, A.C. Pavdo, T.C. Guimardes, M.B.C. Leio,
J.R. Mohallem, and W.A Lester, Interdisciplinary applications of
Pauling’s metallic orbital and unsynchronized resonance to
problems of modern physical chemistry: conductivity, and chemical
reactions, J. Phys. Chem. A 105 (2001), pp. 5—11.

[6] A.L. Alameida, E. Longo, N.C. Furtado, and C.A. Taft, Thoretical
study of MgO (001) surfaces: Pure, doped with Fe, Ca, and Al, and
with and without adsorbed water, Int. J. Quant. Chem. 84 (2001),
pp. 705-713.

[7] T.C.F. Guimaraes, A.C. Pavao, C.A. Taft, and W.A. Lester,

Dissociation of N> on chromium alloys: A general mechanism for

dissociation of diatomic molecules, Phys. Rev. B 60 (1999),

pp. 11789-11794.

M. Braga, S.K. Lie, C.A. Taft, and W.A. Lester, Electronic

structure, hyperfine interactions and magnetic properties for iron

octaehedral sulfides, Phys. Rev. B 38 (1988), pp. 10837-10851.

[9] M. Braga and C.A. Taft, On the multiple scattering cluster model of

the transition metal atoms isolated in rare gas matrices, J. Chem.
Phys. 82 (1986), pp. 922-925.

[10] C.A. Taft and M. Braga, Electronic structure and hyperfine
interactions in tetrahedral alkali-dithioferrates (IIl) as calculated
by the multiple-scattering method, Phys. Rev. B 21 (1980),
pp. 5802-5807.

[11] C.Herring, Itinerant versus localized-spin models for ferromagnetic
metals in magnetism, G.T. Rado and H. Suhl, eds., Academic Press,
New York, 1966.

[12] V. Korenman, Theories of itinerant magnetism, J. Appl. Phys. 57
(1985), pp. 3000—3005.

[13] v.F. Bloch, Bemerkung zur Elektronentheorie des Ferromagnetis-
mus und der Elektrieschen Leitfahigkeit, Z. Physik 57 (1929),
pp. 545-555.

[14] C. Zener, Interaction between the d shells in the transition metals,
Phys. Rev. 81 (1951), pp. 440—444.

[4

flnar

[8

[t}



17: 25 14 January 2011

Downl oaded At:

[15] M.B. Stearns, Spin-density oscillations in ferromagnetic alloys. I.
“localized” solute atoms: Al, Si, Mn, V, and Cr in Fe, Phys. Rev. 147
(1966), pp. 439-453; M.B. Stearns, Measurement of conduction-
electron spin-density oscillations in ordered FeSi Alloys, Phys. Rev.
B 4 (1971), pp. 4069-4080; M.B. Stearns, On the origin of
ferromagnetism and hyperfine fields in Fe, Co, and Ni, Phys. Rev. B
8 (1973), pp. 4383-4398; M.B. Stearns, Itinerant-3d-electron spin-
density oscillations surrounding solute atoms in Fe, Phys. Rev. B 13
(1976), pp. 1183-1197.

[16] R. Mota and M.D. Coutinho Filho, Two-band model for the
magnetism of iron, Phys. Rev. B 33 (1986), pp. 7724-7728.

[17] L. Pauling, The nature of the interatomic forces in metals, Phys. Rev.
54 (1938), pp. 899-904; L. Pauling, A resonating valence-bond
theory of metals and intermetallic compounds, Proc. Roy. Soc.
London, A 196 (1949), pp. 343-362; L. Pauling, The metallic
orbital and the nature of metals, J. Solid State Chem. 54 (1984), pp.
297-307; L. Pauling, Influence of valence, electronegativity, atomic
radii, and crest-trough interaction with phonons on the high-
temperature copper oxide superconductors, Phys. Rev. Lett. 59
(1987), pp. 225-227.

[18] A.C. Pavdo, C.A. Taft, B.L. Hamond, and W.A. Lester Jr.,
Molecular cluster model for magnetic iron, Phys. Rev. B 40 (1989),
pp. 2879-2884.

[19] M.B. Knilckelbein, Experimental observation of superparamagnet-
ism in manganese clusters, Phys. Rev. Lett. 86 (2001),
pp. 5255-5257; Magnetic moments of small bimetallic clusters:
Co,, Mn,,, Phys. Rev. B 75 (2007), 014401-1-014401-6.

[20] C.Y. Yang, K.H. Johnson, D.H. Salahub, J. Kasper, and R.P.
Messmer, Iron clusters: Electronic structure and magnetism, Phys.
Rev. B 24 (1981), pp. 5673-5692.

[21] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb,
J.R. Cheeseman, J.A. Montgomery, Jr., T. Vreven, K.N. Kudin,
J.C. Burant, et al., Gaussian 03, Revision A.l, Gaussian, Inc.,
Pittsburgh PA, 2003.

[22] C.J. Barden, J.C. Rienstra-Kiracofe, and H.F. Schaefer III,
Homonuclear 3d transition-metal diatomics: A systematic density
Sfunctional theory study, J. Chem. Phys. 113(2) (2000), pp. 690—700.

[23] X.-B.Feng and N.M. Harrison, Electronic structure of CaCuO; from
the B3LYP hybrid density functional, Phys. Rev. B 69 (2004),
132502-1-132502-4.

[24] S.Y. Savrasov, Linear response calculations of spin fluctuations,
Phys. Rev. Lett. 81 (1998), pp. 2570-2573.

[25] D.F. Johnson, D.E. Jiang, and E.A. Carter, Structure, magnetism,
and adhesion at Cr/Fe interfaces from density functional theory,
Surf. Sci. 601 (2007), pp. 699-705.

[26] M. Sargolzaei, I. Opahle, M. Richter, K. Koepernik, U. Nitzsche,
and H. Eschrig, Magnetic properties of Co impurities in bulk Au:
DFT calculations, J. Magn. Magn. Mater. 290-291 (2005),
pp. 364-366.

Molecular Simulation 291

[27] R.C. Longo, E.G. Noya, and L.J. Gallego, Fully unconstrained
density-functional study of the structures and magnetic moments of
small Mn,, clusters (n=2-7), Phys. Rev. B 72 (2005),
174409-1-174409-7.

[28] G. Rollmann, P. Entel, and S. Sahoo, Competing structural and
magnetic effects in small iron clusters, Comp. Mater. Sci. 35 (2006),
pp. 275-278.

[29] C.D. Pemmaraju, T. Archer, D. Sanchez-Portal, and S. Sanvito,
Atomic-orbital-based approximate self-interaction correction
scheme for molecules and solids, Phys. Rev. B 75 (2007),
045101-1-045101-6.

[30] O. Johnson, Itinerant and localized d-electrons in transition metals
from positron annihilation data, Phys. Status Solidi B 99 (1980),
pp. 745-754.

[31] M. Sakoh and D.M. Edwards, Magnetic properties of iron and
cobalt in a combined model of itinerant electron and localized spins,
Phys. Status Solidi B 70 (1975), pp. 611-618.

[32] D.M. Edwards, The paramagnetic state of itinerant electron systems
with local magnetic moments. 1. Static properties, J. Phys. F 12
(1982), pp. 1789-1810.

[33] T.O. Strandberg, C.M. Canali, and A.H. MacDonald, Transition-
metal dimers and phisical limits on magnetic anisotropy, Nat. Mater.
6 (2007), pp. 648—-651.

[34] E.C. Stoner, Collective electron ferromagnetism, Proc. Roy. Soc.
London A. 169 (1939), pp. 339-371.

[35] D.E. Eastmamn, F.J. Himpsel, and J.A. Knapp, Experimental
exchange-split energy-band dispersions for Fe, Co, and Ni, Phys.
Rev. Lett. 44 (1980), pp. 95-98.

[36] R.J. Smith, J. Anderson, J. Hermanson, and G.J. Lapeyre, New
experimental band width for Ni, Solid State Commun. 21 (1977),
pp. 459-461.

[37] L. Ley, O.B. Dabbousi, S.P. Kowalczyk, F.R. McFeely, and
D.A. Shirley, X-ray photoemission spectra of the valence bands of
the transitions metals, Sc to Fe, Phys. Rev. B 16 (1977),
pp. 5372-5380.

[38] G.U. von Oertzen, R.T. Jones, and A.R. Gerson, Electronic and
optical properties of Fe, Zn and Pb sulfides, Phys Chem. Miner. 32
(2005), pp- 255-268.

[39] D.E. Eastmamn, F.J. Himpsel, and J.A. Knapp, Experimental band
structure and temperature-dependent magnetic exchange splitting of
nickel using angle-resolved photoemission, Phys. Rev. Lett. 40
(1978), pp. 1514-1517.

[40] J. Paier, M. Marsman, and G. Kresse, Why does the B3LYP hybrid
functional fail for metals? J. Chem. Phys. 127 (2007),
024103-1-024103-10.

[41] O. Ciftja, The irregular tetrahedron of classical and quantum spins
subjected to a magnetic field, J. Phys. A: Math. Gen. 34 (2001),
pp. 1611-1627, and references therein.



