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The metallic ferromagnetism of Fe, Co, and Ni arises
from a symmetry breakdown analogous to the Jah  n-—
Teller effec t—but electronic, not geometric— —and there -
fore occurs only for a critical electron concentration.

More about this on
the following pages
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Ferromagnetism in Transition Metals:
A Chemical Bonding Approach**

Gregory A. Landrum and Richard Dronskowski*

In memory of Jean Rouxel

While the microscopic factors underlying molecular mag-
netism are reasonably well understood from a chemical point
of view, the same cannot be said of collective magnetic
phenomena such as ferromagnetism and antiferromagnetism.
Herein we present a simple and accurate explanation,
extracted from the results of band structure calculations
based on first principles, for the appearance of ferromagnet-
ism in iron, cobalt, and nickel. The search for an under-
standing of ferromagnetism is truly historical: early explan-
atory attempts date back to the 1920s and 1930s,!'l and the first
reliable calculations, which reproduced the experimentally
observed ferromagnetism but did not explain it, were
performed in the 1960s.?!

One typically understands the paramagnetic properties of
mononuclear transition metal complexes by examination of
the ligand-field splitting at the metal center.’l After having
constructed the ligand-field diagram for the central metal
atom, the levels are filled from the bottom with the
appropriate number of electrons, in a way similar to Hund’s
rules for the free atom, as illustrated for a d°® octahedral
complex in Figure 1a.
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Figure 1. Schematic energy level diagrams and electron filling for a) a d®
octahedral complex with strong-field ligands, b) the same complex with
weak-field ligands, c) a one-dimensional chain with one orbital per unit cell
when the bandwidth AEgy, is larger than the electron-pairing energy, d) the
same chain when the bandwidth AEjyy, is smaller than the electron-pairing
energy. In (c) and (d) the horizontal dashed line indicates the position of
the Fermi level ;.
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In the situation sketched here (strong field, large splitting)
there are no unpaired electrons and the complex will be
nonmagnetic.! In the case of a small splitting (weak field) it
may even be smaller than the energy required to pair
electrons in an orbital (Figure 1b). The levels are then filled
as if they were degenerate, which gives rise to the four
unpaired electrons in Figure 1b. The presence of unpaired
electrons leads to a paramagnetic complex. This treatment is,
of course, a vast oversimplification of an approach that has
been developed and refined over many years, but it conveys
the essential features.

If we attempt to transfer this idea to the elemental
transition metals we immediately run into difficulties. One
might predict that many transition metals have unpaired
electrons, so they should be magnetic. This is, of course, not
the case. Only iron, cobalt, and nickel show ferromagnetic
behavior (chromium and manganese exhibit antiferromag-
netism, which is somewhat more complicated and will be
examined separately). Metals in the second and third
transition series, even those isoelectronic to the magnetic
members of the first series, do not exhibit ferromagnetism.
Indeed, the origins of ferromagnetism in Fe, Co, and Ni
remain a matter of considerable interest (and debate) within
the chemistry and physics communities.

Taking into account the paucity of magnetic metals, we find
it useful to classify metals into two classes: those that are
“normal” (nonferromagnetic), and those that are “anoma-
lous” (ferromagnetic). We will first explain with this classi-
fication why practically all elemental metals are nonferro-
magnetic. Once that has been addressed we will explain why it
is that Fe, Co, and Ni are ferromagnetic.

In the gas phase the ground-state electronic configuration
of a first-row transition metal with n valence electrons is
either [Ar]4s?3d"~2 or [Ar]4s'3d"~. For example, in vanadium
(n=5) the ground state is [Ar]4s?3d°. Since the 3d atomic
orbitals (AOs) are degenerate in the gas phase the isolated
metal atom has unpaired electrons and exhibits paramagnetic
behavior. When such a transition metal is embedded in a
crystal, however, the 3d orbitals form bands, which simulta-
neously removes the fivefold degeneracy of the 3d levels and
changes their occupations.

The electronic factors underlying the lack of magnetism in
most elemental metal structures can be understood by using a
simple model: a one-dimensional “crystal” that contains a
single orbital per unit cell, namely, a chain of hydrogen atoms.
If there is one electron per unit cell (or atom) there are two
possible band fillings. If the band width is large—a situation
analogous to the high-field ligand environment of Figure 1 a—
then the electrons are found paired up at the bottom of the
band (Figure 1c¢). If, on the other hand, the band width is
smaller than the energy required to pair electronsPl—analo-
gous to Figure 1b—then the crystal orbitals composing the
band will all be half occupied (Figure 1d).

Band width is proportional to the strength of the inter-
atomic interactions in a crystal.’l Since these are quite strong
in the elemental metals their bands are broad (AFEjgy, is large)
and the electron filling is as shown in Figure 1c. Therefore,
electrons are paired in most metals and there is no permanent
magnetism. Electron fillings similar to those in Figure 1d are
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found for the rare-earth metals. In these elements the Fermi
level usually lies within the highly contracted 4f orbitals,
which are typically not involved in substantial interatomic
interactions and give rise to very narrow bands. This
“localized electron magnetism” in the rare-earth metals, some
of which exhibit very complicated magnetic structures,”! will
not be discussed further here.

Elemental Fe, Co, and Ni exhibit “itinerant eclectron
ferromagnetism”, % % that is, the conduction electrons, which
are essentially delocalized, are responsible for the ferromag-
netism, in contrast to the rare-earth metals (see above). Since
the conduction electrons are located in bands with significant
width, we can not use a picture such as that shown in
Figure 1d. It is not immediately straightforward to see exactly
how unpaired electrons arise in a crystal with broad bands.

Figure 2a shows a qualitative view (according to Harri-
son') of the density of states (DOS) of a metal with
significant band width. The shaded region indicates the
occupied states, and its area is proportional to the total
number of electrons. The DOS shown in Figure 2a includes
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Figure 2. a) Qualitative density of states (DOS) for a metal. b) The same
DOS, spin-resolved to show contributions from the a- and S-spin sub-
lattices. ¢) The consequences of spin polarization upon the a- and S-spin
sub-lattices. The horizontal dashed line indicates the position of the Fermi
level eg; shaded regions indicate electron filling.

contributions from both a and f spins of these electrons.!'!] If
we “spin resolve” the DOS, to show the contributions from
the a- and f-spin sub-lattices separately, we arrive at
Figure 2b. Here the densities of states from the individual
spin sub-lattices are identical; we have done nothing more
than plot them individually. A magnetic moment arises when
there is a difference between the occupations of the a- and §3-
spin sub-lattices. This difference, known as spin polarization,
is illustrated in Figure 2c. Here the DOS for the  spins has
moved up in energy relative to that of the o spins. Since the
two densities of states must share a common Fermi level,
more « than f§ states are populated, which gives rise to
ferromagnetism.!'?!

In order to understand the electronic structure of a-Fe (the
body-centered cubic (bcc) phase, which is stable under
standard conditions) we start with its non-spin-polarized
electronic structure. While this nonmagnetic form of Fe is
unstable with respect to spin polarization (a-Fe wants to be
magnetic), it provides a useful starting point for the analysis.

Each iron atom in a-Fe is coordinated by eight nearest
neighbors in a cubic arrangement at a distance of 2.48 A, and
another six second-nearest neighbors octahedrally arranged
at 2.87 A. This environment splits the Fe 3d orbitals into two
sets at high symmetry points of the Brillouin zone (BZ): e, (d.
and d_y») and t,, (dy, dy,, and d,,) (Figure 3).
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Figure 3. Non-spin-polarized band structure, DOS (shaded area: 4s
projection), and Fe—Fe nearest neighbor crystal orbital Hamilton popula-
tion (COHP) curve for bee Fe. All curves are shifted so that the Fermi level
¢r, indicated with a horizontal dashed line, lies at 0 eV.

Bands at high-symmetry points in the BZ are labeled
according to their symmetry, as are the major contributors to
prominent peaks in the DOS and crystal orbital Hamilton
population (COHP) curves (COHP is discussed in the
computational methodology section below). The DOS of a-
Fe exhibits a “three-peaked” shape that is typical for bce
transition metals. Surprisingly, the Fermi level e lies in a
region where the Fe—Fe interactions are antibonding (as
determined from the COHP curve). The presence of anti-
bonding levels at ¢ typically indicates structural instability;
we expect these structures to undergo some form of distortion
to remove or lessen the antibonding. a-Fe is no exception to
this rule of thumb. However, unlike the structural distortions
that are typically observed, the changes in a-Fe appear in its
electronic structure: a realistic spin-polarized calculation
results in a spin magnetic moment (difference between the
occupations of the a and  spin sublattices) of 2.27 electrons,
which is in excellent agreement with the experimental value
of 2.21."1 The process of spin polarization also lowers the total
energy of the system by 0.426 eV. Figure 4 shows the DOS and
COHP curves for spin-polarized a-Fe.

The shapes of the a DOS and the 8 DOS are similar and
they still resemble the non-spin-polarized DOS of Figure 3,
though the S spins are shifted to higher energy. Within the a-
spin sub-lattice ez appears almost at the top of the primarily 3d
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Figure 4. Spin-polarized DOS and Fe—Fe nearest neighbor COHP curves
for ferromagnetic bee Fe. In both plots the solid line corresponds to the a
spins and the dashed line corresponds to the 8 spins. All curves are shifted
so that the Fermi level ¢, indicated with a horizontal dashed line, lies at
0eV.
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states. The 3 spins are shifted up enough to keep the number
of electrons constant. The a and § COHP curves (Figure 4)
are also similar in shape (and again similar to the one in
Figure 3), but their relative sizes are quite different. The «a
sub-lattice states that lie just below & are considerably less
Fe—Fe antibonding than they were before (these are the states
that appeared at ¢ in Figure 3). The equivalent states in the
sub-lattice lie more than 1 eV above &g. The f§ states just below
er (mostly t,,) are quite strongly Fe—Fe bonding, more so than
the equivalent a states. Based upon the integrations of the
COHP values to ¢z (ICOHPs), the Fe—Fe interactions in the 8
sub-lattice (ICOHP =—0.975 eV/bond) are almost twice as
bonding as those in the a sublattice (ICOHP =—0.552 e¢V/
bond).["¥ The total Fe—Fe ICOHP (the sum of the o and 8
values) is —1.527 eV/bond, more than five percent larger
than that in non-spin-polarized a-Fe (—1.448 eV/bond). The
process of spin-polarization has strengthened the Fe—Fe bonds.

The spin-polarization process in a-Fe results in a redistrib-
ution of charge density, which is easily visualized by plotting
the difference between the spin-polarized and non-spin-
polarized electron densities. Figure 5 shows such contours

[010] [001]

[101]

Figure 5. Contour plot of the quantity Ap = p(spin-polarized) — p(non-spin-polarized)
evaluated in the plane delimited by the crystallographic [010] and [101] axes in a-Fe.
Dashed red lines correspond to positive values, while solid blue lines correspond to
negative values. Thick, dotted black lines indicate the zero contour. The location of the

plane in the unit cell is illustrated schematically on the right.

evaluated in a plane through the center of the unit cell. There
is a depletion of charge density in the regions of nearest-
neighbor bonds (along the diagonals of the plot) and an
increase in density between second-nearest-neighbor contacts
along the [010] axis. Remember that in the non-spin-polarized
electronic structure there are Fe—Fe antibonding states
populated at & These states contribute to the electron
density between nearest neighbors. Spin polarization lessens
the antibonding interactions by shifting this “excess” electron
density out of these regions.

We are left here with a question: Why is it that the Fe—Fe
interactions in the S-spin sub-lattice are stronger than those in
the a sub-lattice (Figure 4)? During spin-polarization the a
states move down in energy while the 3 states move up. These
energy shifts arise because the shielding of the nuclear charge
between like spins (that is, a—a or f—f shielding) is less
efficient than that between different spins (namely o—f
shielding) as a consequence of the “exchange hole”.'!l As
spins move from the f3- to the a-spin sub-lattice, the a spins
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experience a higher effective nuclear charge from the
depletion of 3 spins. The opposite is true of the  spins, which
experience a lower nuclear charge (are better shielded)
because of the “extra” a spins. Accompanying these changes
in effective nuclear charge are changes in the spatial extents of
the spin sub-lattices. While the a spins become more tightly
bound to the nucleus (more spatially contracted), the 3 spins
become less tightly bound (more spatially diffuse). This
explains the changes in magnitudes of the Fe—Fe COHP
curves upon spin polarization: the a-spin sub-lattice is more
tightly bound, more contracted, and thus Fe—Fe interactions
involving the a spins are weaker. The reverse is true of the j3-
spin sub-lattice: it is less tightly bound, more diffuse, so Fe—Fe
interactions are stronger.

If bee iron (a-Fe) were nonferromagnetic, the Fermi level
would occur in a region of Fe—Fe antibonding interactions
(see Figure 3). This gives rise to an electronic structural
instability that leads to spin polarization and the onset of
ferromagnetism. The spin polarization results in a contraction
of the a-spin sub-lattice, which shifts down in energy and gains
more electrons. At the same time, the $-spin sub-lattice shifts
up in energy, loses electrons, and becomes more
diffuse. The net effect of these changes in the
electronic structure is to remove the Fe—Fe anti-
bonding states from the vicinity of &g, and increase
the strength of the Fe—Fe bonds by more than five
percent. The results of calculations (not shown here)
upon the other ferromagnetic transition metals (Co
and Ni) are similar: ez appears in a region of M—M
antibonding in the non-spin-polarized COHP
curves. This antibonding is lessened by the spin-
polarization process. In the early/late nonmagnetic
first row transition metals (such as vanadium or
copper) & lies below/above the M—M antibonding
states, so there is no tendency for spin polarization,
and thus magnetism, to arise. A more detailed form
of this model, including an examination of antifer-
romagnetism within the same framework, will be
presented in a forthcoming paper.

Computational Methodology

Electronic structure calculations were performed using the Linear Muffin-
Tin Orbital (LMTO) method!™” within the local spin density approximation
(LSDA).I'" All calculations were checked for convergence of energies,
orbital moments, integrated COHP values, and magnetic moments with
respect to the number of k points used in the reciprocal space integrations.
The program used was TB-LMTO 4.7.117!

While the LSDA is known to have problems with metallic Fe—and predicts
a nonmagnetic face-centered cubic structure to be more stable than the
magnetic bee form('¥—it reproduces the experimental magnetic moments
of Fe, Co, and Ni (2.21, 1.74, and 0.62 unpaired electrons per atom
respectivelyl”) quite closely (2.27, 1.60, and 0.62). The spin-polarized DOS
of magnetic bee Fe generated with a gradient correction scheme within the
framework of a linear augmented plane wave (LAPW) calculation!"! is
essentially identical to that generated from the LSDA within the LMTO
method. Since we are not interested here in energy differences between
particular structures (using instead experimental structures and lattice
constants), we believe that the LSDA is accurate enough for our purposes.

Crystal orbital Hamilton population (COHP) analysis??” is a partitioning
scheme for the band structure energy (sum of the energies of the
Kohn—Sham orbitals) in terms of orbital-pair contributions. COHP
analysis, while in many ways analogous to the familiar crystal orbital
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overlap population (COOP) analysis used in extended Hiickel calcula-
tions, 2! provides a quantitative measure of bond strengths and is
probably more appropriate for a calculation from first principles. All
COHP curves are presented here in a format similar to COOP curves:
positive values are bonding, and negative antibonding; this means we are
plotting — COHP instead of COHP.
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Efficient Intermolecular Charge Transport in
Self-Assembled Fibers of Mono- and
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Conjugated oligomers and polymers of thiophenes are
among the most promising organic semiconducting molecular
materials for application as thin film transistors!! (TFT) and
light-emitting diodes?”! (LED) in (opto)electronic devices.
The basis for this is their highly favorable electronic proper-
ties, such as a small band gap, high charge-carrier mobility
(although low compared to the mobility in some aromatic
molecular crystals),? and high quantum yield for fluores-
cence. The properties and performance of these materials,
however, do not only depend on the electronic structure of the
molecules themselves, but also critically on supramolecular
features such as the molecular packing of the thiophene
moieties and the morphology of thin films and crystals of
those compounds.”) Although full control of the molecular
packing and morphology is still a far-fetched goal, progress
has been made in directing the spacing and the orientation of
n-stacked aromatic groups by making use of hydrogen
bonding motifs.[> 71 A class of compounds that is particularly
well suited for the spatial organization of functional entities
are (bis)urea compounds.[¥! We showed recently that bisurea
compounds self-assemble into ribbons, which stack into sheets
or lamella.’! The bisurea compounds have an extended
conformation in the ribbons and are amenable to form
multiple hydrogen bonds with neighboring molecules, and
thereby provide a framework for the organization of other
functional entities in ribbons and lamella (Figure 1). The
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