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The picture shows the non-spin-
polarized density of states (DOS;
above) and M-M crystal-orbital
Hamilton population (COHP;
below) curves for the first transi-
tion metal series. For the early
transition metals like Ti, the Fermi
level e lies low in the COHP curve
and thereby falls in the M-M
bonding region. As a result, there

Cu

exists no drive towards ferromag-
netism for the early transition
metals. For Cr, &g lies in the COHP
curve between the bonding and
antibonding regions, whereas for
the metals from “Mn” (the body-
centered cubic form of Mn) to Ni,
¢r lies in the region that is clearly
responsible for M-M antibonding:
Fe, Co, and Ni are all ferromagnetic.
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A chemical view of spin magnetic
phenomena in finite (atoms and mol-
ecules) and infinite (transition metals
and their alloys) systems using the
concepts of bonding and electronic
shielding is presented. The concept is
intended to serve as a semiquantitative
signpost for the synthesis of new ferro-
magnets. After a concise overview of
the historic development of related
theories developed within the physics
community, the consequences of spin—
spin coupling (made manifest in the
exchange or Fermi hole) in atoms and
molecules are explored. Upon moving
to a paramagnetic state, the majority/
minority spin species become more/
less tightly bound to the nucleus,
resulting in differences in the energies
and spatial extents of the two sets of
spin orbitals. By extrapolating well-
known arguments from ligand-field
theory, the paucity of ferromagnetic
transition metals arises from quench-
ing the paramagnetism of the free
atoms due to strong interatomic inter-
actions in the solid state. Critical

valence electron concentrations in Fe,
Co, and Ni, however, result in local
electronic instabilities due to the pop-
ulation of antibonding states at the
Fermi level . Removal of these anti-
bonding states from the vicinity of &g is
the origin of ferromagnetism; in the
pure metals this results in strengthen-
ing the chemical bonds. In the 4d and
5d transition metals, the valence d
orbitals are too well shielded from
the nucleus, so a transition to a ferro-
magnetic state does not result in suffi-
ciently large changes to occur. Thus,
the exceptional occurence of ferro-
magnetism only in the first transition
series appears to parallel the special
main-group chemistry of the first long
period. A connection between ferro-
magnetism in the transition metals and
Pearson’s absolute hardness 7 is easily
established and shows that ferromag-
netism appears only when 7 < 0.2 eVin
the nonmagnetic calculation. As ex-
pected from the principle of maximum
hardness, Fe, Co, and Ni all become
harder upon moving to the more stable

ferromagnetic state. Magnetism in in-
termetallic alloys follows the same
path. Whether or not an alloy contains
ferromagnetic elements, the presence
of antibonding states at ey serves as a
“fingerprint” to indicate a ferromag-
netic instability. The differences in the
sizes of the local magnetic moments on
the constituent atoms of a ferromag-
netic alloy can be understood in terms
of the relative contributions to the
density of states at e in the nonmag-
netic calculations. Appropriately para-
meterized, nonmagnetic, semi-empiri-
cal calculations can also be used to
expose the ferromagnetic instability in
elements and alloys. These techniques,
which have become relatively com-
monplace, can be used to guide the
synthetic chemist in search of new
ferromagnetic materials.

Keywords: alloys - density-functional
calculations - electronic structure -
magnetic properties - intermetallic
phases
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1. Introduction

“The magnetic and associated properties of substances which
behave magnetically like iron have long provided a happy
hunting ground if not for the “smoother pebble than ordinary”
at least for the more curiously shaped one. The rich diversity of
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ferromagnetic phenomena, the perennial challenge to skill in
experiment and to physical insight in coordinating the results,
the vast range of actual and possible applications of ferromag-
netic materials, and the fundamental character of the essential
theoretical problems raised have all combined to give ferro-
magnetism a width of interest which contrasts strongly with the
apparent narrowness of its subject matter, namely certain
particular properties of a very limited number of substances.”']

“To understand an observable means being able to predict,
albeit qualitatively, the result that a perfectly reliable calcu-
lation would yield for that observable.”?!

1433-7851/00/3909-1561 $ 17.50+.50/0 1561
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The first of the preceding quotations, describing the state of
research into ferromagnetism in 1946, seems almost prescient.
Despite active investigation for more than a century, ferro-
magnetism remains fascinating and somewhat mysterious, at
least to most chemists. An incredible amount of effort is still
being directed at both characterizing ferromagnetic com-
pounds by experiment and understanding their properties by
theory. For example, the condensed-matter physics journal
Physical Review B in 1998 alone published more than 100
papers devoted to ferromagnetism.®! Despite its age, the field
is still intensely active and contentious, particularly in the
physics and materials-science communities. Given the impor-
tance of magnetic materials (what would our modern
“information society” look like without the potential to
magnetically store and retrieve data?), this fascination with
magnetism is completely understandable.[

Our first aim in this contribution is to briefly summarize the
history of attempts to understand ferromagnetism. Although
the existence of ferromagnetism can now be numerically
reproduced by high-level quantum mechanical computations,
many find it surprising that it remains difficult to understand
why some materials are ferromagnetic and others are not. We
then present a new style of thinking, extracted from the results
of first-principles calculations, which explains the occurrence
(or absence) of ferromagnetism in the transition metals and
their alloys in terms of chemical bonding. We do not presume
to promote this model as the quintessential description of
ferromagnetism (to do so would be presumptuous). Instead,
our hope is that it will provide a clearer understanding, in the
spirit of the second quotation, of the phenomenon. More
importantly, our intention is to derive a semiquantitative

signpost for the skillful experimental chemist to use in the
synthesis of new ferromagnetic materials.

2. The Development of a Battlefield: Localized
Versus Delocalized Ferromagnetism

To lay the groundwork for what follows, we provide here a
concise historical overview of the development of the theory
of magnetism and ferromagnetism in particular. This treat-
ment of more than a century’s worth of research is,
necessarily, incomplete. The interested reader can find a far
more complete account of the early history of the science of
magnetism in ref. [5].

2.1. Curie and Langevin: Early Experiments and Theories

Drawing upon the results of an extensive series of careful
experiments carried out at the end of the 19th century, Pierre
Curie divided materials into three distinct types based upon
their magnetic behavior: diamagnets (with small, negative,
temperature-independent susceptibilities), paramagnets (with
small, positive susceptibilities, which typically vary inversely
with temperature), and ferromagnets (substances which
exhibit magnetism without an applied field below a critical
temperature and behave as strong paramagnets at higher
temperatures).’) While Curie’s definitions of the types of
magnetism are of indisputable importance, they are based
upon an empirical approach—observing and describing the
observed behavior rather than explaining it.

-

Richard Dronskowski was born in Brilon (Germany) in 1961.
He studied chemistry and physics from 1981 until 1989 and
received his Diplomas from the University of Miinster. In 1990,
he completed his doctorate, on the topic of compounds with
condensed clusters, at the Max Planck Institute for Solid-State
Research (Stuttgart) under the supervision of Prof Arndt
Simon. After a year as a visiting scientist with Roald Hoffmann
at Cornell University in 1991 and completing his habilitation in
Inorganic Chemistry at Dortmund University in 1995, he
accepted in 1996 the offer of the Rheinisch-Westfilische
Technische Hochschule in Aachen to become the successor of
Welf Bronger. His research interests lie in the region of solid-
state chemistry, in particular the synthesis and structural

characterization of low-valent as well as magnetic and intermetallic compounds. In the theoretical realm, acid-base
properties and the reactivity of solid compounds lie close to his heart, as do questions of chemical bonding and crystal-
chemical simulations. The music of Alban Berg and Béla Barték hold just as much interest for him.

Greg Landrum, born in Baltimore (USA) in 1970, completed his B. S. in chemistry and computer science at Carnegie
Mellon University in 1992. In 1997 he received his Ph. D. from Cornell University, where he worked with Roald Hoffmann
and studied the electronic structure and bonding of organometallic, intermetallic, and main-group compounds. During his
post-doctoral stay at the Rheinisch-Westfilische Technische Hochschule in Aachen he has applied density-functional
calculations to the study of nitrides, intermetallic phases, and magnetism. His research interests lie in the use of high-level
theoretical methods to construct chemical explanations for the reactivity and properties of molecules and solids. Though his
k musical tastes are not as refined as those of his co-author, they are just as strongly held.

~

R. Dronskowski G. A. Landrum

/

1562

Angew. Chem. Int. Ed. 2000, 39, 15601585



Magnetism

REVIEWS

Paul Langevin, one of Curie’s students, introduced in 1905
the idea of the magnetic moment in order to explain the
experimental data for diamagnetic and paramagnetic materi-
als." Within Langevin’s theory, the magnetization M of a
paramagnetic substance made up of N molecules or atoms can
be expressed by [Eq. (1)], where a is given in [Eq. (2)].

M 1
— = cotha—— (1)
0 a
uH
1= — 2
6= (@)

In Equation (2), u is the magnetic moment of an individual
molecule or atom, H is the strength of the applied field, T is
the temperature, k is Boltzmann’s constant, and M,= Nu is
the magnetization of the sample if all magnetic moments are
aligned. Langevin explained ferromagnetism by invoking the
presence of intermolecular or interatomic interactions which
cause individual magnetic moments to align parallel. While
the classical theory of paramagnetism was fundamentally
flawed—falsely predicting diamagnetic and paramagnetic
susceptibilities to be of equal magnitude—it provided a
framework for the work of Pierre Weiss.

2.2. Weiss’s Molecular Field: a Local View

Only two years later, Weiss developed a radical idea still
found in many textbooks. According to Weiss, ferromagnet-
ism depends on the existence of a “molecular field”, an
enormously large, internal magnetic field in the crystal which
acts to align neighboring magnetic moments.!®! This approach
adds an extra term & to Equation (2) [Eq. (3)].

_u(H+h)

T ®)

This term, where & = gM (q is the molecular field constant),
reflects the response of the molecular field to the magnet-
ization of the sample. Weiss demonstrated that the molecular
field can give rise to a magnetization in the sample even when
the applied field H is zero. This “spontaneous magnetization”,
Mg, can be graphically determined by plotting the Langevin
equation [Eq. (1)] using the form of the variable a from
[Eq. (3)]. At a given temperature T the spontaneous magnet-
ization is determined by the intersection of the Langevin
equation with the line given by [Eq. 4] (Figure 1)

M = (%T) a=(cTa 4)

When the temperature 7 is smaller than the Curie-Weiss
temperature 7w (the ferromagnetic ordering temperature;
see the dashed line in Figure 1), Mg is determined by the
intersection of the curve of the Langevin equation and the line
(cT)a. When T is larger than Ty (dotted line in Figure 1),
there is no such intersection and the spontaneous magnet-
ization is zero.

The physical origin of the molecular field central to Weiss’s
theory remained mysterious for years. In fact, Weiss himself
was never able to provide any meaningful explanation of the
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Figure 1. Graphical solution for the spontaneous magnetization Mg of a
material within Weiss’s theory of ferromagnetism. Refer to the text for
details.

huge strength of the molecular field. However, by this
hypothesis Weiss showed that the intermolecular or inter-
atomic forces in crystals do not extend beyond a certain
“active region.” A number of ingenious intermetallic dilution
experiments led Weiss to realize that the molecular field in
ferromagnetic iron decays with the sixth power of the
interatomic distance.”)

2.3. Quantum Mechanics: Heisenberg and Stoner

The puzzle of the molecular field was solved by Heisenberg
in 1928019 and, almost simultaneously, by Dirac.''! Only four
years later, most theoretical expressions had been brought
into a self-consistent form by van Vleck in his widely ac-
claimed textbook on magnetism.'”l The theory shows that
ferromagnetism may be understood to arise from quantum-
mechanical exchange interactions which lead to the parallel
alignment of spins S; and S'] [Eq. (5)].

Vf,‘ = *ijjg[g,’ (5)

Here, J;;, the exchange integral between atoms i and j, is
positive. It is important to realize that this view is a local one,
and it treats the system as if the electrons responsible for
ferromagnetism are fixed on the atoms. Thus, Heisenberg’s
approach bears a strong resemblance to the Heitler— London
treatment of the hydrogen molecule. In chemical terminology,
the model is similar to valence-bond (VB) theory.

Most chemists will immediately sense the problems inher-
ent in applying Heisenberg’s model to the archetypical
ferromagnets iron, cobalt, and nickel. In these metals, the
experimentally determined magnetic moments (the number
of unpaired electrons) are all nonintegral: 2.21, 1.60, and 0.62
for Fe, Co, and Ni, respectively. Clearly, the unpaired spins
cannot be fully localized since atom-centered magnetic mo-
ments should adopt integer values.['*! Tt also seems somewhat
ill-advised, at best, to assume the presence of localized spins in
a metal where the conduction electrons are strongly delocal-
ized (itinerant).
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The itinerant nature of the conduction electrons in metals
had been recognized long prior to Heisenberg’s theory of
ferromagnetism. An early theory of the electronic structure of
metals, developed by Drude and Lorentz, treated the
electrons as an ideal gas fully delocalized throughout the
crystal. While this theory was quite successful in explaining
the conductivity of metals, problems arose with respect to
their electronic heat capacities; these were predicted to be
much too large. Sommerfeld replaced the classical Boltzmann
statistics (appropriate for gas molecules) of the Drude model
with Fermi-Dirac statistics (appropriate for electrons),
thereby implicitly taking the Pauli exclusion principle into
account. The success of Sommerfeld’s theory in describing the
experimentally observed properties of metals provided solid
support for the idea that the conduction electrons are
itinerant: delocalized throughout the crystal. In what is
probably one of the first applications of the rigid-band model
to the electronic structure of solids, Slater used the first
calculated electronic structure of elemental copper™! to argue
that the ferromagnetism of nickel must be due to these
itinerant electrons. Slater went so far as to say that Heisen-
berg’s model of ferromagnetism “is considered to be unsuit-
able for application to ferromagnetism, except in its general
principle of explaining the energy of orientation of elemen-
tary magnets in terms of exchange energy.”['*]

Based upon this theoretical framework, an alternative
treatment of ferromagnetism was proposed by Stoner in
1938 —-1939.16- 171 By assuming an average spin field interacting
with a single spin (equivalent to a mean-field treatment of
electronic correlation) and parabolic energy bands, Stoner
presented a predictive model of itinerant-electron ferromag-
netism. It is clear that such a delocalized treatment is closely
related to the Hund-Mulliken molecular orbital (MO)
approach for the hydrogen molecule. Stoner’s theory of
ferromagnetism is quite detailed. In addition to predicting
whether or not a given metal is ferromagnetic, it included
methods for calculating the temperature dependence of both
the magnetic susceptibility and the electronic specific heat.
Here we limit ourselves to discussing the “Stoner criterion”
for the presence of ferromagnetism.

The Stoner criterion can be concisely expressed as Equa-
tion (6), where I is a measure of the strength of the exchange
interaction in the metal and DOS(¢y) is the density of states at
the Fermi level, ¢.

IDOS(e;) > 1 (6)

In the original formulation of the model, I and DOS(¢R)
were approximated for the transition metals. Once accurate
electronic-structure calculations became possible, DOS(¢g)
was also immediately accessible. A number of authors (see,
for example, refs. [18, 19], and references therein) proposed
various ways to extract I/ from their results. The first
comprehensive tabulation of I and DOS(ep) pairs was
presented by Janak in 1977.'% His results, along with the
product IDOS(eg), are plotted in Figure 2. Using Janak’s
parameters, iron and nickel are predicted to be ferromagnetic
and palladium is predicted to be almost ferromagnetic;
palladium is, in fact, known as an “incipient ferromagnet”.
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The one failure within
this model is for cobalt
(IDOS(er) =0.972), predict-
ed to be nonmagnetic. It is
also somewhat strange that
nickel, the weakest ferromag-
net, has the largest IDOS(eg)
value.

In the years after their
introduction, either the Hei-
senberg or Stoner approach
came into or went out of
favor, depending upon the
subject and the school of
interacting disciplines. This
back-and-forth  battle is
probably all too familiar to
many chemists if one recalls
the long-time struggle be-
tween the VB and MO ap-
proaches for the study of
bonding in molecules. In
1966, Herring finally demon-
strated that the descriptions
are not mutually exclusive.*"!
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Figure 2. Plots of the Stoner ex-
change parameter 7, DOS(¢g), and
IDOS(gg) versus atomic number Z
for selected metallic elements.
Metals lying above the dashed line
at IDOS(ep) =1 are predicted to
be ferromagnetic. Data are taken
from ref. [19].

In our view, however, the
delocalized theory is certainly much better suited to transition
metals.

Nowadays, most solid-state physicists accept the Stoner
criterion to decide whether or not a metal or alloy should be
ferromagnetic. While (with the exception of cobalt) this
model is predictive, it doesn’t provide much helpful informa-
tion to use in truly understanding the nature of ferromagnet-
ism; certainly none at all to help in developing a chemical
understanding. The original model, derived from an assumed
parabolic band shape, does not take into account either the
shape of the DOS curves or the position of & within those
curves. These are two of the places where the chemistry hides.

3. Magnetism in Atoms and Molecules

The study of spin-spin coupling supplies the key to under-
standing magnetism, the macroscopic quantum effect. The
underlying antisymmetry of the wave functions of a system
has a deep impact upon the magnetism and chemistry of
atoms and molecules.

3.1. The Exchange Hole and its Consequences

Since the exchange hole, which goes by a number of other
names (such as “Fermi hole”), is central to our analysis of
ferromagnetism, we briefly discuss it here. Although our
discussion relies on results derived for an idealized system
(the free-electron gas), we will demonstrate that the general
conclusions are applicable to real systems such as atoms,
molecules, and crystals.

Angew. Chem. Int. Ed. 2000, 39, 15601585
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When two electrons are brought into proximity to each
other, they experience a Coulombic repulsion due to their
negative charges. Since, by Pauli’s principle, two electrons
with the same magnetic spin quantum number are forbidden
from occupying the same position, there is an extra repulsion
between like-spin electrons known as the exchange repulsion.
One of the major consequences of this repulsion is the
appearance of the exchange hole in the free-electron gas. For
a given a (spin-up) electron, it experiences an effective
electron density arising from all of the other electrons in the
electron gas. The effective density close to the electron is
relatively low because the Coulomb repulsion keeps all of the
other electrons away. The exchange repulsion results in a

further depletion of the a-

0.6 ————————t electron density, but does
0.5 not affect the f spins. This
0.4 “hole” in the effective a-
"Effective 0-3 electron density (a-a curve
Density" g'f I in Figure 3) is known as the

exchange hole. No such
hole exists in the a-f curve.

Although the perturba-
tions to the electron den-
sity arising from the ex-
change term are quite
small compared to those from the Coulombic interactions,
their effects can be extraordinarily important. Because of the
exchange hole, like-spin electrons do not shield each other
from the nucleus as well as electrons with different spins, that
is, a-a shielding is less effective than a- shielding. Thus there
is a differential shielding of a and f electrons in systems with
unpaired spins. If we assume, for simplicity, that the a
electrons are the majority spin species, then they will be, on
average, less shielded from the nucleus than the  electrons.
Consequently the a electrons experience a higher effective
nuclear charge than the [ electrons. The differences in
effective nuclear charge for the two spin species lead
immediately to energy differences in the orbitals associated
with each spin.

0.0

.
"Distance" —

Figure 3. A schematic illustration of
the exchange hole.

3.2. Light Atoms

Figure 4 shows the changes in 4
energy levels of atomic oxygen
upon moving from a singlet to a
triplet state. When the spins are i
allowed to unpair (a process we will
refer to as spin-polarization), the a
electrons, which are now less 14
shielded due to the smaller number
of § electrons, drop in energy. At
the same time, the f spins experi-  _g|
ence greater shielding and the i =2 =1 0 1
associated spin orbitals increase in
energy. The resulting splittings be-
tween equivalent a and f spin
orbitals (the exchange splittings)
in triplet atomic oxygen are

e 3
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Figure 4. Energy level diagrams for atomic oxygen in a singlet excited state
(left) and the triplet ground state (right). On the right side lie spin orbitals,
each of which has a maximum occupation of one electron.

AEY ;=243 ¢V und AE;_,=2.29 €V, according to our spin-
density-functional calculation (Appendix A).

The differential shielding of a and S electrons, due to the
exchange hole, has consequences beyond the exchange
splitting, since the spin orbitals associated with the different
types of electrons have differing spatial extents (Figure 5).
The low-lying a spin orbitals are more spatially contracted
than the § spin orbitals. This graphical analysis can be made
somewhat more quantitative by examining the compositions
of the oxygen 2p atomic orbitals (AOs) and the positions of
the maxima in their radial wavefunctions. Within the triple-&
Slater-type orbital (STO) basis used in our calculations, the
radial part of each AO v is expressed as a linear combination
of three STOs (¢)?U [Eq. (7)], where the individual STOs are
defined by [Eq. (8)]

3
W= P )
i=1

9Fr = reil” ®)

For a numerical illustration, the expansion coefficients (c??)
for the 2p AOs of both singlet and triplet oxygen are given in
Table 1. The triplet ?(a) orbital has significantly larger
contributions from the two more contracted basis functions
(¢ and ¢%) than triplet y?(B). Conversely, ¥?(3) has a
larger contribution from the more diffuse ¢2*. The non-spin-
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Figure 5. Contour plots of the 2p spin orbitals of triplet atomic oxygen: The left picture shows an a and the
middle a f8 orbital. Since it is almost impossible to distinguish these from each other with the naked eye, the
right pane shows an AO difference plot, the result of |2p(a)|—|2p(B)|. In the AO plots the contours run
from —0.1 to 0.1 in steps of 0.01; negative values are drawn with dashed lines. The contours in the difference
plot run from — 0.01 to 0.01 in steps of 0.001; negative values are drawn with dashed lines and the dotted line
indicates the zero contour. All distances are in A.
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Table 1. Expansion coefficients (c¢) and locations of the maxima in the
radial functions (r,,) for the 2p AOs of atomic oxygen. The orbital
exponents of the STO basis functions (defined in [Eq. (8)]) are: £ =1.12,
£ =2.08, £ =4.08.

e P e Fnax [A]
Singlet ?7(a,8) 0.289 0.574 0.243 0.292
Triplet y*(c) 0.255 0.602 0.245 0.284
Triplet y>(B) 0.348 0.528 0.239 0.307

polarized (singlet) AOs come somewhere in between the a
and S values. Accompanying these changes is a shift in the
positions of the radial maxima of the atomic orbitals:
Fmax(triplet 2P(a)) < ruu(singlet Y?*(a,fB)) < rpa(triplet ¥2°(5)).
Other light atoms behave in an analogous way.

To summarize, the exchange hole gives rise to a differential
shielding of the a and f electrons of a spin-polarized system
such that 1) the a/f electrons experience a higher/lower
effective nuclear charge; 2) the a/f spin orbitals decrease/
increase in energy; 3) they become less/more spatially diffuse
relative to the non-spin-polarized system.

The above findings allow an easy interpretation of the work
of Boyd, who concluded that the preference for a high-spin
state in atoms (Hund’s first rule) can be attributed to an
increase in electron —nuclear attraction upon moving to the
spin-polarized state.??! Boyd’s arguments run counter to the
questionable textbook reasoning, stating that Hund’s rule is
due to a decrease in electron—electron repulsion in the high-
spin state; rather, Hund’s rule can be understood in terms of
the foregoing differential shielding argument. In the triplet
state, the electron—nuclear attraction in oxygen is stronger
because the a electrons experience a higher effective nuclear
charge; the f electrons experience a lower effective charge,
but they are the minority. The electron—electron repulsion,
on the other hand, increases since the o electrons are more
spatially contracted and, on average, closer to each other.

3.3. Heavier Atoms

Upon moving down in the periodic table, the situation
changes dramatically. For example, although both sulfur and
selenium still exhibit a preference for the triplet state, their
exchange splittings are considerably smaller: Moving down
the group (O, S, Se), AEY_, falls from 2.43 to 1.19 and finally
to 091 eV and AE; , changes from 2.29 to 1.00 and then
to 0.78eV. In addition, the
changes in the spatial extents
of the orbitals are now much
smaller (Figure 6). There is a
significant decrease in the mag-
nitudes of both the exchange
splittings and the differences in H
spatial extent of the spin orbi-
tals on moving from the first

K

long row of the periodic table to -z

the second and an additional, |t -2 il
much smaller, decrease on -3; 5o oo 1D
moving from the second to the

third.
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We believe that the differences between the first and
second long rows and the similarities between the second and
third long rows can be understood in terms of the presence or
absence of p orbitals in the nonvalence (core electron) region
of the atom. Before presenting this explanation, which is very
similar to that proposed by Kutzelnigg, ¥ it is useful to briefly
review the determination of the exponents of STOs.

Within Slater’s original schemel® for determining the
shielding of valence electrons by core electrons, the types of
the core and valence orbitals®! concerned were not taken
explicitly into account. In fact, the 2s and 2p orbitals of oxygen
have the same orbital exponent. In later work from Clementi
and Raimondi, a series of fits of STOs in order to reproduce
total atomic energies from numerical SCF calculations led to a
modified version of Slater’s rules.’! In a less well-known
publication, Burns presented yet another alternate formula-
tion of Slater’s rules.”’] Burns directly fitted STOs to atomic
wavefunctions instead of trying to match the energies of these
orbitals. Burns developed a different set of orbital exponents
from those of Clementi and Raimondi, a set which is perhaps
more reasonable for studying molecules since it treats the
inner and outer parts of the wavefunction on more equal
footing.®! More importantly, Burns realized that a more
effective set of rules for calculating STO shielding parameters
could be produced by including the type of orbitals involved
in the shielding expression. For example, using Burns’s rules, a
valence p electron is more effectively shielded by a core p
electron than by a core s electron. The net result is that the 2p
orbitals of oxygen are considerably more contracted (reduced
shielding produces a larger exponent) than the 2s orbital since
there is no 1p orbital within the core. This result is, of course,
very well known within pseudopotential theory: The first
instance of a particular type of orbital (such as 2p, 3d, 4f) is
always quite contracted.

Since the 2p orbitals of oxygen atoms are more contracted
than either the 3p orbitals of sulfur or the 4p orbitals of
selenium, the p electrons of oxygen spend considerably more
time close to the nucleus than those of either sulfur or
selenium. Consequently, small changes in the shielding of the
oxygen 2p electrons, such as those caused by spin polarization,
must have a larger impact than they do for the 3p or 4p
electrons. The net result is that the perturbations caused by
the transition to the triplet state in sulfur are smaller than
those in oxygen. The perturbations for selenium, which has
two p shells in the core, are even smaller.
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Figure 6. AO difference plots for the p orbitals of triplet-state atoms O (left), S (center), and Se (right). The
contours and line patterns are the same as those in the right pane of Figure 5.

Angew. Chem. Int. Ed. 2000, 39, 15601585



Magnetism

REVIEWS

3.4. Diatomic Molecules

The same arguments about the exchange hole and shielding
used above for atoms also apply to molecules with unpaired
electrons. For example, the energy levels of O, change in an
exactly analogous way to those of atomic oxygen when the
molecule changes from a singlet to a triplet state (Figure 7).
Focusing only on the HOMO—the antibonding 2m(m*)
orbital—the exchange splitting in O, (AE3, ,,) is 1.85eV.
Moving down to S, and Se,, AE%,_,, falls to 0.81 and 0.63 eV,
respectively. The exchange splitting decreases upon moving
down the group.

A 1y

rlx
(Y T i
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Figure 7. Energy level diagrams for molecular oxygen in the singlet excited
state 'A, (left) and in the triplet ground state X, (right).

The a and S spin orbitals of triplet Q, (Q=0, S, Se) show
the same behavior and trends as those in triplet Q (Figure 8).
The 2 spin orbital of the majority spin species (a) is more
contracted than that of the minority species (). The differ-
ences in both exchange splittings and spatial extents of the
2nt(a) and 27(B) spin orbitals are again larger upon moving
from first to second row (O, —S,) than from second to third
(S, —Sey).

One final word about the molecular results before consid-
ering the solid state. In all three diatomic molecules discussed
above, the process of spin polarization increases the splitting
between the highest-occupied molecular orbital (HOMO)
and the lowest-unoccupied molecular orbital (LUMO).?
This energy difference may be interpreted in the context of
the theory of chemical hardness*! which is intimately
connected with questions of chemical reactivity. In fact,

density-functional theory reveals that the chemical hardness #
of a molecule may be defined by Equation (9)?!

_ ELUMO 2 EHOMO (9)

It is noteworthy that O,, S,, and Se, all become chemically
harder (less reactive) by a few percent upon changing from the
singlet excited state to the triplet ground state. The decrease
of their total energies is parallel to an increase in their
chemical hardness upon a distortion; in this case an electronic
distortion. This effect fits nicely into the principle of
maximum hardness: In general, more stable species are
chemically harder."

4. Ferromagnetism in the Elemental Transition
Metals

“Es geht auch anders,
doch so geht es auch.”*132]

4.1. The Phenomenon

Though transition metal
atoms are paramagnetic in
the gas phase, only a few
exhibit cooperative magnet-
ism, such as ferromagnetism,
in the solid state (Figure 9).
The only “magnetic” transi-
tion metals occur close to the
end of the first transition
series. Metals Fe, Co, and Ni
are all ferromagnetic, where-
as Cr and Mn have antiferro-

Figure 9. A section of the peri-
odic table showing the structures
and magnetic properties of the
transition metals. Elements with
yellow backgrounds are antiferro-
magnetic, while those with or-
ange-red backgrounds are ferro-
magnetic. The abbreviations for
the structures are: hep: hexagonal

magnetic ground states. Let
us initially limit our attention
to the ferromagnetic metals

close packed; bee: body-centered
cubic; fcc: face-centered cubic;
X: the a-Mn structure type.

as the antiferromagnetic

structures of Cr (incommensurate spin-density waves) and
Mn (with 58 atoms in the magnetic unit cell) pose computa-
tional difficulties. It is obvious from Figure 9 that ferromag-

[*¥] “There are other ways, but this one’s fine, too.”
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Figure 8. Molecular orbital difference plots for the 2mt(5t*) orbitals of triplet O, (left), S, (center), and Se, (right).
The contours and line patterns are the same as those in the right pane of Figure 5.
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netism is not solely a consequence of structure or electron
count. For example, Pt and Pd both adopt the same face-
centered cubic (fcc) structure and have the same number of
valence electrons as Ni, yet neither is ferromagnetic. Ferro-
magnetism clearly arises from a set of special electronic
circumstances.™

In order to understand these circumstances, we adopt the
view that the nonmagnetic state is “normal” in the solid and
ferromagnetism is an unusual phenomenon. Using this
approach, we will come to ferromagnetism by first under-
standing why most elemental metals are not ferromagnetic.
This can be most directly achieved by drawing an analogy with
molecular complexes of the transition metals and their ions.

Hund’s first rule states that the most stable form of free
atoms or ions is the high-spin state; a d° transition metal ion
has preferentially four unpaired electrons (Figure 10a). When
we introduce a perturbation by a set of ligands with an
octahedral coordination, the degeneracy of the d orbitals is

a) b) c) -y — — &
IR
e l
LF
) ) IS
R e L S S R e R IR
free ion weak field strong field
high spin high spin low spin

Figure 10. Energy-level diagrams and electronic configurations for the d
orbitals of: a) a free d° transition metal ion; b) a d° transition metal ion with
an octahedral environment of weak-field ligands; c) a d® transition metal
ion with an octahedral environment of strong-field ligands. For simplicity,
we limit ourselves to the one-electron picture, neglect spin —orbit coupling,
and ignore the spherical energetic part of the ligand field.

broken and they split into t,, and e, sets. If the metal -ligand
interactions are weak and the perturbation is small (Fig-
ure 10b), then the splitting between e, and t,, (AEf) is also
small; the six electrons fill the energy levels in a high-spin
arrangement just as in the free ion. If the metal-ligand
interactions are strong and the perturbation is larger (Fig-
ure 10c¢), then AE, ¢ is also large enough so the electrons form
pairs in the t,, orbitals and the complex is nonmagnetic. One
could say that the strong ligand field has totally quenched the
magnetism of the free ion.

The situation is similar in the elemental structures of the
transition metals: The magnetism of the free atoms is
quenched when those atoms are condensed into a crystal.
Like many other concepts in the band theory of solids, this is
most easily illustrated using a simple model: a one-dimen-
sional chain of hydrogen atoms (Figure 11). A free hydrogen
atom is, of course, Curie paramagnetic, with one electron
sitting unpaired in an s orbital. When we form a one-
dimensional chain, the energy levels of the atoms spread out
to form a band. If the interactions between the atoms in the
chain are weak (a small perturbation), then the resulting
band, AEgy, is narrow and each crystal orbital is half-filled
(Figure 11a). This is the crystalline equivalent of the weak
ligand-field case (Figure 10b). A large perturbation (strong
interactions between the atoms in the chain) results in all the
electrons pairing (Figure 11b). The magnetism of the free
atoms is quenched in the crystal when the interatomic
interactions, and thus bandwidths, are large.
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Figure 11. Qualitative band structures and electron fillings for a one-
dimensional chain of hydrogen atoms with: a) narrow bandwidth (weak
H-H interactions) and b) broad bandwidth (strong H-H interactions).

The rare-earth elements typically display the narrow-
bandwidth magnetism sketched in Figure 11a. The majority
of the interatomic bonding in these metals is mediated
through the 5d and 6s electrons. The 4f orbitals, which are
strongly spatially contracted, are only slightly perturbed by
the neighboring atoms and give rise to very narrow bands. The
localized-electron magnetism of the rare-earth metals is
characterized by magnetic moments which approach those
in the free atoms and by complicated magnetic structures.33
The origin of this localized-electron magnetism is reasonably
easy to understand: The f bands are so narrow that the
energetic cost associated with populating the entire band with
electrons is small compared to the cost associated with pairing
the electrons.*¥ Consequently, the band is filled, in a manner
analogous to the configuration of atomic energy levels
following Hund’s rule, and results in unpaired spins and
magnetic moments. What is considerably more difficult to
understand is what determines the structure adopted by those
unpaired f electrons. The magnetic structures of the rare
earths run the gamut from the simple ferromagnetism
observed in gadolinium to the sinusoidal spin structures of
erbium and terbium.’

As localized-electron magnetism is not our focus here, we
leave this complicated story and return to itinerant-electron
ferromagnetism in the transition metals. In these metals, the d
orbitals contain the electrons responsible for magnetism.
However, in contrast to the f orbitals of the rare-earth
elements, transition metal d orbitals are involved in strong
interatomic interactions. This gives rise to fairly broad bands
in the elemental transition metals. Figure 11b is a more
appropriate model of their bands than Figure 11a. Conse-
quently, most elemental transition metals are non-magnetic.

4.2. Itinerant (Delocalized) Electron Ferromagnetism

The changes to the electronic structure of a system with
broad bands which allow ferromagnetism are best introduced
using qualitative density of states (DOS) plots.’> In Fig-
ure 12a, the DOS of a nonmagnetic metal is sketched as a
rectangular block, divided into boxes to allow states to be
counted. The same DOS is shown in a spin-resolved way
(where the a and f8 states are plotted separately) in Fig-
ure 12b. The occupations of the a and § spin sublattices,
determined by counting the number of boxes lying below the
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Figure 12. Qualitative DOS curves for a transition metal. a) The DOS of a
nonmagnetic metal. b) Spin-resolved form of the same DOS (DOS for a
and S electrons are drawn separately). c) Shifts in the a and § spin
sublattices upon the onset of magnetism (spin polarization). The red-
shaded region indicates the “excess” a spins. In all three panes, the
horizontal dotted line indicates the position of the Fermi level (&f). The grid
superimposed on the DOS curves facilitates the counting of states.

Fermi level (&p), are identical. When this system becomes
magnetic, the a and f DOS curves change in energy: The a/f
spin sublattice moves down/up (Figure 12¢). Since the two
sublattices must share a common Fermi level, the net result of
this spin polarization is a higher occupation of the a states.
The number of “excess” a states, and thus the permanent
magnetic moment of the system, can be determined by
counting the number of boxes in the red-shaded region of
Figure 12c.

Notice the strong similarities, on moving from the low- to
the high-spin configuration, between the DOS of a solid
becoming magnetic and the changes in the energy-level
diagrams of atoms (Figure 4) and molecules (Figure 7). In
each case the states (energy levels) associated with the a
electrons (the majority spin species) decrease in energy
relative to the nonmagnetic case while the § energy levels
increase. In this respect, itinerant-electron ferromagnetism is
not so different from atomic and molecular magnetism. As we
shall demonstrate later, the similarities run even deeper than
the shifts in energy levels.

4.3. The Archetype: Iron

We begin our examination of ferromagnetism in the
transition metals with a detailed analysis of the archetypical
ferromagnet: body-centered cubic (bcc) iron (a-Fe). In a-Fe
each iron atom is surrounded by eight nearest neighbors, in a
cubic arrangement, at a distance of 2.485 A and six next-
nearest neighbors, in an octahedral arrangement, at a distance
of 2.870 A (Figure 13). Below its Curie temperature (7,=

1044 K) a-Fe is ferromagnetic,
ﬂ with a saturation magnetic mo-

' ment of 2.21 g%

: We start with the electronic
structure of an Fe phase which
does not exist: nonmagnetic bec
Fe. This is not a model of Fe
above T, which has a different
lattice constant and significant
(albeit short-range) magnetic or-
der.®l The calculated band
structure, the DOS and Fe-Fe

Figure 13. The coordination
environment of iron in the
bec a-Fe structure.
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crystal-orbital Hamilton population (COHP) curves for this
phase, are presented in Figure 14. The computational meth-
odology is explained in Appendix A. At most high-symmetry
points in the first Brillouin zone (BZ), which is shown in
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Figure 14. Band structure (left), DOS, and Fe-Fe COHP curves for

nonmagnetic a-Fe. The shaded region and dashed line in the DOS curve

corresponds to the projected DOS of the Fe 4s orbital and its integration,

respectively. All curves have been shifted in energy so that &g, indicated
with a horizontal dotted line, lies at 0.0 eV.

Figure 15, the crystal orbitals which arise from the Fe 3d block
split into two sets: triply degenerate t,, and doubly degenerate
€,; the point-group irreduci-

ble representation labels 1
used here are those appro-
priate for the cubic point
symmetry of the Fe atoms.
Labeling the bands in this
manner allows us to roughly
characterize the peaks in the
DOS and COHP curves to
their orbital composition.
The primarily e, crystal or-

bitals are mostly flat (excep-
tions of ' =H and H—N)
whereas the t,, orbitals show

Figure 15. The first Brillouin zone
for a bec lattice with high-symme-
try points labeled. The vectors x*,

y*, and z* are Cartesian reciprocal
axes.

reasonable dispersion along
every symmetry direction.
We can understand this dis-
parity by considering the shapes of the crystal orbitals,
sketched at the symmetry points I" and N in Figure 16. The
t,, orbitals are pointed more directly at the nearest-neighbor
atoms (which lie on the corners of the cube in this Figure).
These orbitals have m symmetry with respect to the more
distant next-nearest neighbors at the ends of the dashed lines.
The e, orbitals, involved in ¢ interactions with the next-
nearest neighbors, are not oriented particularly well for
nearest-neighbor interactions. The symmetry line from I' - H
lies along one of the Cartesian reciprocal axes (Figure 15),
therefore motion along this line strongly affects next-nearest-
neighbor interactions and gives rise to a large e, bandwidth
from I" to H. The nearest-neighbor interactions are affected
along all directions, therefore the t,, orbitals show a significant
bandwidth along every symmetry line.

Continuing our analysis of Figure 14, we observe the three-
peaked DOS typical of bec metals. As is true for all transition
metals, the s band penetrates the d block to yield s-dominated
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Figure 16. Iconic representations of the crystal orbitals of a-Fe at the high-symmetry
points I and N. Each orbital is drawn in two parts: one showing nearest-neighbor contacts,
the other next-nearest-neighbor contacts. The t,, and e, labels, strictly valid in T, are used

only to qualitatively group orbitals in N.

states at the base of the DOS. Up to this point, we have
encountered nothing unusual in the electronic structure of
hypothetical nonmagnetic a-Fe. The first indication that
something is wrong appears in the Fe-Fe COHP curve.

As we would expect, the low-energy end of the DOS, that is
primarily composed of s states, is Fe-Fe bonding. This is
followed by two Fe-Fe bonding peaks. The first, between —3
and —5 eV, mostly arises from the e, orbitals. The second,
between —3 and —1 €V, mainly has a t,, character. Of these
two peaks, the one from the t,, set is more strongly bonding
between nearest neighbors, as we anticipate based upon the
discussion above. In the next-nearest-neighbor COHP curve
(not shown here), the e, states are significantly more strongly
bonding between next-nearest neighbors; again, fitting our
expectations. The integrated Fe-Fe COHPs (ICOHPs) are
—1.448 and —0.683 €V per bond for the nearest-neighbor and
next-nearest-neighbor interactions, respectively. The curious
thing about the electronic structure of nonmagnetic a-Fe is
that &g falls in a strong Fe-Fe antibonding region. Normally,
the appearance of &g in strongly antibonding states is an alarm
that indicates a system is unstable with respect to some sort of
structural change. However, we know that Fe does not
undergo any such distortion and that the bcc structure is
stable. How are we to understand this? The answer is that a-
Fe does undergo a distortion but instead of the atoms of the
structure rearranging themselves, the electrons do. Nonmag-
netic a-Fe is unstable with respect to an electronic structure
distortion, which makes the a and j spin sublattices inequi-
valent (thereby reducing the electronic symmetry), lowers the
energy, and gives rise to ferromagnetism.

When a spin-polarized calculation is performed for bce Fe,
the two spin sublattices become inequivalent and shift in
energy (Figure 12¢). This results in different populations of
the a and S sublattices and a calculated spin magnetic moment
of 2.27 ug, very close to the experimental value of 2.21 ug. The
total energy decreases by 0.43 eV upon spin polarization. The
spin-polarized DOS and Fe-Fe COHP curves of ferromag-
netic a-Fe are shown in Figure 17. The a and § DOS curves in
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Figure 17 are very similar to each other and to
the nonmagnetic DOS in Figure 14: Spin-polar-
ization has not significantly affected the shape of
the DOSs; merely shifted them in energy. While
the a spin sublattice has decreased in energy enough to almost
completely fill the d block, the j spins have increased to
maintain a constant number of electrons in the system as a
whole. The shift of the primarily s states (at the base of each
DOS curve) is quite small—the s orbitals are not significantly
affected by the onset of ferromagnetism. Moving our focus to
the chemical bonding in magnetic Fe, the a and 8 COHP
curves are similar in shape but differ in size. Firstly, the a
COHP curve is quite a bit smaller in magnitude than its
counterpart. Secondly (and equally important), the shifts in
the two curves have removed the Fe-Fe antibonding states
from the vicinity of eg. The integrated Fe-Fe COHPs for the a
and S electrons are —0.552 and —0.975 eV per bond and a
total ICOHP of —1.527 eV per bond. The onset of ferromag-
netism has strengthened the Fe-Fe nearest-neighbor bonds by
more than 5%, parallel to the decrease in the total energy.

As expected, spin-polarization results in a rearrangement of
the electron density in a-Fe. The nature of the electron
density shifts are shown in Figure 18 by plotting the quantity
Ap = p(magnetic) — p(nonmagnetic) evaluated in a plane
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Figure 18. Changes in the electron density of a-Fe upon spin polarization.
Solid green curves indicate positive values (higher electron density in the
magnetic state) and dashed yellow curves negative (lower electron density
in the magnetic state); the dotted black lines are the zero contours. The
location of the plane in the unit cell is sketched on the right.
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containing both nearest-neighbor and next-nearest-neighbor
contacts. In nonmagnetic bec Fe, the states at and just below &g
are antibonding between nearest neighbors; these regions lie
along the diagonal of the plot in Figure 18. These states are
depleted in the magnetic form, to result in a shift of electron
density out of the spatial regions between nearest neighbors.
The “lost” electron density accumulates in the areas between
next-nearest neighbors.

As mentioned above, the energy shifts of the a and § spin
sublattices in ferromagnetic Fe mirror those of the atomic/
molecular orbitals of O/O, (Figures 4 and 7). These shifts are
once again a consequence of the exchange hole. The majority
spin species (a) is not as effectively shielded from the nucleus
as in the nonmagnetic “phase”, so the o states decrease in
energy. The f states, on the other hand, experience better
shielding and increase in energy. We would expect that these
changes give rise to differences in the spatial extents of the
two sets of states as well. This effect is indeed present and
responsible for the different sizes of the a- and S-COHP
curves. The more spatially contracted o states are not as
strongly Fe-Fe bonding as the f states, which have become
more diffuse. The differing spatial extents of the spin-
sublattices is one of the major factors contributing to the fact
that the nearest-neighbor § ICOHP is almost twice as large as
the a ICOHP (see above). The fact that almost the entire a d
block is occupied, including the Fe-Fe antibonding states at
the top, also plays a large role. The a ICOHP, which was
smaller than f to start with due to the spatial contraction of
the a spin orbitals, is weakened further by the population of
antibonding states, in contrast to those of the 5 spin sublattice
which lie above e Despite the weaker a interactions, the
strengthening of the nearest-neighbor interactions in the
sublattice is sufficient to result in an ICOHP value for
ferromagnetic Fe larger than that for the nonmagnetic structure.

We can also demonstrate the differential spatial extents of
the a and 8 spin sublattices by a plot similar to those of
Figures 6 and 8. Within the linear muffin-tin orbital (LMTO)
calculations, the electron density is the only physically mean-
ingful quantity accessible. However, since the o and f
sublattices contain different numbers of electrons, a straight-
forward plot of p(a)—p(B) does not contain the sought
information; rather, this result gives the spin density and
shows where in real space the electrons responsible for
magnetism are located. In order to see the differences in the
spatial extents of the a and  electron densities, we must scale
either one or both of them in order to equalize the effective
numbers of electrons they contain. Figure 19 shows such a
plot, namely of the scaled quantity of Equation (10), where n,,
and n, are the total number of electrons in the a and f spin
sublattices (5.135 and 2.865, respectively).

" p(a) ~ p(p) (10)

Just as the a AOs/MOs of O/O, were more spatially
contracted than the corresponding f AOs/MOs, the a electron
density of ferromagnetic Fe is greater near the nucleus,
whereas the 3 electron density is greater in the regions further
away from the nuclei, particularly around the nearest-
neighbor contacts.
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Figure 19. Scaled electron-density difference (defined in [Eq. (10)]) in a-
Fe evaluated in the (011) plane of the cubic unit cell. Solid red curves
indicate positive values (regions where a spins are dominant), dashed blue
curves negative (f spins dominant). The location of the plane in the unit cell
is sketched on the right.

Though the similarities in the electronic structural changes
on the transition from low- to high-spin states in atoms and
molecules were not unexpected, it is rather surprising how
analogous the situation is for itinerant-electron ferromagnet-
ism. Spin polarization causes differential shielding of the
majority and minority spin species. Majority (a) electrons see
a larger nuclear charge, decrease in energy, and become more
spatially contracted. The S electrons, better shielded from the
nuclear charge by the a electrons, increase in energy and
become more diffuse.

Before closing the iron section, we would like to comment
on the localized/delocalized antagonism in the understanding
of transition-metal ferromagnetism. The alert reader might
have noticed that we have started by using a fairly localized
basis set—the short-ranged, tight-binding, linear muffin-tin
orbitals (TB-LMTO)—in order to generate totally delocal-
ized crystal orbitals (Bloch functions) that spread over the
entire crystal. In the spirit of Stoner’s ideas, the valence
electrons responsible for ferromagnetism in iron are also
completely delocalized.

Our interpretation of itinerant-electron ferromagnetism as
an essentially chemical phenomenon retrieves the localized
picture from the delocalized wave functions. The driving force
for ferromagnetism lies in the local antibonding character of
the states around . It comes as no surprise to realize that the
strength of the covalent bonding interactions between Fe
atoms decays rapidly with interatomic distance. For example,
the nearest-neighbor bonds (2.485 A, ICOHP = —1.527 ¢V)
in a-Fe are significantly stronger than the next-nearest-
neighbor bonds (2.870 A, ICOHP = — 0.658 eV). When these
two energies are related using a simple distance power law—
as done for the molecular field by Weiss—an exponent of 5.8
arises, almost coincident with Weiss’s experimental exponent
of 6.0. In our view, there is a local source for the delocalized
ferromagnetism.

4.4. Cobalt and Nickel

a-Fe is, of course, only one of the three ferromagnetic
transition metals. When we go from Fe to Co or Ni, in addition
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to increasing the number of valence electrons, the structure
itself changes from bcc to fcc. This structural change alters the
shapes of the DOS and COHP curves and the presence of
additional d electrons moves & up in both curves. Although
the crossover point from bonding to antibonding in the M-M
COHP curve of the fcc structure comes somewhat later than
that in the bcc structure (discussed in greater detail below),
the presence of the extra d electrons raises ¢ enough such that
it lies in strongly antibonding states. Once again there is a
driving force for the onset of magnetism, and the spin
polarization process results in a net stabilization.

The spin-polarized DOS and COHP curves of ferromag-
netic Ni (calculated u=0.62ugz, precisely matching the
experimental value), shown in Figure 20, displays features
similar to those of Fe (Figure 17). Whereas the a states
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Figure 20. DOS and Ni-Ni COHP curves for ferromagnetic Ni. In each
plot, the solid red/dashed blue line corresponds to the a/f spins. All curves
have been shifted in energy so that ¢, indicated with a horizontal dotted
line, lies at 0.0 eV.

decrease in energy and are filled to just above the top of the d
block, the S states increase in energy and the d block is
partially empty. The contracted a states are involved in
weaker interactions between nearest neighbors than the more
diffuse § states. The difference in energies between the two
spin sublattices (the exchange splitting) is smaller for Ni than
for Fe, as is the size difference between the two COHP curves.
The reason the a and S spin sublattices are so similar is the
magnetic moment of Ni (0.62ug) is quite small when
compared to that of a-Fe (2.27 ug). The similarly small
resulting differential-shielding effects are reflected in small
exchange splittings and little difference in the spatial extents
of the a and f3 spin sublattices. The magnetic moment in Ni is
so small because the 3d block is almost full—there is
insufficient room to accommodate a significant excess of a
states. In keeping with the small magnetic moment and little
difference between the a and f sublattices, the increase in the
Ni—Ni bond strength with the onset of magnetism is only
about half a percent: the Ni-Ni ICOHP increases from —0.991
to —0.996 eV per bond.

As we expect, Co, with its calculated magnetic moment of
1.60 up (experimental value: 1.74 ugP?), lies somewhere in
between Fe and Ni. The differences between the o and § DOS
and COHP curves (not shown) are smaller than those in Fe
but larger than in Ni. The Co-Co ICOHP increases from
—1.177 to —1.224 eV per bond upon spin-polarization, or
about 4%.
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To recap, Co and Ni show behavior similar to that of a-Fe,
but to a lesser degree:

1. In the nonmagnetic calculations, ¢ falls in a region of
significant M-M antibonding.

2. Spin polarization results in the a/f levels decreasing/
increasing in energy.

3. Spin polarization leads to differing spatial extents of the a
and S spin sublattices: a becomes more contracted while 3
becomes more diffuse.

4. Spin polarization removes M-M antibonding levels from
the vicinity of &g

4.5. Other 3d Transition Metals

The discussion has led us to a point where we can
comfortably assert that ferromagnetism is associated with
the presence of M-M antibonding states at eg. This assertion is
easily tested by examining the M-M COHP curves for the
entire first transition series. These are presented, along with
the corresponding DOS curves, in Figure 21. All calculations
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Figure 21. Non-spin-polarized DOS (top) and M-M COHP curves (bot-
tom) for the first-row transition metals. The electronic structure of Mn was
calculated in a bee structure with a lattice constant of 2.88 A. The shaded
area in each DOS curve indicates the contribution of the M 4s states. All
curves are on the same horizontal and vertical scales except for the M-M
COHPs in Fe, Co, Ni, and Cu, which have been multiplied by a factor of
two. The curves have been shifted in energy so that &g, indicated with a
horizontal dotted line, lies at 0.0 eV.

were carried out using the experimental structures of the
metals (taken from ref. [37]) with the exception of manga-
nese. The 29 atom crystallographic unit cell of a-Mn does not
lend itself to high-level electronic structure calculations well,
so we need a simplifying model. Since both the neighbors of
Mn in the periodic table (Cr and Fe) adopt bcce structures, we
use here a bcc structure with a lattice constant halfway in
between those of Cr and Fe (2.88 A). The density of the
structure by this model is only 2% lower than that of a-Mn
itself. We will refer to this pseudo-manganese structure as
“Mn”. All calculations in Figure 21 were carried out in a non-
spin-polarized mode.

In the early transition metals, such as Ti, e is low enough in
the COHP curve that it falls in a region of M-M bonding. In

Angew. Chem. Int. Ed. 2000, 39, 15601585



Magnetism

REVIEWS

the early transition metals there is thus no driving force for
ferromagnetism! By Cr, ez has moved up far enough in the
COHP curve that it occurs at the crossover point between
bonding and antibonding. The nonbonding nature of the
states at & in Cr may well be responsible for the observed
spin-density-wave antiferromagnetism, but we will not exam-
ine that in detail here. From “Mn” to Ni, &g lies in states which
are clearly M-M antibonding. As we know, Fe, Co and Ni are
all ferromagnetic, and our calculations predict that “Mn”, if it
existed at low temperatures, would also be ferromagnetic; the
calculated moment is 0.99 .5

These results seem quite straightforward and clear: the
presence of M-M antibonding states at &g in the nonmagnetic
electronic structure of a transition metal is a sign that
indicates this metal would “prefer” to be ferromagnetic. We
believe that these M-M antibonding states are not only
indicative of an instability with respect to spin polarization,
but also that they are causative. That is, the antibonding
interactions are actually responsible for the instability and
drive the system to ferromagnetism.

4.6. Iron Revisited: the Face-centered Cubic Phase

Before examining the second- and third-row transition
metals, there is a legitimate question on the first-row metals to
answer: Why is the face-centered cubic phase of iron not
ferromagnetic?

In order to facilitate comparison with the a-Fe results, we
have chosen to calculate the electronic structure of fcc Fe with
a lattice constant of 3.51 A. This gives Fe-Fe nearest-neighbor
distances identical to those in a-Fe. While this is admittedly an
underestimation of the lattice constant (the bond lengths for
the twelve coordinate fcc structure should be larger than those
in the eight-plus-six coordinate bcc structure), it does allow
direct comparison of the relative Fe-Fe bond strengths in the
two structures. The DOS and Fe-Fe COHP curves for fcc Fe
with this lattice constant are shown in Figure 22. Clearly, the
shape of the DOS of fcc Fe is considerably different from that
of a-Fe (Figure 14). The characteristic three-peaked bcc DOS
has been replaced with the considerably more uniform DOS
typical for fcc metals (compare too with the DOS curves for
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Figure 22. DOS and Fe-Fe COHP curves for nonmagnetic fcc Fe. The
shaded region and dashed line in the DOS curve corresponds to the
projected DOS of the Fe 4s orbital and its integration, respectively. All
curves have been shifted in energy so that ¢, indicated with a horizontal

dotted line, lies at 0.0 eV.
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Ni and Cu in Figure 21). In addition, & no longer lies in a
strongly antibonding peak in the COHP curves! In this fcc
structure &g lies on the weakly antibonding shoulder of the Fe-
Fe antibonding states. The Fe-Fe ICOHP is —1.519 eV per
bond, intermediate between those of nonmagnetic and
magnetic a-Fe. Since the number of electrons is the same in
the bec and fce structures, the antibonding COHP peak lying
above & implies that the crossover point from bonding to
antibonding in the fcc structure has been shifted to higher
electron filling. Face-centered cubic iron is not ferromagnetic
because the states around & are only weakly antibonding—
the driving force for ferromagnetism is just not strong enough.
In fact, the almost nonbonding character of the states around
er reminds us strongly of the bonding situation in Cr, which is
antiferromagnetic. Further: when embedded in a Cu matrix,
fcc Fe is known to be antiferromagnetic at low temper-
atures,* * leading us to expect that bulk fcc Fe would also be
antiferromagnetic if it were stable at low temperatures. The
presence of ¢ in a region of nonbonding states may well be a
sign for antiferromagnetism.

In order to make fcc Fe ferromagnetic, ¢z must be moved
into the strongly M-M antibonding states by adding more
electrons to the system. This is precisely what happens in iron-
rich fcc alloys, such as Fe;Pd, to be discussed later.

4.7. The 4d and 5d Transition Metals

There is another question about ferromagnetism in the
transition metals: Why does it only appear in the first row?
For example, why are palladium and platinum, which have the
same structure and same number of valence electrons as
nickel, not ferromagnetic?

It is reasonable to assume that the second- and third-row
transition metals have COHP curves similar in shape to those
of the corresponding first-row elements. This assumption was
confirmed by a series of calculations (not shown here). The
early transition metals of the second and third rows are very
similar to those of the first row: &g lies in M-M bonding states
low in the COHP curve and there is no driving force for
magnetism. However, at the end of a series, we would expect
er to lie in the antibonding levels at the top of the d block. For
example, given that Pd and Pt are both isostructural and
isoelectronic (referring only to the number of valence
electrons) to Ni, this qualitative analysis leads to the tentative
prediction that Pd and Pt should be ferromagnetic. This is,
evidently, not the case. To explain this puzzle, we shall focus
our attention on Pd; similar arguments apply to all other late
second- and third-row metals.

The DOS and Pd-Pd nearest-neighbor COHP curve for
elemental Pd is shown in Figure 23. As we predicted above, &r
falls in a region of Pd-Pd antibonding, just as it did in Ni. In
fact, aside from the somewhat broader and more uniform d
block, the electronic structure of Pd is very similar to that of
Ni (Figure 21). It seems like Pd should be ferromagnetic.

In order to understand why Pd is more stable in a
nonmagnetic state, it is most convenient to computationally
force it into a ferromagnetic state and see why that state is
unstable. However, any reliable, self-consistent, spin-polar-
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Figure 23. DOS and Pd-Pd COHP curves for Pd. The shaded region and
dashed line in the DOS curve corresponds to the projected DOS of the Pd
Ss orbital and its integration respectively. All curves have been shifted in
energy so that ¢, indicated with a horizontal dotted line, lies at 0.0 eV.

ized calculation of the electronic structure of Pd which starts
from a magnetic state will eventually shed the magnetic
moment and become nonmagnetic. A straightforward trick to
overcome this problem is to start from the self-consistent
potential for nonmagnetic Pd, set the magnetic moment of Pd
to some small number, and carry out a single iteration of the
self-consistency cycle. This is not an optimal solution, simply
because the frozen potential here does not correspond to the
magnetic state. We solve this problem by carrying out what we
call spin-locked calculations. Starting from the potential of the
nonmagnetic state, we introduce a magnetic moment and
carry out two normal self-consistency iterations. This allows
the potential to adjust to match the magnetic moment, but it
will lower the (unstable) moment itself. The moment is then
reset back to the starting value and another two cycles are run.
This process is repeated until the potential stops changing.
What we are left with in the end is a fully self-consistent
electronic structure with a locked magnetic moment.

Recall that the driving force for ferromagnetism was the
removal of M-M antibonding states from the vicinity of ez as a
result of the exchange splitting. The exchange splitting itself—
as well as the differing spatial extents of the two spin
sublattices—arises because of differential shielding of the a
and S electrons. In other words, the exchange splitting
provides a measure of the extent of differential shielding.
Plots of the calculated exchange splitting versus the spin-
locked magnetic moment for Ni, Pd, and Pt in the range
0.0 ug <u<0.5ug (not shown here) are essentially linear.
Least-squares fits to the data give slopes of 0.66, 0.47, and
0.45eVug~' for Ni, Pd, and Pt, respectively; the exchange
splitting in Ni increases much more quickly with increasing
magnetic moment than that in Pd. Clearly, Pt is very similar to
Pd and, at least in terms of the exchange splittings, Ni
responds more dramatically to the presence of a magnetic
moment.

Another difference between Ni and Pd can be seen by
examining the spin-polarized M-M COHP curves from the
spin-locked calculation with u=0.5 uz, shown in Figure 24.
The difference in magnitude of the Ni a and § COHP curves,
as well as the exchange splitting between the two spin
sublattices, is clearly visible. For Pd, on the other hand, the a
and § COHP curves are very similar in size and the exchange
splitting is quite small. The spin-locked magnetic moment
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Figure 24. The M-M COHP curves of spin-locked (¢ =0.5 u) Ni (left) and
Pd (right) within a small energy window around &g. In each pane the solid
red/dashed blue line corresponds to the a/f spins. All curves have been
shifted so that g =0.0 eV.

does force the o and f sublattices apart in energy. However,
this shift is small and there is little or no change in the spatial
extents of the spins.

In Figure 25 is another difference between transition series:
the changes in the M-M ICOHP values as the spin-locked
moment increases. Here we see that the Ni-Ni ICOHP
decreases considerably faster (and the bond strength goes up
more quickly) than those in Pd or Pt, which are again similar
to each other. Although the M-M bonds strengthen in all
three metals with increasing magnetic moment, the ICOHP
for Ni increases more rapidly. Once again, Ni seems to be
perturbed more by the presence of a magnetic moment than
either Pd or Pt.
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Figure 25. Changes in M-M ICOHP values with increasing spin-locked
magnetic moment for Ni, Pd, and Pt.

For the second and third row transition metals, the presence
of a magnetic moment does not alter the bonding significantly.
Thus, although the antibonding states at &z may “push”
towards a ferromagnetic structure, its formation does not
result in a large enough exchange splitting to remove those
states and the metals remain nonmagnetic.

The differences between Ni and Pd or Pt may be under-
stood in the same way as we explained the differences
between O, and S, or Se,. The first-row transition metals have
a special set of orbitals: the 3d orbitals. These are not shielded
by any symmetry-similar orbitals in the core and are thus
fairly contracted. Small changes to the shielding of the 3d
orbitals, caused by spin polarization, give rise to comparably
large changes in their energies and spatial extents. On the
other hand, Pd and Pt have d functions in the core which help
to screen their valence d orbitals. The small perturbations
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from spin polarization do not have such a dramatic effect
upon these well shielded orbitals. Consequently, the higher
transition metals will not become ferromagnetic.

Here is a chemical analogy: We have seen that the special
behavior of the light main-group elements, such as carbon,
nitrogen, and oxygen, with respect to both magnetism and
their “chemistry” can be traced back to the “missing” 1p
orbital. Because of that, the susceptibility of these atoms to
spin polarization is significantly enhanced. In these elements
the 2s and 2p orbitals have similar spatial requirements. This
has well known consequences for element —element multiple
bonding, organic chemistry, and all the rest.

The situation for iron (and cobalt and nickel) is somewhat
similar. Because of the “missing” 2d orbital, spin polarization
does lead to large exchange splittings and a strengthening of
metal —metal bonding (easily seen in the COHP curves). In
this respect, the exceptional finding of ferromagnetism within
the transition metals may be looked upon as analogue of the
special situation of carbon chemistry within chemistry as a
whole.

4.8. Ferromagnetism and Chemical Hardness

Using the standard definition of the term [Eq. (9)], the
chemical hardness 7 of a metal is always zero because it has no
gap between occupied and unoccupied levels.P) However,
hardness can be determined more rigorously from the first
derivative of the chemical potential with respect to the
number of electrons N. Since the chemical potential in metals
is identical with the Fermi energy, we can express the chemical
hardness of a conductor as Equation (11), where N, is the
number of valence electrons in the neutral system and the
subscript V indicates that the derivative is being taken with a
frozen potential.

1 /Oep
n= *(7) V.N, (11)

Equation (11) allows us to simply determine the chemical
hardness of a transition metal from the slope of a plot of ex(NN)
versus N at N=N,.[*l Such a plot is shown for both the
nonmagnetic and magnetic “forms” of a-Fe in Figure 26. It is
clear that e depends more or less linearly on N in the region
around N, (N, =8 for a-Fe) and that the slope of the curve
increases with the onset of magnetism. A linear least-squares
fit of the points between 7.9
and 8.1 valence electrons
gives 7 values (half the calcu-
lated slope) of 0.132 eV and
0.428 eV for nonmagnetic
/ and magnetic a-Fe, respec-

tively. The chemical hardness

magnetic

nonmagnetic

76 78 80 82 84

N

Figure 26. Calculated ¢ versus N

curves for nonmagnetic (solid

line) and magnetic (dashed line)

a-Fe in the vicinity of N, (N,, the

number of valence electrons, is 8.0

in Fe). Both curves have been
shifted so that ex(N;) =0.0 eV.

of iron more than triples
upon spin-polarization!
Analogous increases in 7 are
observed for Co (0.198 —
0.384eV) and Ni (0.115—
0.235eV). In contrast to
these drastic results, the 7
values of Pd in its nonmag-
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netic (0.202eV) and spin-locked (©u=0.5ug; 0.256 eV)
“forms” are not too different. Compared with the
0.115—0.220 eV hardness change for spin-locked Ni (u=
0.5 ug), the value of 7 changes very little when Pd is forced
to be magnetic.

To further explore the connection between chemical hard-
ness and magnetism, the hardnesses of all of the transition
metals were calculated (Table 2). These hardnesses, based
upon nonmagnetic calculations, reveal a curious fact: The

Table 2. Calculated chemical hardness values [eV] for the elemental
metals of all three transition series. The results were derived from least-
square fits of ex(N) plots calculated for the nonmagnetic “forms”. Mn was
calculated in the hypothetical bece structure, discussed above.

M n M n M n M n

Sc 0.280 Ti 0.528 \% 0.282 Cr 0.723
“Mn”  0.165 Fe 0.132 Co  0.198 Ni 0.115
Y 0.481 Zr 0.509 Nb  0.368 Mo  0.862
Tc 0.544 Ru  0.611 Rh  0.402 Pd 0.202
La - Hf  0.718 Ta 0.422 W 1.077
Re 0.698 Os  0.820 Ir 0.552 Pt 0.252

only metals with hardness values below 0.2 eV are those that
are ferromagnetic! In addition to this, all of the ferromagnetic
metals have 7<0.2eV! In other words, for all transition
metals a necessary and sufficient condition for ferromagnet-
ism is Equation (12)

n<02eV (12)

The same relation holds for all of the ferromagnetic alloys
we will discuss below (FeNi;, Fe;Pd, FePd;, and MnSb) with
the single exception of FePd. Though we are certain that there
are other exceptions to this rule that lurk in the myriad of
ferromagnetic (and nonmagnetic) alloys known, it is quite
remarkable and surprising that such a simple rule is able to
accurately describe and predict ferromagnetism in all of the
transition metals (including borderline cases such as Co and
Pd) and many ferromagnetic alloys.

At a qualitative level, we feel that it is fairly straightforward
to understand this connection between chemical hardness and
ferromagnetism by, again, falling back on the chemistry of
atoms and molecules. An atom or molecule with a low
chemical hardness tends to have a high polarizability, that is, it
is easy to rearrange its electronic charge distribution. As we
have shown in detail for a-Fe, a redistribution of charge
density is required for the transition from the nonmagnetic to
the magnetic state. These electron shifts are easier to realize in
soft rather than in hard metals. The origin of the mysterious
0.2 eV quantity in Equation 12 is not yet clear and is still under
investigation.

Within the definition of Equation 11, the chemical hardness
of a metal is very sensitive to the value of the density of states
at eg. At large values of DOS(¢p), small changes to the number
of electrons do not significantly affect the position of &g; the
metal will be chemically soft. A plot (not shown) of # versus
DOS(¢eg) can be fit very satisfactorily with the function
7 =6.53/DOS(ep). However, since the DOS at ¢z alone cannot
account for ferromagnetism (see the earlier discussion about
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the Stoner criterion in Section 2.3), there must be some other
essential physical quantity carried within the chemical hard-
ness concept. What that is remains unclear at this point.

5. Interlude: Modern Developments in the Physics
Community

Although Stoner’s arguments have dominated the reason-
ing of many physicists within the last five decades, there have
been other, more modern ideas. Here we give a short
overview of two of the more prominent directions of research.

5.1. The Hubbard Model and Its Relatives

The Hubbard model*! for the electronic structure of solids
with strong electron-electron interactions has been quite
successful at explaining the anomalous behavior of Mott
insulators.¥! In this simple, powerful, but mathematically
awkward model, there is a one-electron (hopping) energy
term H; competing, as a function of the band-width parameter
W (AEgy in Figure 11), with an electron-electron repulsion
parameter U.

The Hubbard model has been widely applied to ferromag-
netic systems with flat bands.***! Simply speaking, our
qualitative treatment of rare-earth ferromagnetism in Fig-
ure 11 a was intuitively based on the assumption of a repulsion
parameter U which is much larger than the small bandwidth
W. The scenario in Figure 11b corresponds to the opposite
limit, producing an ordinary, half-filled metallic band. In
order to understand itinerant-electron ferromagnetism (as
observed in the transition metals) in more detail, extensions of
Hubbard’s model are required. A number of these extensions
have also been pursued with varying degrees of success.% +7]
In an exhaustive series of publications, the impact of adding
various additional interactions to the Hubbard model has
been studied by Hirsch and coworkers.[#s%1 Applications of
the Hubbard model to metallic ferromagnetism have been
recently reviewed.?

The problem with applying many of these Hubbard or
Hubbard-like models to the understanding of ferromagnetism
in transition metals and their alloys is that they presume
systems have either a single band or a set of degenerate bands.
While these simplifications are made in order to make the
models exactly solvable (or as close as possible), much of the
fundamental physics is lost. The elemental transition metals
do not have bands which are either flat or purely degenerate.
We feel that it is preferable to use a model which, although not
exact, contains at least the correct behavior of the metallic
bands.

5.2. First-Principles Calculations

Building upon the foundations of the Thomas-Fermi
model for the electronic structure of atoms,**>! Hohenberg
and Kohn developed the fundamental underpinnings of

density-functional theory (DFT) in 1964.1! In the following
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year, Kohn and Sham provided a set of equations which
allowed this new theory to actually be applied to determine
the electronic structure of real systems; in addition they
introduced the local density approximation (LDA).®] Kohn
and Sham also realized the intimate connection between their
new theory and the Xa method developed earlier by Slater.[%]
In 1972, von Barth and Hedin generalized both the density-
functional theory itself and the local density approximation to
systems with unpaired spins.[®’!

Just as it did for the body of solid-state theory, DFT
(particularly in its spin-polarized form) revolutionalized the
study of ferromagnetism. Given the enormous quantity of
literature in the area, we here provide only an overview and a
few highlights. For a comprehensive overview of recent first-
principles studies of ferromagnetism and antiferromagnetism,
see ref. [64] and references therein.

In 1975, Vosko and Perdew proposed a Stoner-like model to
be used to approximate the magnetic susceptibilities of metals
based upon their ground-state properties.[] This model was
extended to transition metals by Gunnarsson by using a set of
approximate wave functions.’® In 1977, Andersen et al.
presented a systematic study of the electronic structure of
iron and a number of other transition metals, as well as an
approximation that allowed the parameters of the Stoner
model to be extracted from their results.'®! That same year a
paper, arguably among the most influential in the field, was
published by Janak.'! Janak, working from the model
presented by Vosko and Perdew,®! extracted the Stoner
parameters for all of the first- and second-row transition
metals, as well as many simple metals (see Figure 2) from their
electronic structures as calculated within spin-density func-
tional theory. In 1978, Moruzzi, Janak, and Williams coau-
thored a book which compiled the electronic structures of the
metals.[*]

Problems with the local spin-density approximation
(LSDA) were discovered in 1981 by Kiibler, who realized
that, at least within the augmented spherical-wave (ASW)
method, the calculated energy of antiferromagnetic face-
centered cubic iron was lower than that of the ferromagnetic
body-centered cubic phase.[®®! Wang et al., using the linear-
augmented plane-wave (LAPW) method, generalized this
result and concluded that the LSDA did not predict the
correct ground state for iron.[®”] Four years later, Bagno et al.
demonstrated that the introduction of gradient corrections to
the LSDA removed these problems.[”"!

In a series of papers published in the late 1980s and
early 1990s, Moruzzi, Marcus, and co-workers produced a
comprehensive study of the structural and magnetic
properties of the 3d and 4d transition metals using a fixed
spin-moment procedure within the ASW method. By
holding the magnetic moment fixed and iterating until self-
consistency was reached, Moruzzi et al. were able to study the
potential-energy surfaces for both the onset of ferromagnet-
ism in the first-row’7 and some second-row!™ transition
metals. The energetic circumstances of antiferromagnetism in
both the 3d¥ and 4d™ metals were also studied and
discussed.

In this Review, we have essentially followed the density-
functional theory route. Indeed, our findings are all based
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upon the results of spin-density-functional calculations (see
Appendix A). While density-functional theory does provide
quantitative answers in many—but not all—cases, its advant-
age is, however, mostly due to it being an orbital theory,
making a chemical interpretation easy. This is the goal of our
approach, extending a theoretical track which originated
within theoretical physics and making it compatible with
related ideas of theoretical chemistry (see Appendices A.2
and B).

6. Ferromagnetism in Alloys

With reference to Section 4, we will now demonstrate that
the same ideas developed to explain ferromagnetism in
metallic elements can be applied also to metallic alloys.[’
Due to restrictions imposed by our computational method-
ology and resources, we limit our attention to ordered binary
alloys; we are confident that this discussion applies to both
disordered structures and alloys containing more than two
elements.

6.1. A Model for Spin Polarization in Binary Systems

While Figure 12 provided the qualitative underpinnings
necessary to interpret the densities of states of magnetic
transition metals, it requires some modifications in order to
understand those of alloys. The following model is intended to
serve for a better understanding in more complicated systems;
the impatient reader may go directly to the next Section,
which offers realistic calculations without assumptions.

Consider the alloy M M;. Since M and M’ are different
types of atoms, their projected densities of states will certainly
have different sizes and bandwidths. These differences and
their effects upon the spin-polarization process are sketched
qualitatively in Figure 27. A number of assumptions and
simplifications went into this. Listed in order of increasing
severity they are:

@ We are using a rigid-band model: The forms and compo-
sitions of the crystal orbitals do not change upon spin
polarization (that is, the a- and S-DOS curves have exactly
the same shape and size but occur just at different
energies).

e The shifts in the energies of the o and j sublattices upon
spin polarization (exchange splittings) are assumed to be
the same in panes b) and d).

o The exchange splittings in the DOS of M and M’ are the
same.

Despite this massive oversimplification of a truly compli-
cated problem, the DOS curves in Figure 27b and 27d reveal
several important findings about magnetism in alloys. Unlike
the simple elemental transition metals, where each atom is
identical, the different atom types in alloys do not necessarily
carry the same local magnetic moments. For example, in
Figure 27b, the difference between the occupations of the a
and f sublattices of M—which determines the number of
unpaired electrons on M—is four boxes, while that between
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Figure 27. Qualitative DOS curves for a binary transition-metal alloy
MM;. In a) and b) are the DOS and spin-polarized DOS of an alloy where
the bandwidth of M’ is one-half that of M. In c¢) and d) are the DOS and
spin-polarized DOS of an alloy where the bandwidth of M’ is one-quarter
that of M. In all four panes, the horizontal dotted line indicates the position
of the Fermi level (&) and the shaded region corresponds to the M’
projected DOS. The dashed grid superimposed on the DOSs is included to
facilitate the counting of states.

the a and 3 sublattices of M’ is six boxes. Thus M’ has a higher
local magnetic moment than M.

In the second case, where the distribution of M’ states is half
as broad and their contribution to the DOS around &g is larger
(Figure 27d), the local moment on M is still determined by the
four box difference, but all of the M’ a states are occupied
while all of the M’ f§ states are empty. The local magnetic
moment of M’, calculated from a differential occupation of
twelve boxes, is thus twice as large as it was before. This
observation may be generalized to give a rule of thumb for
transition metal alloys: Those atoms with the largest contri-
butions to the nonmagnetic DOS around &g will also have the
largest local moments upon spin-polarization.

6.2. Alloys Between Ferromagnetic Metals: Realistic
Calculations

Our archetype for a binary alloy
between two ferromagnetic transition
metals is FeNi;. This alloy crystallizes
in the AuCu, structure,’”! an fcc ar-
rangement of nickel atoms in which
every fourth Ni has been replaced by
Fe in an ordered fashion (Figure 28).
The lattice constant (3.552 A) is only

Figure 28. The unit
cell of FeNi; with the
AuCu; structure.
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slightly larger than that of elemental Ni (3.524 A). The
experimental magnetic moment of FeNi; is 1.18 uz.® Ne-
glecting the fact that FeNi; is a structurally ordered alloy, its
valence-electron concentration (9.5 electrons per atom)
allows us to think of it as either a heavily electron-enriched
fce Fe or a slightly electron-poor fcc Ni.

As we did with a-Fe, we start by examining the results of a
nonmagnetic calculation of FeNi; (Figure 29). One might
expect that FeNi; is electronically similar to elemental Ni and,
indeed, its DOS is almost superimposable on that of Ni
(Figure 21). The major difference is that &g is located in a
sharp, narrow DOS peak at the top of the d block. The Fe

Fi Fir-Mi | K-k |
a0 4 B 12 18 =01 01 903 =010 0103203
[ P COHP

Figure 29. Calculated DOS, Fe-Ni, and Ni-Ni COHP curves for non-
magnetic FeNi;. The shaded region and dashed line in the DOS curve
corresponds to the projected DOS of the Fe atom and its integration,
respectively. All curves have been shifted in energy so that &g, indicated
with a horizontal dotted line, lies at 0.0 eV.

states (projected DOS in Figure 29) are spread almost evenly
throughout the DOS except for the sharp peak at e, which is
almost half derived from Fe. Since only one quarter of the
atoms are Fe, this is a quite large contribution. Given that Ni is
more electronegative than Fe (the Pearson absolute electro-
negativities are 4.40 eV and 4.06 eV respectively),’ we would
have expected the upper regions of the d block to be mostly
Fe. The chemical hardness of FeNi;, corrected for the
presence of four atoms in the unit cell, is 0.182 eV and lies
comfortably below the proposed cutoff value for the appear-
ance of ferromagnetism (0.2 eV).

We now turn to the COHP curves of Figure 29. The Fe-Ni
and Ni-Ni COHP curves are very similarly shaped and have
ICOHP values of —1.130 and —0.961 eV per bond, respec-
tively. The sharp peak at the top of the d block is, as expected,
strongly antibonding for both Fe—Ni and Ni—Ni bonds. As in
the elements, these strongly antibonding states at &g give rise
to an instability with respect to a ferromagnetic distortion in
FeNi;.

A spin-polarized calculation of its electronic structure
results in an average spin moment of 1.182 ug, in quantitative
agreement with the experimental data. The DOS and COHP
curves for magnetic FeNi; are presented in Figure 30. In
addition to being shifted in energy, the a and g DOS curves
are also quite differently shaped. The a DOS is almost
uniform in shape—very similar to that in magnetic Ni
(Figure 20)—while the g DOS retains a sharp peak at the
top of the d block. Although the Fe states are spread
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Figure 30. Calculated DOS, Fe-Ni, and Ni-Ni COHP curves for magnetic
FeNi;. The shaded region in the DOS curve corresponds to the projected
DOS of the Fe atom. In each plot, the solid red/dashed blue line
corresponds to the a/f spins. All curves have been shifted in energy so that
&r, indicated with a horizontal dotted line, lies at 0.0 eV.

essentially evenly throughout the d block in the a DOS, they
remain a major contributor to the sharp peak above ¢gin the
spin sublattice.

Based upon the qualitative picture for the magnetic mo-
ments in alloys presented above, we would expect Fe (which
makes a large contribution to a set of narrow states at e in the
nonmagnetic electronic structure) to have a high local
magnetic moment in FeNi;. This is shown in the calculated
local magnetic moments: 2.878 ug for Fe and 0.617 ug for Ni.
As we shall see, the high moment for Fe (as compared to that
in metallic iron) is typical in alloys between Fe and other late
transition metals. The Ni moment is very similar to that
calculated for elemental Ni. The chemical hardness of
magnetic FeNi; is 0.546 eV, three times larger than in the
nonmagnetic calculation.

Based upon the differences in the calculated net charges in
the magnetic and nonmagnetic systems,’” each Fe transfers
approximately 0.09 electrons to the Ni atoms upon spin
polarization. This charge transfer, which is not included in the
simple model of Figure 27, is in large part due to the fact that
the exchange splitting of the Fe states in FeNij; is larger than
that of the Ni states.

The Fe-Ni and Ni-Ni COHP curves of Figure 30 are
analogous to those in the preceding sections: In both sets of
COHP curves, the 3 spin sublattice has stronger interactions
than o and the antibonding character of the states at er has
been either reduced or removed completely (see Fe-Ni COHP
curves). In magnetic FeNi;, the Fe-Ni and Ni-Ni ICOHPs are
—1.114 and —1.105 eV per bond, respectively; spin polar-
ization has weakened the covalent part of the Fe—Ni bonds by
1.4% and strengthened the Ni—Ni bonds by more than 15 %.
Interestingly enough, the Ni—Ni bonds in magnetic FeNi; are
even stronger than those in magnetic Ni (ICOHP=
—0.996 eV per bond), which may hint towards the driving
force to adopt an ordered atomic arrangement. Since there
are more Ni—Ni than Fe—Ni bonds, the net result of these
changes is an increase in bonding.

Despite the extra complications arising from the presence
of two different sorts of atoms in the unit cell, the qualitative
features of ferromagnetism in FeNi; are similar to those seen
in the elemental transition metals; refer to points 1—4 in the
discussion of Co and Ni in Section 4.4.

Angew. Chem. Int. Ed. 2000, 39, 15601585



Magnetism

REVIEWS

6.3. Alloys Containing a Single Ferromagnetic Metal

Let us now replace one of the ferromagnetic elements with
a nonferromagnetic one but remain with a ferromagnetic
alloy. One “natural” choice is the iron/palladium system,
where alloys are known with average valence electron
concentrations of 8.5 (Fe;Pd), 9.0 (FePd), and 9.5 (FePd,)
electrons per metal atom. Fortunately, all of these phases
adopt fec-like structures, with Fe;Pd® and FePd,®! crystal-
lizing in the AuCu; structure type
(Figure 28) and FePd® in the AuCu
structure type (Figure 31). Conflict-
ing claims of substitutional disorder
further complicate the structural
chemistry of these alloys.

For the sake of brevity, we will

Figure 31. The structur-
al motif of FePd with
the AuCu structure.

discuss the electronic structures of
the alloys together. The DOS and
COHP curves for both the nonmag-

netic and magnetic calculations of

Fe;Pd, FePd, and FePd; are presented in Figures 32—-37.

Numerical details of the interatomic bond strengths (as

measured by ICOHP values), calculated magnetic moments
and chemical hardnesses are presented in Table 3.

To start with, all three alloys have antibonding Fe-Pd as well

as Fe-Fe and/or Pd-Pd interactions at & in their unstable
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Figure 32. Calculated DOS, Fe-Fe, and Fe-Pd COHP curves for non-
magnetic Fe;Pd. The shaded region and dashed line in the DOS curve
corresponds to the projected DOS of the Fe atom and its integration
respectively. All curves have been shifted in energy so that &g, indicated
with a horizontal dotted line, lies at 0.0 eV.
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Figure 33. Calculated DOS, Fe-Fe, and Fe-Pd COHP curves for magnetic
Fe;Pd. The shaded region in the DOS curve corresponds to the projected
DOS of the Fe atom. In each plot, the solid red/dashed blue line
corresponds to the a/f spins. All curves have been shifted in energy so that
&g, indicated with a horizontal dotted line, lies at 0.0 eV.
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Figure 34. Calculated DOS, Fe-Pd, and Fe-Fe COHP curves for non-
magnetic FePd. The shaded region and dashed line in the DOS curve
corresponds to the projected DOS of the Fe atom and its integration
respectively. All curves have been shifted in energy so that &g, indicated
with a horizontal dotted line, lies at 0.0 V.
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Figure 35. Calculated DOS, Fe-Pd, and Fe-Fe COHP curves for magnetic
FePd. The shaded region in the DOS curve corresponds to the projected
DOS of the Fe atom. In each plot, the solid red/dashed blue line
corresponds to the a/f spins. All curves have been shifted in energy so that
&r, indicated with a horizontal dotted line, lies at 0.0 eV.
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Figure 36. Calculated DOS, Fe-Pd, and Pd-Pd COHP curves for non-
magnetic FePd;. The shaded region and dashed line in the DOS curve
corresponds to the projected DOS of the Fe atom and its integration
respectively. All curves have been shifted in energy so that &g, indicated
with a horizontal dotted line, lies at 0.0 V.

nonmagnetic “forms” (Figures 32, 34, 36). This is most easily
seen for the more electron-rich alloys (FePd and FePd;) but is
seen also for Fe;Pd. A prediction of ferromagnetism would
thus be justified for all three. This prediction is borne out by
the results of the spin-polarized calculations (Table 3), which,
for Fe;Pd and FePd;, match satisfactorily with the few pieces
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Figure 37. Calculated DOS, Fe-Pd, and Pd-Pd COHP curves for magnetic
FePd;. The shaded region in the DOS curve corresponds to the projected
DOS of the Fe atom. In each plot, the solid red/dashed blue line
corresponds to the a/f spins. All curves have been shifted in energy so that
¢p, indicated with a horizontal dotted line, lies at 0.0 eV.

of experimental data availableP* %! and independent first-
principles calculations.® 1 For FePd, our calculations seem
to somewhat underestimate the sizes of the individual mo-
ments. Nevertheless, there is general agreement that all three
alloys are ferromagnetic with approximate moments of 0.3 ug
for Pd and 2.6 ug for Fe; the latter moment is known to rise
beyond 3 ug with increasing Pd concentration, in good
agreement with neutron diffraction data.l! We believe more
experimental studies, with respect to structure, composition,
and order, might be needed for this binary system.

Upon spin polarization, the total energies of Fe;Pd, FePd,
and FePd; lower by 1.35, 0.32, and 1.21 eV, respectively. This is
paralleled by increases in the overall bonding strengths of 6.3,
1.1, and 1.7 % (calculated by summation of all ICOHP values
in the unit cell). With the exception of a single set of
interactions (the Fe-Pd bonds in FePd;), all bonds in these
alloys are strengthened by the shifting of antibonding states
away from & The loss of Fe-Pd bonding energy in FePd; is
more than counterbalanced by the increase in Pd-Pd bonding.
As expected from the calculations on the pure elements
discussed above, the exchange splitting for the Fe states is
much larger than that for the Pd states. This large difference in
exchange splitting, along with the Fe domination of the states
at ¢ in all three alloys, leads to the considerably higher
(roughly an order of magnitude) magnetic moments of Fe.

It is interesting to note that some spin-polarized COHP
curves no longer exhibit antibonding contributions in the o
spin sublattice (majority); this can been seen for the Fe-Fe
bonds of Fe;Pd (Figure 33) and FePd (Figure 35) as well as the
Fe-Pd bonds of FePd; (Figure 37). This curious phenomenon
can be understood by considering the M-M distances in these
structures.

Table 3. Calculated values for the Fe/Pd alloys.

In Fe;Pd and FePd, the Fe—Fe distances (2.70 and 2.73 A,
respectively) are considerably longer than those in a-Fe
(2.48 A), a result caused by the spatial requirements of the
large Pd atoms. For the Fe 3d orbitals in the highly contracted
a spin sublattice, these distances are effectively larger still.
The Cu-Cu COHP curve in Figure 21 demonstrates that, in
systems with highly contracted d orbitals, the bonding arising
within the s band (which penetrates the entire d block)
outweighs the antibonding contributions from the d states at
the top of the d block. The result in Cuis a COHP curve which
is, in the energy window we examine, almost completely
bonding throughout. The Fe-Fe bonds in Fe;Pd and FePd
show the same effects: the Fe 4s states are not significantly
perturbed by the spin polarization, and the 3d contributions to
the a DOS are highly contracted. The Fe—Pd bonds in FePd;
(2.72 A) are not much longer than those in Fe,Pd (2.70 A) or
FePd (2.68 A), yet the same phenomenon is observed because
of the very high local magnetic moments on the Fe atom
(3.333 up). The a 3d states on Fe here are even more
contracted than those in Fe;Pd and FePd.

With the exception of FePd, the chemical hardness values
of these alloys also fit our expectations: The # values, which
start from less than 0.2eV in the nonmagnetic “phases”,
increase dramatically with the onset of magnetism. The FePd
alloy is an exception (and the only one we have found at this
point) to our rule that the calculated 5 of the nonmagnetic
“form” of a ferromagnetic substance should be less than
0.2 eV. Upon spin polarization, the hardness of FePd does
increase, as expected. Further exploration of this area is
necessary.

With a few exceptions, the qualitative characteristics of
ferromagnetism in these ordered Fe-Pd alloys follow the rules
developed above for both the pure transition metals and FeNi;.

6.4. Alloys without Ferromagnetic Metals

Since the early days of metallurgical research on ferromag-
nets, experimentalists have produced, mostly by trial-and-
error synthetic strategies, an astounding variety of ferromag-
netic alloys which do not contain any ferromagnetic metals
(that is, alloys without Fe, Co, or Ni). Among these phases the
Heusler alloys X,YZ (for example, Cu,MnAl, which has a
Curie temperature of around 600 K7 are probably the most
prominent. In the Heusler alloys, the Y atoms form a face-
centered cubic lattice while the X and Z atoms occupy all of
the tetrahedral and octahedral voids, respectively.!

Here we will examine an even simpler, possibly more
fundamental case: MnSb. This material, which has a Curie

ICOHP [eV] 7 [eV] Local magnetic moments [u3]
nonmagnetic magnetic nonmagnetic  magnetic u(Fe) u(Pd)
Fe-Pd Fe-Fe Pd-Pd Fe-Pd Fe-Fe Pd-Pd
Fe;Pd -0.925 -0980 - -0.981 —-1.043 -l 0.184 0.392 2.760 0.294
FePd —1.078 —0.949 —0.944 —1.086 —0949 —0.969 0.258 0.408 2257 0.170
FePd, -0.957 -E —0.994 -0.937 -l —1.023 0.196 0.416 3.333 0.342

[a] Not calculated.
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temperature of 600 K,® adopts the NiAs structure type
(Figure 38). In this structure, the Mn atoms are octahedrally
coordinated by Sb and the Sb atoms are found in a trigonal
prism of Mn. The Mn—Sb distance is 2.805 A. The Mn atoms

Figure 38. Aview along the c axis of the structure of MnSb (NiAs structure
type).

form linear chains with Mn—Mn distances of 2.878 A.*l The
experimental bulk magnetic moment of Mn, (,,Sb is 3.25 ug.
Polarized-neutron diffraction experiments reveal a local (Mn-
centered) moment of 3.45 u.°" The difference between these
two numbers indicates that each Sb atom carries a moment of
about 0.20 ug oriented in the opposite direction from that on
Mn. Strictly speaking, MnSb is thus better described as a
ferrimagnetic alloy. Our electronic interpretation does not
have to be modified in order to cover this additional
perturbation though.

The electronic structure of nonmagnetic MnSb is shown in
Figure 39. Though the DOS peak, which runs from —5to 3 eV
and contains the Fermi level, is composed of both Mn 3d and
Sb 5p states, the region directly around &g itself is heavily
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Figure 39. Calculated DOS, Mn-Mn, and Mn-Sb COHP curves for non-

magnetic MnSb. The shaded region and dashed line in the DOS curve

corresponds to the projected DOS of the Mn atom and its integration

respectively. All curves have been shifted in energy so that &g, indicated
with a horizontal dotted line, lies at 0.0 eV.

dominated by Mn. The states arising from the Sb 5s orbitals
are partially visible at the bottom of the DOS curve. Because
the Mn 3d and Sb 5p orbitals are close to each other in energy
and because of the strength of the Mn-Mn interactions, the
expected e,-t,, splitting of the Mn 3d states is not visible here.
All of the occupied states are in the Mn-Sb bonding region,
whereas ¢ falls in a strongly Mn-Mn antibonding region. The

Angew. Chem. Int. Ed. 2000, 39, 1560 -1585

calculated Mn-Sb and Mn-Mn ICOHP values are —1.349 and
—1.081 eV per bond, respectively. The absolute electronega-
tivities of Mn (3.72 €V) and Sb (4.85 V) lead us to suspect
that Sb should be the “anionic” component in this interme-
tallic alloy.

The presence of & in antibonding states indicates that
MnSb would prefer to adopt a ferromagnetic structure. In
addition, the large Mn contributions to the DOS near ex
should point to a large local magnetic moment on Mn in the
magnetic phase. A spin-polarized calculation of the electronic
structure of MnSb gives a magnetic moment of 3.24 ug. This
moment is formed from the 3.37 uy (Mn) and —0.13 g (Sb)
local magnetic moments. These results are in satisfying
agreement with the experimental values given above, and
the small differences easily attributable to the fact that the
experimental measurements were carried out on a non-
stoichiometric (Mn-rich) compound. We can understand the
small size of the local magnetic moment on Sb by realizing
that Sb has no magnetically active orbitals; the Sb 4d orbitals
are completely occupied and are of low energy and the
valence 5s and 5p orbitals are very well shielded from the
nucleus and do not have significant exchange splittings. As
mentioned above, the large moment on Mn comes about
because of the large contribution of Mn to the states near &g in
the nonmagnetic electronic structure (Figure 39).

The DOS and COHP curves of the magnetic “form” of
MnSb are shown in Figure 40. The Sb contributions to the
total a and  DOS curves (the unshaded regions in Figure 40)
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Figure 40. Calculated DOS, Mn-Mn, and Mn-Sb COHP curves for
magnetic MnSb. The shaded region in the DOS curve corresponds to the
projected DOS of the Mn atom. In each plot, the solid red/dashed blue line
corresponds to the a/f spins. All curves have been shifted in energy so that
¢r, indicated with a horizontal dotted line, lies at 0.0 eV.

are very similar, as we would expect given that Sb states
should not exhibit a large degree of exchange splitting. The
spin-polarized DOS of MnSb is qualitatively composed of a
nonmagnetic background arising from the Sb states with the
magnetic Mn DOS superimposed. This is a useful way of
thinking of MnSb itself: ferromagnetic chains of Mn atoms
surrounded by an almost nonmagnetic sea of Sb atoms.

The calculated ICOHP values for the Mn—Sb and Mn—Mn
bonds in ferromagnetic MnSb are —1.273 and —1.100 eV per
bond, respectively. While the Mn—Mn bonds strengthen, as we
would expect, the Mn—Sb bonds become considerably weaker
upon spin polarization. This leads us to a very important
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point: Although the presence of antibonding levels at & in a
nonmagnetic calculation indicates the presence of a driving
force for spin polarization (which removes those levels from
around &), this does not necessarily mean that the total bond
strength in the system must increase when it becomes
magnetic. In other words, the antibonding character of the
states around & provides the motivation for ferromagnetism,
but the “payback” does not necessarily have to come from a
strengthening of bonds, as measured by ICOHP values. A
closer analysis shows that the stabilization in MnSb results
from atom-centered contributions (otherwise known as on-
site COHP terms).l*?l

The potential for ferromagnetism in MnSb may also have
been predicted by the knowledge of the chemical hardness of
its nonmagnetic “phase”: 0.142 eV. With the emergence of
ferromagnetism, # increases by more than a factor of 5 (!) to
0.766 eV, the largest increase we have found so far.

7. Epilogue and Future Perspectives

We have already come a long way in our exploration of the
orbital origins of magnetism. As we have tried to explain,
there are strong similarities in the changes wrought by
magnetism as we increase in complexity from atoms to
molecules to ferromagnetic alloys. Examination of the nature
of the bonding (where appropriate) and the consequences of
the exchange hole in all of these systems has led us to an
understanding of a fascinating macroscopic quantum effect:
ferromagnetism. According to our interpretation, ferromag-
netism is a chemical phenomenon, arising only in systems with
a critical electron concentration—one which causes ¢ to fall
in a region of antibonding states. The resulting instability
results in the expected lowering in symmetry. However, rather
than altering the spatial coordinates of the atoms, the
electronic symmetry is lowered by making the o and f spins
inequivalent. This break in the electronic symmetry leads to
energy level shifts, repopulation of the spin sublattices, and a
redistribution of charge density. It is straightforward to extend
this new interpretation of the phenomenon of ferromagnetism
to complicated species such as alloys. The interpretation itself
fits nicely into general useful chemical ideas such as the
principle of chemical hardness.

7.1. Theory

The perceptive reader might have noticed that we have
refrained from going too deeply into the curiosities of the
localized-electron magnetism of the rare-earth metals. As we
have tried to suggest, a chemical-bonding interpretation of
magnetism arising from 4f orbitals seems to be ill fitting.
Some preliminary calculations, however, indicate that similar
thinking might be applied even here, at least for mixed
d block/f block magnetic materials, such as SmCos or
Nd,Fe,,B, where the spin—spin interactions are mediated
through the conduction electrons (Rudermann-Kittel-Ka-
suya-Yoshida (RKKY)).[%-]
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With respect to numerical investigations, one of us (R.D.) is
most curious to learn more about the almost coincidental
decay of both the molecular field and the bond strength as a
function of the interatomic distance. As it stands now, the
other of us (G.A.L.) believes that it is purely accidental. The
source of the mysterious size of the hardness criterion for
ferromagnetism (0.2 eV) also needs to be studied. The latter
project, however, would have to be based upon an analytical
approach. Given the limited success of various model
techniques to date (Hubbard model, and so forth) this goal
might be challenging to achieve.

An extension of the interpretative COHP technique
presented here to deal with disordered alloys is needed. A
lot can be learned from the successes of various mean-field
approaches, such as the coherent-potential approximation
(CPA), a standard approach in theoretical solid-state phys-
ics.[‘)ﬁ—()‘)]

Work is also currently underway to understand the
connection between antiferromagnetism and COHP curves.
In particular, the importance of, and the role played by, the
nonbonding states around &g for Cr is being studied.['?]

7.2. Syntheses and Experiments

Here is a recipe for the restless synthetic chemist trying to
create new ferromagnetic materials: Try to adjust, by chem-
ical means such as oxidation and reduction, the Fermi energy
of the starting material in order to maximize the antibonding
interactions between those atoms which have narrow band
widths in their elemental forms. We have, in part, demon-
strated the impact of such gradual electron fillings for the
Fe,Pd, alloys upon local atomic magnetic moments. One
alternative example, of the hundreds or thousands which are
also worth investigating, is given by the MnSb phase. Based
upon the two nonmagnetic COHP curves, one might now
envision the partial replacement of Mn or Sb by other metals,
or even the introduction of oxidizing or reducing atomic
species. Without our present knowledge about the structure of
the COHP curves at &, metallurgists long ago pursued this
course by synthesizing ferromagnetic materials such as
Cu,MnSb. It remains to be seen what can be done when one
follows a slightly more rational approach.

Due to the fact that the “alarm” signaling a preference for
the ferromagnetic state (antibonding COHP(&g)) shows up in
nonmagnetic band structure calculations, a properly para-
meterized semi-empirical (extended-Hiickel tight-bind-
ing,[19-193] for example) calculation—nowadays so ubiquitous
in solid-state chemical laboratories—can provide an equiv-
alent COOP result to guide the experimentalist. This is
discussed in somewhat more detail in Appendix B.

As a final synthetic challenge, we would like to suggest
an attempt to prepare body-centered cubic manganese
under standard conditions, having predicted that it will
be a ferromagnet with a moment of about one Bohr
magneton. Since the phase cannot be quenched from high
temperature, a softer (perhaps organometallic) route may be
required.
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Appendix A: Computational Methodology
A.l. Solids

Electronic structure calculations on solids 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.'®! Atomic sphere radii used in the TB-
LMTO-ASA calculations were chosen using an automated
procedure (TB = tight binding; ASA = atomic sphere approx-
imation). The program used was TB-LMTO 4.7.11%]

While the LSDA is known to have problems with metallic
Fe—predicting an antiferromagnetic fcc structure to be more
stable than the magnetic bec form®! (see Section 5.2)—it
reproduces the experimental magnetic moments of Fe, Co,
and Ni (2.21, 1.74, and 0.62 ug per atom, respectively?®) quite
closely (2.27, 1.62, and 0.62 ug). The spin-polarized DOS of
magnetic bcc Fe, generated using a gradient correction
scheme within the framework of a linear augmented plane
wave (LAPW) calculation,"'* 1] js essentially identical to
that generated using 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.

A.2. Crystal-Orbital Hamilton Population Analysis

Crystal-orbital Hamilton population (COHP) analysis®? is
a partitioning of the band structure energy (sum of the
energies of the Kohn —Sham orbitals) in terms of orbital-pair
contributions. The COHP analysis, while in many ways
analogous to the familiar crystal-orbital overlap population
(COOP) analysis used in extended Hiickel calculations,!!> 1131
provides a quantitative measure of bond strengths and is
probably more appropriate for a first-principles calculation.

Before proceeding, a word about the connection between
COHP and total energy is needed. Within the framework of
density-functional theory, the total electronic energy E[0] is
given in [Eq. (13)], where p is the electron density and E,;,[o],
Earree ], Ecnmclp], and E[p] are the kinetic, electron—
electron repulsion, electron-nuclear attraction, and ex-
change —correlation energies.!l

Ewulp] = Elp] + Enavec[0] + Ecinulo] + Exclo] (13)

By definition, the sum of all the integrated COHP values
(the ICOHP value) in a system is equal to the band-structure
energy, which is the sum of the Kohn-Sham one-electron
eigenvalues,™ [Eq. (14)], where the ICOHP sum includes
both on-site (diagonal) and off-site (off-diagonal) terms, ¢; is
the energy of the i-th Kohn — Sham orbital, and the subscripts j
and k label atomic orbitals. The sum over eigenvalues in
Equation (14) can be expanded to give Equation (15), where
U(T) is the exchange —correlation potential.[3!]
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3N / dECOHP,(E) = Y > ICOHP, = Y ¢ (14)
ZZkICOHij = Z_:s,. s

= Ekin[p] + 2EHames[p] + Eel—nuc[p] + deﬂxu(f)p(a

J

Finally, substituting Equation (13) into Equation (15) gives
us the connection between E,,[o] and the ICOHP values
[Eq. (16)].

Em([P] = Z Z ICOHP/k - EHarlree[p] + Exc[p] - deﬂxc(f’)p(ij) (16)

Equations (15) and (16) demonstrate that 1) the ICOHP
values contain contributions from all terms of the density-
functional electronic energy and 2)there is a direct link
between the ICOHP values and the total electronic energy of
a system. The success of one-electron theories in quantum
chemistry (for example, extended Hiickel theory) is due in no
small part to the intimate connection between the sum of one-
electron eigenvalues (COHP terms) and the total energy. This
connection is one of the pillars of qualitative molecular-
orbital theory.

All COHP curves are presented here in a format similar to
COOP curves: positive values are bonding and the negative
antibonding (that is, we plot — COHP instead of COHP).

A.3. Molecular Orbital Calculations

Molecular-orbital calculations were carried out within the
framework of density-functional theory using the Amsterdam
Density Functional (ADF) program, version 2.3.14 11 Triple-
¢ Slater-type orbital (STO) basis sets with either one (Se) or
two (O, S) polarization functions (ADF basis set V) were used
to represent the valence orbitals; the core orbitals were frozen
to 1s (O), 2p (S), and 3p (Se).''] The local spin-density
approximation (within the Vosko, Wilk, and Nusair parame-
terization''®1) was augmented using the Becke —Lee - Yang -
Parr (BLYP) gradient correction scheme.!'!* 1201 All plots were
generated using Viewkel, a part of YAeHMOP.I'2!!

Appendix B: The Extended Hiickel Method and
Magnetism

The extended Hiickel theory!?'?4 is known for its flexi-
bility and the ease with which its results lend themselves to
chemical interpretation. To those familiar with the method, it
will come as little surprise that the qualitative features of the
crystal-orbital overlap population (COOP) curves from a well
parameterized, extended Hiickel, tight-binding calcula-
tion!!%-1%] are qualitatively similar to the COHP curves from
an equivalent calculation from a better method.'”! To
demonstrate this, the extended Hiickel band structure, DOS,
and COOP curves for a-Fe are shown in Figure 41. Compar-
ing these results with Figure 14, we see both similarities and
differences. It is obvious that the parameterization chosen
leads to an underestimation of s dispersion and an over-
estimation of d dispersion; the s-d mixing is probably also too
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Figure 41. Band structure, DOS, and Fe-Fe COOP curves for nonmagnetic
a-Fe calculated using the extended Hiickel, tight-binding method.

. Fe-Fa

strong. The chemically (or magnetically) most important
finding is fully retained though: &r appears in a set of strongly
Fe-Fe antibonding levels in each calculation, leading us to
expect the presence of an instability with respect to ferro-
magnetism. Although it is impossible to carry out a spin-
polarized calculation within this method itself, we believe that
it can be used to rapidly screen metallic structures for a
tendency to become ferromagnetic.

The parameters used in this extended Hiickel, tight-binding
calculation on a-Fe (Hj(4s)=—9.2¢V, {(4s)=1.9, H;(4p) =
—-38eV, (4p)=19, H(3d)=-92eV, {(3d)=5.35,
£,(3d)=1.80, expansion coefficients ¢;(3d)=0.5366,
¢,(3d) =0.6678) were adapted from the standard metallic Fe
parameter set!'?l with modifications to the parameters for the
4s orbitals in order to reproduce the degree to which the 4s
band penetrates the 3d block. The extended Hiickel calcu-
lations were carried out using YAeHMOP.I?7]
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