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The determination of anisotropic magnetic parameters is both a task of experimental and theoretical interest. The added value of
theoretical calculations can be crucial for analyzing experimental data by (i) allowing to assess the validity of the phenomeno-
logical spin Hamiltonians, (ii) allowing to discuss the values of parameters extracted from experiment, and (iii) proposing ra-
tionalizations and magneto-structural correlations to better understand the relations between geometry, electronic structure, and
properties. In this review, we discuss the model Hamiltonians that are used to describe magnetic properties, the computational
approaches that can be used to compute magnetic parameters, and review their applications to transition metal and (to a lesser ex-
tent) lanthanide based complexes. Perspectives concerning current methodological challenges will then be presented, and finally

the need for further joint experimental/theoretical efforts will be underlined.

1 Introduction

The presence of unpaired electrons in molecules can give rise
to a wide variety of phenomena. The study of such systems
is appealing not only from a fundamental point of view but
also in light of their potential technological applications. The
improved control and possibilities to manipulate spin angu-
lar momenta (or spins, for short) and the interaction between
them has been a key factor in the development of a new re-
search area, nowadays known as spintronics. In this field, tran-
sition metal complexes and other materials with unpaired elec-
trons have been used to design switching or sensing devices. !
Interesting examples are the single molecule magnet behav-
ior observed in polynuclear transition metal complexes? and
the spin crossover process in which the total spin of a com-
plex can be changed by external perturbations such as tem-
perature or light.? A concise, accurate theoretical description
of the interactions between spins (and in some cases, orbital
angular momenta) is important to improve the understanding
of these complex phenomena and eventually gain complete
control over the magnetic properties of systems with unpaired
electrons.
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Although many important technological applications are
based on organic radicals, we focus here on the magnetic in-
teractions in transition metal complexes. In general, the de-
scription of magnetic phenomena is based on model Hamilto-
nians for which the parameters are fitted to experimental data
such as the electron paramagnetic resonance (EPR) spectra,*
temperature dependence of the magnetic susceptibility or the
magnetization as function of an external field.> In such an ap-
proach, an a priori assumption has to be made about the dom-
inant interactions. This is far from trivial and only by combin-
ing the input from various experimental studies with chemical
intuition, the relative importance of the model interactions can
be anticipated and values can be assigned from the fitting tech-
niques. However, there is no guarantee that important physical
effects remain hidden in the fitted parameters. Furthermore,
problems can arise when various sets of parameters reproduce
equally well the experimental data and no univocal model can
be defined.

Most theoretical descriptions of the electronic structure of
systems with magnetic properties start with the definition of
the magnetic orbitals. As stated above, the presence of spin
angular momenta is intimately related to the existence of un-
paired electrons. The number of unpaired electrons and their
distribution in the three-dimensional space are defined by the
diagonalization of the hypothetical exact N-electron density
matrix of the fundamental state of the system. The majority
of the resulting eigenvalues (the occupation numbers) will be
close to two or zero. The corresponding eigenvectors (natu-
ral orbitals) are known as the closed-shell or inactive orbitals,
and the virtual orbitals, respectively. Additionally, there are
n eigenvectors with eigenvalues close to one. These are the
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so-called magnetic orbitals, where n defines the number of un-
paired electrons. In transition metal compounds, the magnetic
orbital is normally strongly localized on the metal center with
smaller tails on the surrounding atoms. The magnetic site is
then atomic in nature and implies that the ligands are largely
non-magnetic in character. Nevertheless, there are situations
in which one or more magnetic orbitals are located on the lig-
and and delocalized over various atoms. In such cases, one
normally refers to the magnetic site as a non-innocent ligand.

Given the fact that exact solutions are not available except
for the most elementary systems, computational strategies to
obtain accurate N-electron density matrices have to be used
and will be discussed later on (see section 3), but before that
we will shortly review in section 2 the important interactions
between unpaired electrons and how these are covered in the
most common model Hamiltonians. Whereas, the mecha-
nisms for the isotropic coupling between spins on different
centers have been studied in depth, are well understood and
fully rationalized, the situation for anisotropic magnetic in-
teractions is less well-established. Hence, we will shortly re-
view the main mechanisms for the isotropic case and give a
more detailed description of the mechanisms that control the
anisotropic part of the magnetic interactions. Such insight
eventually leads to a rational control over the main parame-
ters, which may be of practical use when designing materials
with interesting magnetic properties.

The large number of studies concerning magnetic interac-
tions in compounds with transition or rare-earth metal ions
makes impossible to fully cover all type of applications. Sec-
tion 4 gives a few illustrative examples of different classes of
magnetic materials (only 3d ions, (4,5)d, 4f metals, or com-
binations of these) and mentions the main peculiarities and
prospective for further improvement of magnetic materials.

The last part of this article (section 5) is dedicated to the
main challenges in the computational approaches to magnetic
interactions. Although the theoretical description of mag-
netic materials has made important advances, there are still
some major problems that have to be faced. The wave func-
tion based methods are notoriously difficult to be applied to
systems with more than two transition metal centers or with
bulky ligands. This problem is less important for calculations
based on density functional theory, but the monodeterminan-
tal nature of the Kohn-Sham implementation of density func-
tional theory (DFT) makes necessary to introduce important
approximations in the description of the electronic structure of
magnetic systems, which is intrinsically multideterminantal in
many cases. A different problem, already shortly mentioned
above, is the validity of the commonly used model Hamilto-
nians. These models play a fundamental role in the under-
standing and rationalization of magnetic interactions, since
they capture the highly complicated physics in simple con-
cepts. However, there is no intrinsic guarantee that the model

really parametrizes what is meant or that an important part
of the physics is missing either in the model space or in the
model operators. Standard extraction procedures cannot give
an answer to this question, but the use of effective Hamiltoni-
ans provides a bridge between theoretical results based on the
exact electronic Hamiltonian (and hence, including all possi-
ble interactions without any a priori assumption about their
importance) and simpler model Hamiltonians to establish the
validity of the latter.

2 Model Hamiltonians, effective Hamiltonians
and quasi-degenerate perturbation theory

Model Hamiltonians are used to effectively describe the
lowest-energy levels of a given system, i.e. the levels that
largely determine the property of interest. Often the model
Hamiltonian is constructed from some a priori assumptions
about the dominant interactions, but they can also be derived
from ab initio results using the effective Hamiltonian theory. ®
This theory establishes a one-to-one correspondence between
the target space S’ containing the ab initio states of interest and
the model space S that spans the model Hamiltonian. The two
spaces have dimension N. The effective Hamiltonian must be
such that its eigenvalues E; are those of the all-electron Hamil-
tonian A used in the ab initio calculation. After selecting the
targeted N wave functions (¥;) of the ab initio calculation with
the largest projection on the model space, the corresponding
projections are orthogonalized” (¥;) and the effective Hamil-
tonian is constructed by

N ~ ~
AT =Y |¥)E (W] (D

i

All the matrix elements of the effective Hamiltonian can be
calculated from this expression using the ab initio energies
and wave functions. A comparison of this numerical matrix
with the analytical matrix of the model Hamiltonian enables
one to assign values to the various interactions of the model.
The advantage of this procedure over the more usual fitting of
the model parameters to reproduce only the ab initio energies
is two-fold. In the first place, the norms of the projections
provides information about the validity of the model space.
The appearance of small norms is often an indication that the
model space must be enlarged to accurately account for the
physics of the problem. In the second place, much more in-
formation can be extracted from the calculation. While using
the energies only, the information to extract the interactions is
limited to N — 1 (the number of energy differences), the infor-
mation contained in the effective Hamiltonian can be as large
as N(N +1)/2 — 1, corresponding to the maximum number
of independent matrix elements for an Hermitian matrix. As
will be shown in sections 3 and 4, this additional information
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is crucial to check the validity of a model Hamiltonian and to
identify the missing operators when the model is not appropri-
ate. It should however be noted that although this procedure is
more rigorous than simple fitting techniques, it does not give
analytical expressions for all operators necessary to reproduce
the physics of the problem.

Complementary information about the operators that should
be included in a model Hamiltonian is provided by quasi-
degenerate perturbation theory (QDPT). QDPT enables one to
derive analytically a model Hamiltonian from a more sophis-
ticated Hamiltonian, yet simple enough to be handled analyt-
ically. In the context of isotropic magnetic interactions this
Hamiltonian is often a generalized Hubbard Hamiltonian, 8
while it should contain the spin-orbit and spin-spin coupling
operators when modelling anisotropic interactions. In prac-
tice, the zeroth-order Hamiltonian matrix is expressed in the
basis of the model space. Then the effect of the perturbation
V is taken into account at a given order of perturbation and the
matrix is dressed by the interactions with the outer space de-
terminants. Comparing this analytical matrix with that of the
model Hamiltonian not only enables one to identify missing
interactions, but also informs us about the physical content of
the model Hamiltonian interactions. It therefore provides ra-
tionalization of the physical origin of each of the model opera-
tors. Ideally, in order to ensure an adequate interpretation, the
”bridge” should also be made between this more sophisticated
but still simple representation of the system and a reference
ab initio calculation, such that a clear connection is made be-
tween the ab initio Hamiltonian, a simpler Hamiltonian, and
the model Hamiltonian.

In the rest of this section, we will introduce the commonly
used model Hamiltonians adopted to the description of vari-
ous types of systems including one or more magnetic centers,
where magnetic centers here refer to open-shell 3d, 4d, 5d or
4f ions, as well as clues to derive the spin Hamiltonian param-
eters analytically.

2.1 One magnetic center

In complexes with 3d, 4d or even 5d ions, the electron-
electron interactions and the ligand-field potential created by
the charge and charge-density interactions with the ligand
atoms have a significantly more important effect on the en-
ergy levels than the spin-orbit interaction.® As a consequence,
when the ground state is orbitally non-degenerate, and all
other excited states are high enough in energy, the problem
may be reduced to just the spin degrees of freedom, i.e. one
can use the spin Hamiltonian approach.

A mononuclear complex* with a total spin angular momen-
tum of § = 1/2 can be considered as one of the simplest ex-

+ Mononuclear is used here in the significance of a polynuclear complex with
one magnetic center, usually the transition metal ion

pressions of a magnetic system. In absence of interaction with
other complexes, such a complex only becomes magnetically
interesting when an external magnetic field is applied. The
lowest electronic state, a Kramers doublet, is split by the mag-
netic field B in two non-degenerate levels with Mg = 1/2 and
Mg=—1/2.

H=uB-g-S )

Transitions between the two levels can be measured in EPR
experiments and the g-tensor can be determined.!® On the
contrary, in the absence of an external field only systems with
S > 1 can show magnetic anisotropy. This zero-field splitting
(ZES) of the 2§+ 1 levels of the ground state are commonly
described with a Hamiltonian that is quadratic in the spin op-
erator: '!

A=8D-S 3)

where D is called the ZFS tensor. When S > 2, the spin Hamil-
tonian also contains quartic terms.!! These quartic spin op-
erators have usually a much smaller effect on the lowest en-
ergy levels than the quadratic ones, since they mainly origi-
nate from spin-orbit coupling at fourth order of perturbation.
In cases of near orbital degeneracy, these terms may however
become larger, 12,13 and should be considered in the model
Hamiltonian.

Both spin-spin and spin-orbit interactions contribute to the
ZFS tensor at first and second order of perturbation, respec-
tively.'* Higher-order terms and other relativistic effects also
affect the ZFS, but the spin-spin and spin-orbit terms are usu-
ally the leading ones. Although in the general case both indi-
vidual contributions to the ZFS tensor do not lead to the same
principal axes, it is always possible to define the principal axes
of the ZFS tensor when both contributions are simultaneously
considered. Conventions are then applied to define the mag-
netic anisotropy axes: the z axis should be the most different
one and x should be a harder magnetization axis than y.> One
should note that another convention for differentiating x and
y is also often used in the literature: x should be more sim-
ilar to z than to y. These conventions can be summarized as
ID| > 3E and E > 0 in the first case, and [D| > 3E and £ >0
in the second case, where D and E are the axial and rhombic
ZFS parameters, respectively.

1
D :Dzz - E (Dxx +Dyy)
: )
E :E (Dx —Dyy)

When D is positive, the most distinguishable magnetic axis is
a hard axis of magnetization, while for negative D the most
distinguishable one is an easy axis of magnetization. In the
present review, we will use the convention E > (0, meaning
that a positive D is associated with an intermediate x axis, and
that a negative D is associated with a hard x axis. If x and y
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are equivalent by symmetry, E is zero and the anisotropy is
axial. If x, y and z are equivalent, as in an octahedral case, D is
also zero and there is no magnetic anisotropy. When |D| = 3E
the system is in the thombic limit, where one of the magnetic
anisotropy axis is the perfect intermediate of the other two
axes. Although one can define an easy, intermediate and hard
axis of magnetization, it makes no sense to label the z-axis as
easy (negative D) or as hard (positive D) magnetization axis.
Hence, the sign of D is only defined when |D| > 3E.

In lanthanide complexes, i.e. complexes based on 4f ions,
the electron-electron interactions and the spin-orbit coupling
have a more important effect on the energy levels than the
crystal field potential.® The radial extension of the 4f orbitals
is small and as a consequence, the crystal field potential should
be considered as a perturbation of the free-ion Hamiltonian.
Hence, equivalent operators (also known as Stevens operators)
effectively describe the ZFS of the fundamental spectroscopic
term 25*1L; of the perturbed free-ion. '3 It is important to note
that even if in lanthanide complexes the equivalent operators
are applied to |J,M;) functions (with J = L+ S), they phys-
ically represent the effect of the crystal field potential on the
orbital part of the wave functions.

The 5f ions present a more complex situation. Because of
the larger spatial extension of the 5f orbitals, the electrons in
these orbitals are more strongly influenced by the neighboring
atoms in actinide-complexes. Hence, the ligand field potential
and the spin-orbit coupling have an effect of the same order
of magnitude on the energy levels. It is not possible in the
general case to reduce the problem of the ZFS of the lowest
spin-orbit states to an effective spin Hamiltonian, as in d ions,
or to an effective crystal field Hamiltonian, as in 4f ions. One
can however define a pseudo-spin Hamiltonian to reproduce
the energy levels for these cases. '©

The crystal-field Hamiltonian acting on a >5*!L; spectro-
scopic term of a given ion or atom can be expressed as

I:ICF = ZZCkBZOZ (5)
k q

where ¢y is a prefactor specific of a given 2571 L; spectroscopic
term and depending on the order k of the operator, and where g
indicates the symmetry of the field. In practice, k = 0 is omit-
ted since it corresponds to a spherical field and does not split
the components of the 2*!L; term. Hence, only the values
k =2,4,6 need to be considered. The c; prefactors are given
for the ground terms of the lanthanide free-ions in the origi-
nal article of Stevens. ' Methods to determine these prefactors
in excited 25T!L; terms and for ground and excited terms of
other configurations exist and are given in the reference book
of Abragam and Bleaney, '? as well as tables for the OZ oper-
ators.

To rationalize the ZFS in d complexes, a two step approach
can be used. In the first step, crystal-field states are built by ap-

plying the crystal field Hamiltonian given above to the ground
25+1[ term of the free-ion. In a second step, the spin-orbit
coupling (SOC) is introduced:

Hsoc = AL-S (6)

where A is the polyelectronic spin-orbit coupling constant, and
L and S refer to the orbital and spin momentum operators. The
(perturbed) spin-orbit levels of the ground state arise from the
diagonalization of the following matrix obtained at the second
order of perturbation in the SOC:

(Po(Ms(i)|Her + Hee + Hsoc|Wo (Ms(j))) =
8i;(Po(Ms(i))|Her + Hee|[ o (Ms(j)))

Page 4 of 20

ny (Wo(Ms(i)) |Hsoc| W1 (Ms(k))) (¥ (Ms(k)) |Hsoc|Wo(Ms())))
il Ej—E

)

Yo (Ms(i)) and Wo(Ms(j)) are Mg components of the (non-
degenerate) crystal-field ground state Wy, and ¥;(Ms(k)) is
one of the components of an excited crystal-field state V;.
Note that Wy and ¥; are solutions of the crystal-field Hamil-
tonian obtained in the first step, and thus, are linear combi-
nations of M;, configurations of the considered >5*! L spectro-
scopic term. E; and E; are the spin-orbit free energies obtained
with I?CF and H,, accounts for the electron-electron interac-
tions.

Such derivations for various d" configurations and symme-
tries of the ligand field are presented in the book of Abragam
and Bleaney.'® Working with the global orbital momentum
and the polyelectronic SOC operator complicates the inclu-
sion of other (excited) 2L terms, either with the same spin
as the ground state, or with §’=S 4 1. These states can also
play an important role in the ZFS,!” and hence, it can be ad-
vantageous to include such states in the derivations from the
beginning, and work in the basis of configurations expressed
in terms of the real d orbitals with the following spin-orbit
coupling operator:

Asoc =Y Gili-§; (®)
i

One way of doing this consists of including the electron-
electron repulsion with the Racah parameters B and C, and
introduce crystal field parameters that split the d orbitals. '8
Such rationalizing works are particularly important to reach
a certain control over the way how to tune the anisotropy of
complexes of a given configuration.

2.2 Two (or more) magnetic centers

2.2.1 Isotropic spin interactions. In nearly all cases,
magnetic centers do not exist as isolated units but show in-
teractions with other centers in their surrounding. Although

4| Journal Name, 2010, [vol] 1-20

This journal is © The Royal Society of Chemistry [year]



Page 5 of 20

Physical Chemistry Chemical Physics

4f ions can be involved in complexes with other 4f or d
ions, the present section focusses on spin Hamiltonians, and
hence is more specific to d ions. Usually, the leading in-
teraction is isotropic in nature and couples the spins on two
interacting centers in a co-linear fashion, either parallel (fer-
romagnetic) or anti-parallel (antiferromagnetic). The lowest
energy states of a collection of magnetic centers connected
through isotropic interactions of the local spin moments can
be described with the Heisenberg-Dirac-van Vleck Hamilto-
nian (HDVV). 1921

H=-Y7;5-5; ©)

i>j

where J;; parametrizes the magnetic coupling strength be-
tween site i and j. At least four different definitions of this
Hamiltonian exist in the literature, differing in the prefactor
(positive, negative; one or two). In the present definition, a
negative J indicates antiferromagnetic coupling and positive
values correspond to a ferromagnetic situation. The values
taken from other sources may have been converted to ensure
the use of a single definition of the HDVV Hamiltonian. For a
system with two magnetic sites, the energy eigenvalues of the
HDVYV Hamiltonian are regularly spaced following the Landé
pattern: E(S— 1) — E(S) = JS, where S is the total spin of the
system running from S; + S to |S; — Sz|. Deviations to the
Landé pattern may appear in the energy levels when S; > 1
and S, > 1. This behaviour can be described by adding extra
exchange terms to the model Hamiltonian which, for instance
for two magnetic sites of spin S = 1, is written as:

ﬁz—fgl-gz—‘rk‘(gl-gz)z (10)

where « is the biquadratic exchange parameter.?? For systems
with three or more magnetic centers, biquadratic terms involv-
ing spin operators acting on three different magnetic centers
have to be considered as part of the (isotropic) biquadratic ex-
change. ??

2.2.2 Mechanism of the isotropic coupling. The anal-
ysis of the isotropic magnetic coupling strength and the un-
derstanding of antiferromagnetic interactions goes back to the
pioneering work of Anderson and Nesbet in the 1950s. Based
on the observation of Kramers that magnetic ions may interact
by the action of an intermediate closed-shell (non-magnetic)
ion,?* Anderson introduced the concept of superexchange in
1950.%* Analyzing the coupling in MnO, it was shown how
the O-2p to Mn-3d excitations favor the anti-parallel coupling
of the spins on the magnetic sites. Almost ten years later, the
concept was put a more firm basis>> and numerical estimates
of the coupling strength were published by Nesbet shortly af-
ter, 26,27

Qualitative relationships between coupling strength and
geometry were provided by the Goodenough-Kanamori-
Anderson (GKA) rules 28 and the Kahn-Briat model.3° Both

reasonings are based on the overlap of non-orthogonal or-
bitals, where larger overlaps are indicative of stronger antifer-
romagnetic interactions. Whereas the GKA rules were derived
using strongly localized orbitals of the magnetic centers and
the bridging ligand(s), the Kahn-Briat model only considers
the magnetic orbitals, which in turn have significant delocal-
ization tails on the ligand that bridges the magnetic centers.
A similar valence-only model was developed by Hay,
Thibeault and Hoffmann (HTH).3! Since this approach is
based on delocalized orthogonal molecular orbitals, it is es-
pecially suitable for implementation in computer codes. The
HTH model predicts the following magnetic coupling strength
for centro-symmetric systems with two S = 1/2 magnetic cen-
ters A and B
(g — &) (11
Jaa — Jap
where the €’s represent the orbital energies of the symmetry
adapted magnetic (delocalized) orbitals, and K, J,, and Jp
are exchange and Coulomb integrals, respectively. This rela-
tion has been used extensively to rationalize magnetostructural
correlations, although the intuitive valence-bond picture of the
GKA rules and Kahn-Briat model is not easily recovered.
The quantitative analysis of the isotropic magnetic coupling
beyond the valence-only description® was described in a series
of papers by Malrieu and co-workers. After the construction
of accurate multiconfigurational wave functions for the low-
est electronic states (see Section 3), the contribution of the
different classes of determinants was determined by perturba-
tion theory3? or variationally in a class-partitioned configura-
tion interaction (CI).33-3 The valence-only description gives
rise to two antagonist contributions; the direct exchange K,
which favors high-spin ground state (ferromagnetic) and the
kinetic exchange, which is antiferromagnetic in nature. The
latter process arises from the electron transfer between the
magnetic centers and is related to the ratio of the hopping in-
tegral 7,5, and the on-site repulsion U = J,, — J,p as —41317 JU.
However, the magnitude of both contributions is far too
small in the bare, unscreened valence-only description and
additional mechanisms play an important role in the cou-
pling. The most important ones are (i) the dynamic charge
polarization arising from single electron replacements from
inactive to virtual orbitals combined with single excitations
among the magnetic orbitals; (ii) the spin polarization, in-
volving the combination of single inactive-to-virtual excita-
tions with a change of the spin in the magnetic orbitals; and
(iii) the ligand-to-metal charge transfer (LMCT) and metal-to-
ligand CT (MLCT)excitations. Working with canonical high-
spin orbitals, these configurations cannot interact directly with
the valence configurations due to the generalized Brillouin
theorem and their effect arise from higher-order coupling

J=2K —

§ The valence space is restricted to the magnetic orbitals and the unpaired elec-
trons only
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with other excited configurations. In combination with other
smaller contributions, a full decomposition of the isotropic
coupling can be obtained and one can look for factors that
specifically affect one of the contributions to modify the over-
all coupling in the desired direction.

All these effects can be mapped on the simple valence-only
description by the use of effective Hamiltonian techniques.
This converts the direct exchange integral K, in an effective
parameter with contributions from the spin polarization. The
kinetic exchange is mainly enhanced by the effect of the dy-
namic charge polarization, which lowers U and the coupling
of LMCT with determinants that relax the orbitals for these
configurations, resulting in an increase of ¢, and K. In this
way the simple picture of the qualitative models is recovered,
although it should be mentioned that the effective parameters
can adopt counterintuitive values such as a negative K, in sys-
tems with large negative spin polarization.

2.2.3 Isotropic biquadratic exchange. The analysis of
the deviations to the Heisenberg behavior is mostly performed
for S = 1 systems, 338 concentrating on the physical content
of the interactions that must be added to the Hamiltonian. The
orthogonal localized magnetic orbitals in such dinuclear com-
plexes are aj, ap on center A and by, b, on center B. Due to
the local direct exchange K between the electrons in a; and a;
(idem for by and by), the local ground state of each center is
a triplet obeying the Hund’s rule. The isotropic magnetic cou-
pling at the second order of perturbation has the same physical
content as the magnetic coupling between two electrons in two
orbitals. Assuming that a; can only interact with b; through
the hopping integral #; (and ay with b, through #,), the second
order expression of the magnetic coupling is

SOy K, L8 12

_i’jZ:’l Wb Ty Ty (12)
The microscopic origin of the effective interactions responsi-
ble for the deviations can only be obtained at the fourth order
of perturbation. The most important interactions come from
the local excited states,3’ called the non-Hund states. These
states have the same orbital occupation as the local ground
state, but differ by their spin multiplicity. In S = 1 systems, the
non-Hund state is a singlet, which lies only at 2K (K ~ 0.6 eV)
above the ground triplet. The analytical derivation of the spin
Hamiltonian from a generalized Hubbard Hamiltonian at the
fourth order of perturbation shows that the non-Hund states in-
troduce an additional interaction, the biquadratic exchange x,
and also affect the physical content of the magnetic exchange
coupling J. The fourth order expressions of these interactions

are
212 2\
Kk=——— (142 13
K 4K(U+U) (13)

2 2 2 2
_ n 5 F
I= L K=y % (14)
ij=
where
12 s
F=-1_2
T (15)

The magnitude of J and x strongly depends on electron cor-
relation. However, since x is a fourth order interaction, its
magnitude is always small. In case of systems involving more
than two magnetic centers, the non-Hund states are also re-
sponsible for the appearance of three-center operators in the
model spin Hamiltonian. 3¢ It was recently shown that this op-
erator accounts for the most important part of the deviation in
nickelate materials.>® The main contribution to the interaction
of the three-center operator is proportional to F. As a conse-
quence one may only expect important deviations when #; is
significantly different from #,.

2.2.4 Anisotropic spin interactions. The anisotropic
part of the interaction between two § = % magnetic centers A
and B can be separated in a symmetric and an anti-symmetric
contribution and is generally modelled with the following spin
Hamiltonian: >

H =384 Dag-Sp+dapSa x Sp (16)

The second interaction is related to non-colinear local spin
moments and can introduce small ferromagnetic contributions
to the magnetic properties of materials with antiferromagneti-
cally coupled spin moments. This Dzyaloshinskii-Moriya in-
teraction can only become effective in the absence of an inver-
sion center between the magnetic sites>” and has been invoked
to explain the appearance of spiral ordering of the spin mo-
ments in ferroelectric materials. The D4p-tensor of the sym-
metric anisotropic interaction can be decomposed in an axial
(Dap) and a thombic (Esp) term. Except for isolated mag-
netic centers, the interaction is non-zero due to the symmetry
properties of the binuclear complexes. The highest symmetry
point group than can be found for any binuclear complex is
D..;,. In this point group, the z direction is different from all
other directions perpendicular to it. As a consequence, the zz
component of Dyp always differs from the xx and yy compo-
nents. For less symmetric point groups than D, other sym-
metric and antisymmetric components can become symmetry
allowed. An overview of the symmetry rules for the symmet-
ric part and antisymmetric part of the anisotropic interactions
can be found elsewhere. %"

The simplest extension of the binuclear system with two
S = 1/2 magnetic centers is obtained when Sg=1 and SB=%.
To correctly described the magnetism of such system, an
anisotropy tensor D4 has to be added to the Hamiltonian to
account for the local anisotropy on site A:

I‘AIZSA~DA'SAA+§A'DAB~§B+JAB§AXSB 17
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Usually, the description of systems with two § = 1 magnetic
centers relies on the extension of the previous model Hamilto-
nian with a second local anisotropy term:>%4!

H=2584-Ds-84+385 Dg-Sg+S54-Dag-Sp+dapSa xSp (18)

However, as for the isotropic interactions, biquadratic terms
can appear in this case. Hence, a more complete description
of the spin system includes also the biquadratic symmetric ex-
change *? and the biquadratic antisymmetric exchange*? in the
model Hamiltonian. The presence of local spins higher than
1 may also result in higher rank intersite anisotropy tensors,
further complicating the model Hamiltonian.

The model Hamiltonians presented so far are part of the
‘multispin’ Hamiltonian class, since they explicitly deal with
local spin operators. The ‘block spin’ and ‘giant spin” Hamil-
tonians belong to another class of Hamiltonians, in which the
local spins operators are not used anymore, but instead the
spin operators act on the coupled spin states, ranging from
|Sa — Sg| to S4 + Sp. In the giant spin picture, only the lowest
(coupled) spin state with S >1 is considered, while the block
spin picture accounts for all the coupled states. Such pictures
are thus particularly indicated when the coupled spins can be
considered as good quantum numbers, i.e. when the isotropic
interactions are much larger than the anisotropic ones, result-
ing in large energy separations between the levels that enter
the giant spin model and those that are left out, or in a clear
separation between the spin components belonging to differ-
ent spin levels in a block spin picture. This situation is re-
ferred to as the ‘strong-exchange limit’, which should not be
confounded with the ‘strong-coupling scheme’ in spin-broken
symmetry approaches (see Section 3). When only Dy4, D;, and
D, tensors are considered (which may be a crude approxima-
tion in some cases), simple expressions relate the Dy tensors
(with |S4 — Sp| < S < S4 + Sp) to the local D4 and Dg, and
intersite D4p tensors. 224144

When the isotropic and anisotropic interactions are of the
same order of magnitude, the system belongs to the ‘weak-
exchange limit’. In such cases, the spin components of the
different coupled spin states strongly mix under the influence
of antisymmetric and symmetric interactions. In order to get
insight in this so-called ‘spin mixing’, it is very informative to
derive the giant or block spin Hamiltonians from the multispin
ones. The easiest approach to perform such a transformation
consists of building the model Hamiltonian matrix of the mul-
tispin Hamiltonian in the uncoupled [S4,Ms, , Sz, Ms,) basis,
and rotating it to the coupled |S,Ms) basis by using the ap-
propriate Clebsch-Gordan coefficients to construct the trans-
formation matrix.?? Several important conclusions from this
type of work can be formulated:

- If the spin mixing is negligible, the block spin model
Hamiltonian only has to consider a second-rank ZFS ten-
sor per spin state S and possibly additional higher rank

terms for S > 2 that are associated with the correspond-
ing Stevens operators for the considered spin state; fourth
order terms for S =2 and S = %, fourth and sixth order

terms for S =3 and S = % etc.

- When §4 = % or Sp = %, the antisymmetric exchange is
the only responsible for spin mixing, coupling the spin
components of two adjacent spin blocks (' = S+ 1).

- When S4 > 1 and S >1, both the local anisotropy ten-
sor(s) and the symmetric exchange cause spin mixing.
For moderate spin mixing, the block spin or giant spin
pictures can still be considered, and second order per-
turbation theory shows that the contribution of the local
anisotropy tensor(s) and of the symmetric exchange can
be effectively represented by operators acting on the cou-
pled spins. Although Stevens operators are usually used
for such purpose, these operators do not have the correct
symmetry to account for the spin mixing, and one should
rather define a new set of operators compatible with the
representation of the multispin Hamiltonian in the cou-
pled basis.*

The definition of magnetic anisotropy axes is rather
straightforward when Sy = % or Sg = % or when the local
anisotropy axes are collinear (as in complexes with an inver-
sion center). Indeed, in such cases the anisotropy axes of the
block spin and giant spin ZFS tensors correspond to the axes
of the local anisotropic tensor(s), if applicable.*> The exis-
tence of nonzero noncollinear anisotropy in system with Sy
and Sp > 1, makes that the global anisotropy axes (those ob-
tained with giant/block spin approaches) differ from the lo-
cal anisotropy axes. It is necessary to account for the mis-
match between the local anisotropy axes when building a cou-
pled model matrix with a multispin model Hamiltonian. *® The
collinear approximation, commonly used to fit magnetic data,
should not be used in such cases. This is crucial in the weak-
exchange limit, since in this case the mismatch between the
local anisotropy axes is responsible for coupling between spin
components of adjacent spin blocks (§' = S+ 1), as the anti-
symmetric exchange, and not only between every second spin
block (S’ = § £2), as in the case of centro-symmetric com-
plexes. *?

2.2.5 Mechanism of the anisotropic coupling. The
mechanism for the anisotropic interactions have been first ex-
posed in the pioneering work by Bleaney and Bowers concern-
ing the symmetric exchange,*’ and Moriya3 for the antisym-
metric exchange. Since then these works have been slightly re-
fined,*®-3! but the conclusions derived from these early works
remain valid even with more sophisticated models. In both
cases, a subtle interplay between the spin-orbit free interac-
tions and the spin-orbit coupling is involved:
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- The symmetric exchange does not depend on the
isotropic coupling between the lowest-lying electronic
states, the ones considered in the HDVV Hamiltonian.
It can only be non-vanishing when the isotropic cou-
pling between orbitally excited states (where an elec-
tron is promoted to a higher energy d orbital) is differ-
ent from zero.*’*° Consequently, if the magnetic sites
are magnetically isolated in the excited states , the sym-
metric exchange goes to zero. In other words, although
the symmetric exchange is always symmetry allowed in
binuclear systems, it requires specific interactions be-
tween the magnetic sites to be non-vanishing, numeri-
cally speaking.

- The antisymmetric exchange also vanishes for isolated
magnetic sites. As stated by Moriya,? based on an
atomic orbital picture derivation, the antisymmetric ex-
change is nonzero if the two magnetic centers are coupled
via anisotropic superexchange >* interactions. Even if the
contribution from the bridging atoms is explicitly consid-
ered, ! this condition is still a necessary condition for
the antisymmetric exchange to be nonzero.

3 Computational approaches

The success of computational approaches to provide useful in-
formation is critically dependent on the ability to accurately
reproduce the small energy differences that determine the
magnetic properties of the systems of interest. These energy
differences range from a few cm~! (or less) for anisotropic
interactions to approximately 1000 cm~' (~0.1 eV) for the
larger isotropic couplings. Preferably the computational strat-
egy correctly reproduces trends when comparing different
molecules, and provides values in reasonable agreement with
experimental ones. Additionally, the computational cost of the
theoretical method should not be too high to avoid being re-
stricted to small model compounds. Finally, the calculation
should ideally not only give numbers but also the possibil-
ity to analyze, decompose and interpret the results in terms
of simple concepts in order to facilitate the interaction be-
tween theory and experiment. Here we will highlight the most
commonly applied computational approaches to calculate and
analyze (an-)isotropic magnetic interactions and discuss their
strengths and weaknesses concerning the mentioned require-
ments, which are not easily united in one specific computa-
tional approach. For wave function theory (WFT) and DFT
based methods, we will start the discussion focussing on the
isotropic magnetic coupling and then give some additional in-
formation that is more specific to calculate anisotropic inter-
actions.

3.1 Wave function based methods

In almost all cases, the electron distribution of the states that
are relevant to the isotropic couplings of a system can be de-
scribed with a single electronic configuration, but this does
not mean that a single determinantal representation suffices.
Except for the states with maximum expectation value of the
82 and S, operators (all spins aligned ferromagnetically), it is
necessary to adopt a multideterminantal wave function to en-
sure the spin symmetry of the (open-shell) spin states. There-
fore, a good starting point is the complete active space self
consistent field (CASSCF) method,? which combines a full
CI expansion of the wave function in the valence space with
a self-consistent optimization procedure of all the molecular
orbitals. In magnetic problems the valence (or active) space
typically contains the magnetic orbitals and the unpaired elec-
trons. In this way, the spin symmetry can be imposed and
in addition to the main electronic configuration with one un-
paired electron per localized magnetic orbital, some other con-
figurations are present in the wave function. An important ex-
tra group of configurations are those with one or more elec-
trons transferred from one magnetic center to another one.
These configurations play a central role in the kinetic ex-
change mechanism and their presence in the wave function
makes that the CASSCF estimates of the isotropic magnetic
coupling usually have the correct sign. It has however been
observed in numerous applications that CASSCF severely un-
derestimates the strength of both ferro- and antiferromagnetic
coupling. 33338 This is caused by the limited description of
the electron correlation effects and the complete neglect of
some of the mechanisms described in Sec. 2.2.2, which should
be repaired by considering more complex wave function based
approaches. Extending the active space with more orbitals
(other metal-d orbitals, ligand orbitals, doubling the d-shell)
does not systematically lead to significant improvements.>°
The key lies in the dynamic correlation.

3.1.1 Perturbation theory. The multideterminantal na-
ture of the electronic structure makes standard many body
perturbation theory approaches based on Hartree-Fock refer-
ences less useful for magnetic compounds. Among the differ-
ent multiconfigurational reference implementations of pertur-
bation theory, the complete active space second-order pertur-
bation theory (CASPT2)® and the n-electron valence second-
order perturbation theory (NEVPT2)%! have been used reg-
ularly to calculate isotropic magnetic coupling parameters in
many different systems. Both approaches use a CASSCF wave
function as zeroth-order description and estimate the effect of
dynamic correlation with second-order perturbation theory in-
cluding single and double excited configurations with respect
to the configurations of the CAS. The main difference lies
in the definition of the zeroth-order Hamiltonian. CASPT2
is based on an effective one-electron Fock type operator and
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NEVPT2 uses the Dyall Hamiltonian, 62 which contains all
two-electron interactions between the active orbitals. This
has certain advantages concerning the occurrence of intruder
states, but the results of both perturbation schemes are similar
in most cases.

Multiconfigurational perturbation theory largely improve
the CASSCF results and is therefore efficient to evaluate
trends in the coupling in a wide spectrum of compounds.
However, it should be kept in mind that it does in general
not fully reproduce the couplings as deduced from experimen-
tal measurements. A semi-quantitative agreement can be ob-
tained when the reference wave function is calculated with a
large active space. While this is doable for some systems with
a small number of unpaired electrons such as dinuclear com-
plexes with Cu>* or Ni** ions, this becomes cumbersome for
larger systems and may rapidly be prohibitive. A second draw-
back is the fact that perturbation theory does not reproduce
the regular energy spacing between the spin eigenfunctions as
predicted by the Heisenberg Hamiltonian. %3~ This is not a
problem of the model Hamiltonian but a matter of numerical
precision of the computation. NEVPT2 appears to be less sen-
sitive to this problem than CASPT?2.

3.1.2 Difference Dedicated CI. An alternative to per-
turbation theory is the variational treatment of the dynamic
correlation by means of configuration interaction (CI). Mul-
ticonfigurational reference CI with singly and doubly excited
determinants (MR-SDCI) suffers from size-consistency errors
and rapidly becomes intractable, and hence, cannot be applied
but to small model systems. An important reduction of the
CI space can be obtained by excluding all the doubly excited
determinants that do not involve electron replacements in the
active orbitals. This has important consequences for the total
energies, but quasi-degenerate perturbation theory shows that
these determinants do not affect the energy difference between
the states of interest at second order of perturbation. The re-
duction of the CI expansion also leads to smaller size consis-
tency errors. The resulting CI is known as difference dedi-
cated CI (DDCI)%” and has shown its potential to accurately
estimate isotropic magnetic coupling parameters in many oc-
casions. 330873 The method can, however, not be applied to
determine energy differences for states at different geometries,
for example the high-spin low-spin energy difference in spin
crossover compounds.

Despite the important reduction, DDCI is still a rather
expensive method, computationally speaking. It scales as
Ncas * Noce - Nyire - N (Ncas 18 the number of active orbitals;
N is the sum of the number of occupied (N,.) and virtual
(Nyire) orbitals) and cannot be applied to systems with a large
number of unpaired electrons (large CAS) or with bulky lig-
ands (large number of occupied and virtual orbitals). There-
fore, several modifications have been developed in order to

widen the applicability range of the method. The DDCI2 and
CAS+S (or DDCI1) variants further restrict the number of de-
terminants in the CI expansion, which result in smaller inter-
action parameters.333% Other approaches restrict the molec-
ular orbital space to reduce the computational cost. Taking
the orbital energies as selection criterion is not convenient,
instead it is more effective to first make an orbital transfor-
mation based on the density matrices difference of the states
under study and then eliminate the orbitals with the smallest
eigenvalues.’* Further reductions can be obtained when the
molecular orbital set is transformed to localized orbitals and a
combination of restriction is applied. Among them, one may
quote physically justified truncations of the reference space,
e.g. by eliminating the determinants in which the number of
electrons per magnetic site changes by two or more compared
to the dominant configuration. The subsequent calculation of
dynamic correlation can be achieved with a lower computa-
tional cost.”>76 A considerable gain in computational effort
is also achieved when applying restrictions in the in the or-
bital space based on topological arguments (orbitals localized
far away from the magnetic center can be kept frozen) and re-
strictions in the generation of the CI expansion by selecting
the determinants based on the size of the exchange integral
among the orbitals involved in the excitation. This excitation
selected CI (EXSCI)”” has recently been applied to relatively
large polynuclear systems. ’>7879

3.1.3 Spin-orbit coupling, spin-spin coupling, and
anisotropic interactions. As stated in section 2, the ZFS
has a relativistic origin, being essentially due to spin-orbit and
spin-spin couplings. Other relativistic effects, either spin-free
or spin-dependent terms,3° also influence the ZFS, and there-
fore a rigorous treatment of the effect requires a coupled rela-
tivistic and correlated computational approach. Four and two
components formalisms are the methods of choice for treating
relativistic effects, but soon lead to a prohibitively expensive
treatment of electron correlation within a WFT framework.

Since the spin-orbit interaction is less important than the
electron-electron and ligand-field interactions in most d com-
plexes,® decoupled two-step approaches are popular for this
type of applications. In a first step, the spin-free interactions
are treated, while the spin-orbit and/or spin-spin couplings are
treated a posteriori. The spin-orbit and spin-spin interactions
are treated as perturbations to the spin-free ones. In 4f com-
plexes the situation is different: the spin-orbit interaction has a
larger impact on the spectrum than the ligand field interaction.
Nevertheless, since both interactions are much smaller than
the electron-electron interaction, two-step approaches can also
be used successfully in such cases. Methods to treat simulta-
neously the spin-orbit coupling and the electron correlation
are available,®!8 but their computational cost prevents the
application to large TM complexes. Therefore, we limit the
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discussion to the more commonly used two-step methods.

In the first part, scalar relativistic effects and spin-orbit free
interactions are treated. The former are accurately accounted
for by the Douglas-Kroll-Hess Hamiltonian.338% This treat-
ment only affects the mono-electronic part of the electronic
Hamiltonian and hence is easily implemented and used in
standard wave function based methodologies.® In 3d com-
plexes the effect of the scalar relativistic effects on ZFS is
small,®® but in 4d and 5d it becomes essential to include
these effects. The description of the spin-orbit free ground
state and a relevant set of excited states is often based on a
CASSCF wave function followed by a post-CASSCF treat-
ment of the remaining electron correlation. The minimal ac-
tive space to be considered in the CASSCF calculation con-
sists of the magnetic orbitals and unpaired electrons, extended
with all the orbitals involved in the excitations that dominate
the excited states. Normally, this includes all d or f orbitals
of the metal, and sometimes a limited set of orbitals localized
on the ligands. Such a minimal active space usually provides
good semi-quantitative estimates of the ZFS, although further
extensions of the active space may slightly improve the re-
sults. 37 CASPT2, NEVPT2 or DDCI calculations can then be
performed to account for dynamic correlation in the ground
and excited states.

The second part of the two-step procedure to calculate the
ZFS introduces the spin-orbit and spin-spin couplings. Two
approaches can be used for this purpose. The first one gives a
variational treatment of the couplings by adding the spin-orbit
and spin-spin operators to the standard non-relativistic Hamil-
tonian and diagonalizing the resulting matrix expressed in the
basis of the Mg components of the CASSCF wave functions
of ground and excited states. The second approach involves
a perturbative description of the spin-orbit and spin-spin in-
teractions. Both approaches count with their own advantages
that will be discussed below. Dynamic correlation can be ac-
counted for by replacing the CASSCF energies with those ob-
tained with methods that account for a larger part of the dy-
namic correlation as proposed by Llusar et al. in the context
of a variational treatment of the spin-orbit coupling. %8

Concerning the state interaction (variational) approach, two
possibilities exist to extract the ZFS tensor, (i) use the effective
Hamiltonian theory, 87 described in section 2, or (ii) use the
pseudospin approach. !¢ For the cases in which the spin Hamil-
tonian approach is relevant, both approaches lead to very sim-
ilar results. However, both approaches are significantly dif-
ferent in their philosophies. The effective Hamiltonian only
uses the information contained in the lowest energy projected
eigenvectors, while the pseudospin approach also takes profit
of the information contained in the higher energy solutions of
the state interaction matrix. Note that in the first approach
an initial guess concerning the model space has to be done,
although the initial guess can be rigorously refined, if neces-

sary. More emphasis and examples concerning the effective
Hamiltonian approach and the refinement of model operators
will be presented in Section 4. Although these approaches are
rigorous and accurate, it is not straightforward to analyze the
factors governing the ZFS. This is the reason why it is still
useful to apply QPDT to obtain the ZFS parameters.

Equations to obtain the ZFS tensor at second order of per-
turbation were derived several years ago to include not only
the effect of spin components of spin-free states with same
spin quantum numbers S as the ground state, but also spin
quantum number §' = S+ 1.173% The ZFS tensor is con-
structed as a sum of individual contributions of the differ-
ent Mg components of the spin-orbit free states, which pro-
vides direct access to the contributions of the different states
to D and E to rationalize the nature and magnitude of the
ZFS. The first-order contribution coming from the spin-spin
coupling can also be introduced in the treatment. %0 While
the state interaction approach can be used to extract any type
of anisotropic interactions, the perturbative approach is in
practice restricted to symmetric second-rank ZFS tensors, i.e.
single-ion anisotropy or to giant spin approaches. The ex-
tension to other effective interactions would require further
derivations, which could be a perspective in this field.

In addition to factors as the basis set, the size of the active
space, and the treatment of the dynamic correlation, the cal-
culated ZFS depends on the number of states considered in
the state interaction or perturbative treatment. It is crucial to
understand that the number of spin states considered cannot
be completely arbitrary: the excitations have to be well bal-
anced in all the orientations of space to avoid artefacts. An
easy choice on the safe side consist of including the entire d"
or f" manifold. However, this may result in a very large num-
ber of spin-free states in the first step of the calculation, and
due to averaging effects, can lead to a poor representation of
the ground states and the lowest-lying excited states, which
most contribute to the ZFS. Therefore, it is often better to re-
strict the state-interaction/external space to a fraction of the d”
or f" manifolds. No unique choice can be recommended. A
balanced selection of the spin-free states depends on the con-
sidered electronic configuration, the coordination of the metal
ion, and the ligand field strength.

3.2 Density functional theory

3.2.1 Isotropic interactions. The Kohn-Sham imple-
mentation of DFT requires the use of a single determinant. It is
therefore in general not possible to respect the spin symmetry
for magnetic systems. The use of DFT based calculations has
of course the big advantage that is rather easily applicable to
large, real-world molecules and it is highly desirable to have a
way to address the isotropic magnetic interactions within this
approach. This can be done by exploiting the broken symme-
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try solution.

Broken symmetry (BS) approaches, first introduced by
Ginsberg and Noodleman, °'°? have intensively been used for
the extraction of magnetic couplings from DFT calculations.
Since magnetic states are multideterminantal functions (ex-
cept for the highest spin (HS) state), the extraction of the mag-
netic coupling values cannot proceed through a direct identi-
fication of the DFT solutions to the Heisenberg wave func-
tions. The BS approaches usually consist in a mapping of the
DFT energies of the spin-unrestricted determinants to the en-
ergies of the Ising Hamiltonian, i.e. to the diagonal elements
of the Heisenberg Hamiltonian. In the case of a two-electrons
in two-orbitals problem, the magnetic coupling is evaluated
from the energy difference between the Mg = 1 and Mg =0
solutions and more generally, for systems involving several
unpaired electrons per center, J is calculated from the Mg,
and Mg, . solutions. The procedure can easily be generalized
to calculate magnetic interactions in extended systems, such
as polynuclear complexes and extended materials, eventually
optimizing intermediate Mg solutions. This approach is valid
in the ‘weak-coupling’ limit, i.e. when the Mg, . spin-broken-
symmetry solution can be considered as an ideal weighted av-
erage of the different spin states ranging from S, to Sy,
with the weights being obtained from the square of the appro-
priate Clebsch-Gordan coefficients.

One problem of these extractions comes from the spin con-
tamination of the spin unrestricted determinants, which does
not correspond in the general case to the ideal mixture of the
various spin states observed in the *weak-coupling’ limit. Var-
ious methods have been proposed to adequately decontami-
nate the BS solutions in order to get reliable estimates of the
real spin states energies. One of the most popular spin de-
contamination techniques has been proposed by Yamaguchi
resulting in the following expression of the magnetic coupling
parameter: >

2(Eps — Ens)

($?)us — ($%)Bs
Note that this formula is compatible with the ’weak-coupling’
limit, decribed above, and the ’strong-coupling’ limit, de-
scribed below. This procedure can be extended to polynuclear
systems with a large number of magnetic centers, either by us-
ing the generalized spin projection technique, °*%3 or by con-
sidering pairs of magnetically active centers such that equation
19 can be used for each pair calculation. %

In the ’strong-coupling’ limit, the Mg, . spin-broken-
symmetry solutions of binuclear systems are considered to be
true S, spin states.”” In the case of an even number of elec-
tron and S4=Sp, the Ms=0 state would thus correspond to a
true singlet state; in other words, a strong covalent interac-
tion between the “magnetic” centers can lead to a true sin-
glet spin state, supposedly ground state. One should note that
the ’strong-coupling’ qualification here refers to covalent cou-

J= (19)

pling, and should not be confused with the ’strong-exchange’
limit of section 2.2.4.

Many papers have been published dealing with the depen-
dence of the calculated magnetic coupling strength on the de-
grees of freedom of the DFT calculation, such as the func-
tional, the self-interaction error corrections, the percentage
of exact exchange in hybrid functionals, the value of U in
DFT+U methods, etc.9%'% In most cases, the values are
largely overestimated, although some recent functionals tend
to perform better. 19195 The tendency to produce too large
couplings has been explained by the exceeding delocalization
of the magnetic orbitals which results in an overestimation of
both the direct exchange (dominant in ferromagnetic systems)
and the kinetic exchange contributions (dominant in antifer-
romagnetic systems). Nevertheless, trends are usually accu-
rately reproduced allowing interpretations and rationalizations
of the observed trends in families of systems. While during a
long time, the decomposition of the magnetic coupling was
the prerogative of wave function based methods, decompo-
sition schemes for DFT approaches have recently been pro-
posed. 7 These analyses start from the spin restricted high
spin state orbitals and optimize separately the delocalization
of the magnetic orbitals and the spin polarization of the core
orbitals in constrained BS solutions. From the energy differ-
ences between the various optimized solutions, it is possible to
evaluate the direct exchange, the kinetic exchange and the spin
polarization contributions to the magnetic coupling in a con-
sistent manner. The relevance of the decomposition scheme
can be checked by comparing the sum of the separated contri-
butions to the value of the magnetic coupling calculated from
equation 19.

Another issue of the BS approach is the extraction of
complex interactions, such as four-spin cyclic exchange, bi-
quadratic exchange and double exchange interactions from
spin unrestricted DFT calculations. While the strength of the
first interaction can be determined from the energy differences
of the Ms,,,., Ms,. and intermediate Ms determinants, 1%, this
is no longer possible for the other two interactions. Recent
papers propose to first extract the interactions of a generalized
Hubbard Hamiltonian. '%-1!! Since analytical expressions of
these complex interactions can be expressed as functions of
the Hubbard interactions, it is then possible to numerically
calculate their values from the estimates of the Hubbard in-
teractions.

3.2.2 Anisotropic interactions. The first main DFT ap-
proach for the ZFS was proposed in the late 1990°s by Peder-
son and Khanna.!'? First a spin unrestricted calculation of a
given spin configuration is performed, followed by a perturba-
tive treatment of the spin-orbit coupling to obtain a second-
rank symmetric ZFS tensor. Similar approaches appeared
over the years, for instance by Aquino and Rodriguez,'!3
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and by Neese.?® These approaches were recently reviewed
by van Wiillen and coworkers, ''4115 clarifying the discrep-
ancy between the prefactors associated with the spin-flip ap-
proaches of Pederson and of Neese. These approaches can
only incorporate the effect of singly-excited configurations,
and the excitation energies are estimated from the correspond-
ing (spin-)orbital energy differences. As for the method de-
scribed in Section 3.1.3, the truncation should be done care-
fully to avoid any artefact. Note that if high energy excitations
are considered, the truncation is not problematic in practice
since the second-order contributions to the ZFS tensor of the
last included and first missing configurations are negligible.

An alternative that avoids truncation problems consists in
using linear response theory. In 2007, Neese solved the
coupled-perturbed equations for a second-rank symmetric
ZFS tensor, !¢ allowing a linear response theory implemen-
tation including both spin-orbit and spin-spin couplings. Even
though this approach is more sophisticated than the perturba-
tive ones, it also suffers from the degrees of freedom of DFT
calculations. In particular, various functionals may lead to dif-
ferent ZFS parameters, and this approach appears to be less
robust than the WFT ones described in Section 3.1.3.

Perturbation and linear response approaches may lead to
very different results, none of which being necessarily in good
agreement with experiment. !!7 Therefore, there is still a need
for clarifying the problems of these approaches for eventually
improving them. This point will be discussed in detail in Sec-
tion 5.

4 Applications

4.1 Single-ion anisotropy

Single ion anisotropies are expected to be the most impor-
tant contribution to the overall magnetic anisotropy of polynu-
clear systems and in particular to polynuclear single molecule
magnets,*! although intersite anisotropies can also play a non-
negligible role. '8 In order to increase the magnetic anisotropy
of a single paramagnetic ion, people have pursued various
strategies. A first successful idea, which actually led to a new
class of single molecule magnets, was to conceive molecules
containing a single paramagnetic lanthanide center.!!® In
these systems, the large magnetic anisotropy stems from the
strong spin-orbit coupling associated with the f-element ion
and a relatively smaller ligand-field effect. Another strategy
consists of synthesizing TM complexes in which the param-
agnetic transition metal ion exhibits exotic coordinations such
as penta or hepta coordination. While up to now the corre-
sponding complexes did not show any blocking of the magne-
tization, relatively large values of the axial parameters D were
obtained. 120-125 Finally, a very promising mean to improve
the property was to design complexes having an unquenched

angular orbital momentum in their high spin ground state. In
such cases, extremely large values of D were observed in Ni
and Fe TM complexes for instance. %127 Note that in some
cases it is possible to obtain slow relaxation of the magneti-
zation in complexes with positive D parameters, !*® and thus
complexes with positive D values can be interesting building
blocks to build larger architectures, although usually build-
ing blocks with negative D values are used in bottom-up ap-
proaches. 12129

From a theoretical point of view, the study of complexes
with a single anisotropic ion has been particularly fruit-
ful, 13:124-126,130-135 Thig has allowed to develop appropri-
ate ab initio methods and to determine the level of cor-
relation needed to reach accuracy as discussed in section
3. Various methods of extraction of anisotropic parameters
have also been proposed and tested on mononuclear com-
plexes. 108789116 They can lead to significantly different val-
ues for a same ab initio method. ZFS tensors have traditionally
been calculated from first principles using sum-over-states for-
mulas based on second-order perturbation theory. Recently,
an extraction procedure based on the effective Hamiltonian
theory has been proposed and successfully applied to Ni, Co,
and Mn TM complexes. 287 The parameters are of variational
quality, i.e. correct to an infinite order and the comparison
with the perturbative extractions shows that PT2 may lead to
overestimates of D and E by up to 20%.'?>!13 One should
also mention that the effective Hamiltonian theory which gives
access to numerical evaluation of all the matrix elements of
the model spin Hamiltonian has confirmed the validity of the
anisotropic spin model Hamiltonian for the description of sin-
gle ion anisotropy and can be used to evaluate the magnitude
of higher than 2 order terms in systems with more than 2 un-
paired electrons. 1

Finally, another important contribution from theory was the
rationalization of both the nature and magnitude of single ion
anisotropy. Indeed, the sensibility of the anisotropic param-
eters to structural, chemical (ligand field strength) and even
electrostatic factors makes it difficult to anticipate their mag-
nitude from the chemical intuition and there is a real need
for understanding how to control magnetic anisotropy if one
wants to propose new systems with improved properties. The
first extensive rationalizations of the anisotropic parameters
were provided by Abragam and Bleaney through analytical
derivations of the spin orbit interactions between the ground
and lowest in energy excited terms. '° These derivations bring
interesting information when the considered wave functions
can easily be anticipated, i.e. for relatively simple geometrical
structures such as elongated or compressed octahedra, for in-
stance. Nevertheless, for most of the real strongly anisotropic
systems, the geometries are of very low symmetry and the
lowest wave functions are multiconfigurational. In such cases,
it is hardly possible to predict the most important determinants
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and their relative weight in the wave functions of the lowest
states without performing an ab initio calculation. Recently
several works have proposed rationalizations for the magni-
tude and nature of the anisotropic parameters, based on the
analytical derivation of the spin orbit interactions between the
calculated wave functions and the quasi-degenerate perturba-
tion theory at second order. 1213:126.137.138 The analysis of the
physical content of the most contributing excited states also
brings the opportunity to determine the chemical and struc-
tural factors (the ligand field strength and effect of specific
geometrical distortions) that determine the features of the sin-
gle ion anisotropy in a specific compound or a series of com-
pounds. In the same philosophy, one should quote the Angular
Overlap Model (AOM), 3% which provides a ligand field based
analysis. The method builds a ligand field matrix (5 by 5) for
the 5 d orbitals that depends on two parameters e and ey for
each ligand and angular factors which account for the real ge-
ometry (for which the overlap between the metal and ligand
orbitals may not be optimal). The two parameters for each
ligand-metal orbital pair, can be fitted either from experiment
or theoretical results, providing useful interpretations of the D
and E values as functions of the chemical and geometrical fac-
tors. 120121140 However, in some cases the number of param-
eters may be too large, preventing the extraction of a unique
set of ligand field parameters from a direct fit to the ab initio
results. The study of model systems can provide magneto-
structural correlations and tendencies, 12135137141 fyrther im-
proving our chemical intuition on the relation between struc-
ture and property.

4.2 Isotropic interactions

A key ingredient for the existence of non-zero net magnetic
moments at room temperature is the strength of the isotropic
coupling of the spins localized on the magnetic centers. If
the spins are only loosely coupled, temperature effects will
destroy any long-range order of the spins and lead to a para-
magnetic phase in the absence of an external field. Therefore
many efforts have been dedicated to the design of materials
with strongly coupled spin moments. This is in general not so
difficult for antiferromagnetic coupling. By properly choosing
the magnetic core of the system (magnetic centers and bridge),
the kinetic exchange mechanism can induce a delocalization
of the spin density to effectively connect the two magnetic
centers. To name one example, we mention the interaction
of the Cu(Il) ions in the CuO; planes of the copper oxides,
parent compounds of the high-T, superconductors. 914> Actu-
ally, stronger and stronger antiferromagnetic coupling leads in
the end to the formation of a covalent bond between the mag-
netic centers with the *unpaired’ electrons occupying bonding
orbitals.

In contrast, strong ferromagnetic coupling between local-

ized magnetic moments are intrinsically more difficult. Strong
interactions require a certain degree of delocalization of the
spin density, but this normally favors antiferromagnetic cou-
pling. Hence, ferromagnetic order with molecule-based ma-
terials at room temperature is not easily achieved, 143-147 al-
though defects in graphene '*® or semiconductors can induce
robust ferromagnetism. A way to circumvent the kinetic ex-
change mechanism, but still establish contact between the
magnetic centers is the use of 4d or 5d TM ions instead of
the more common 3d TM ions. The spatial extent of the 4d
and 5d orbitals is much larger than the 3d orbitals, and hence,
stronger interactions may be expected for systems with such
ions. 149159 A nice illustration is given by comparing the cou-
pling of Cu(Il) with Cr(III) and with Re(IV) through the same
cyanide bridge. The latter coupling (+57 cm~!, claimed to be
a record for ferromagnetic coupling through CN)'>! almost
doubles the first one, determined to be +32 cm™1. 152 It would
be interesting to see how the magnetic coupling changes when
the Cu(Il) ions in the complexes recently reported by Cola-
cio and collaborators '3 by 4d or 5d ions. These Cu(Il) com-
plexes show extremely strong ferromagnetic coupling of the
order of 200 cm™!.

An alternative to ferromagnetic isotropic coupling is the an-
tiferromagnetic coupling of unlike spin moments. The disad-
vantage of smaller spin moments is compensated by the larger
versatility of the antiferromagnetic couplers. There are many
examples of molecule-based magnets constructed with ferri-
magnetic materials, 14315415

The role of theory and computation in this aspect of molec-
ular magnetism is three-fold. In the first place, the decom-
position of the calculated isotropic magnetic coupling pro-
vides important insights into the relative importance of the
different coupling mechanisms such as the direct and ki-
netic exchange, spin polarization and other electron correla-
tion effects, 3233-107:156.157 Thjs information is important to ra-
tionalize the coupling strengths observed for different com-
pounds. Secondly, computational experiments can be per-
formed to obtain information about the relation between ge-
ometrical factors and the interaction strength. These magne-
tostructural correlations go back to the work of Hay, Thibeault
and Hofmann?!' and many examples may be found in the lit-
erature.>*138-162 Ap jllustration of the information that can
be derived from these computational experiment, we mention
the proposal of some bridges that could possibly give rise to
strong ferromagnetic coupling. '6>1%* Finally, theory is espe-
cially useful to unravel the magnetic structure of polynuclear
systems with several magnetic interaction pathways. 72165166
In these cases, the fitting of the magnetic susceptibility data
cannot by itself provide conclusive results due to the fact that
the curves can be fitted equally well with different parameter
sets.
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4.3 Anisotropic interactions in polynuclear systems

4.3.1 Multispin Hamiltonian. Polynuclear TM com-
plexes with several magnetic centers constitute an impor-
tant group of systems in the field of molecular or molecule-
based magnetism. Among the many examples, we quote
here the single-molecule magnets, the metal-organic frame-
works (MOFs) and extended materials as the TM oxides. The
description of the magnetic phenomena with the multispin
Hamiltonian covers local single-ion anisotropy and intersite
anisotropic terms in addition to the standard, previously de-
scribed isotropic interactions.

The simplest approach to compute single-ion anisotropy in
polynuclear systems consists in treating explicitly only one
magnetic center. This approach neglect the role of intersite
electron correlation on the local single-ion anisotropy. How-
ever, assuming that the single-ion anisotropy is largely dom-
inated by the local ligand field, this approach allows to com-
pute quite accurately the magnitude of the local anisotropy,
and in a similar way as in mononuclear complexes. If other
magnetic ions are located close to the magnetic center of
interest, for instance in the second coordination sphere, the
charge and charge density of these ions may affect the lig-
and field felt by the ion of interest, and thus, the single-
ion anisotropy. These effects can be accounted for by point
charges, model potentials, or diamagnetic ions of similar ionic
radii as the replaced ions. The last two options give more ac-
curate results and are preferable above the crude description
with point charges. Recently, several studies addressed lo-
cal anisotropies in this way. One may quote the work con-
cerning a mixed-valence cobalt heptanuclear wheel, 17 which
allowed to explain the lack of SMM behaviour of this sys-
tem. We estimated the D4 and E4 parameters in the binuclear
complex [Nis(en);Cl,]1>* (en=ethylenediamine) in a similar
way.*? Note that this system was used to further discuss the
multispin and giant spin Hamiltonians, and thus will be used
as an example in the remainder of this section. Recent works
using an embedded cluster approach allowed to estimate the
local ZFS in Cd,0s,07, '%® and a cluster approach was used to
compute the single-ion anisotropy in the Fe,(dobdc) MOF. 136

The determination of intersite anisotropic terms is partic-
ularly challenging from a theoretical point of view, and the
literature on this topic is much less extensive than that on
mononuclear complexes or even single-ion anisotropy. A pi-
oneering work on H,Ti(u-H),TiH, by Webb and Gordon !¢
appeared already in 1998, based on a two-step wave function
based approach, as explained in Section 3.1.3. In this partic-
ular case, i.e. two S=% sites and C; symmetry, the Dap and
Ep parameters can be simply extracted from the ZFS param-
eters of the triplet state.?> As a consequence, although the D4p
and E4p parameters were not explicitly highlighted in this ar-
ticle, since the spin-orbit splitting of the triplet state was deter-

mined, these parameters could have been extracted. Similarly,
we determined with high-level calculations the ZFS of the
triplet state in copper acetate monohydrate,** and had access
to the intersite anisotropic terms of the multispin Hamiltonian.
Still in the case of two S=% site, when the Dzyaloshinskii-
Moriya interaction is symmetry allowed, the energies are not
sufficient to extract the intersite parameters. We showed that
all the parameters of the multispin Hamiltonian can be ex-
tracted in an arbitrary frame with the effective Hamiltonian
theory,”! and that a spin-orbit calculation considering only the
lowest-lying open-shell states (the ones corresponding to the
model states of the HDVV Hamiltonian) allows one to obtain
a good estimate of the antisymmetric exchange.>!!7? This ap-
proach was used to determine the antisymmetric exchange in
cuprates. 170171

As explained in Section 2.2.4, the multispin Hamiltonian
becomes rapidly intractable, starting with the case of two
S =1 local spins. As a consequence, trials to extract the full
set of multispin Hamiltonian parameters from the spin-orbit
coupled states have been unsuccessful so far.*> The strategy
outlined in the previous paragraph for antisymmetric exchange
can, however, be used for any local spin state(s), and was also
applied to the CdyOs,07 system within an embedded cluster
approach. 168

4.3.2 Block spin and giant spin Hamiltonians. In rela-
tion with SMMs and the DFT implementations for the ZFS,
the literature on the giant spin Hamiltonian is more extensive
than the one on the multispin Hamiltonian. The first applica-
tion concerned the well-known Mnj, complex, 7% experimen-
tally studied for its magnetic properties in the 1990s.173-17
This system possesses a S=10 ground spin state, whose spin
components are split and mixed under the effect of spin-orbit
coupling and an anisotropic ligand field. This system was the-
oretically studied by Pederson and Khanna, as an illustrative
example of their method to compute ZFS.''> A very good
agreement between the computed and experimentally derived
giant spin D and E parameters was found, motivating several
other studies of this type with the same methodology. 76182

The giant spin approximation is generally considered as a
good approximation when the spin-mixing is negligible, i.e.
when other spin states are well separated from the ground
state. This happens for example in the strong-exchange limit.
Spin-mixing can be accounted for by introducing higher (than
second) order terms in the spin Hamiltonian. 3184 Since there
are certain limitations inherent to the giant spin approxima-
tion, '8 a detailed theoretical study was performed on the
[Niz(en)sCl,]*t dinuclear unit. In order to clearly assess the
magnitude of the potential effective interactions, wave func-
tion approaches were used together with the effective Hamil-
tonian theory. *>*>137 A first important result was that in cen-
trosymmetric complexes the magnetic anisotropy axes defined
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with the giant spin Hamiltonian correspond to the ones of
the block spin approach and also to those of the multispin
Hamiltonian. A second finding was that when the spin-mixing
is switched off, the Stevens operators can be used within
a block or giant spin approach. After introducing the spin
mixing in the effective Hamiltonian matrix, it became clear
that at second order of perturbation, the spin-mixing cannot
be treated with the Stevens operators. New operators were
designed to account for the spin mixing in centrosymmetric
S=1 binuclear complexes,* clarifying the controversy about
high-order Stevens terms and spin-mixing in giant spin and
block spin approaches. Note that the extension of this work
to other configurations is still a perspective in the molecular
magnetism field.

5 Challenges and perspectives

5.1 Wave function methods: Limits and prospects.

Computational schemes based on a single reference determi-
nant can be used to treat rather large molecules. In many cases
a (nearly) linear scaling can be obtained. However, the in-
trinsic multideterminantal nature of the electronic structure of
most magnetic systems puts serious restrictions on the appli-
cation of wave function based methods. One of the bottlenecks
is the rapid increase of the number of determinants in the refer-
ence wave function with increasing number of unpaired elec-
trons. The reference wave function is commonly expanded
following the complete active space procedure, which is at
present limited to approximately 16 orbitals and 16 electrons
for low-spin states. Instead of a CAS reference, one can also
opt for a restricted active space approach, which have become
specially interesting when the RASPT2 approach '8 became
available to treat the remaining dynamic correlation. The ac-
tive space is divided in three sub-blocks and restrictions are
imposed on the excitations between different blocks. !87 This
method is promising but suffers from some convergence prob-
lems in the wave function optimization and necessarily ne-
glects some matrix elements among the sub-blocks of the ac-
tive space. Other ways of selecting configurations have been
recently developed, namely using the generalized active space
concept, 88 and partitioning techniques can also help in reduc-
ing the computational cost. 18919

A second bottleneck is the number of determinants exter-
nal to the reference space that has to be considered in order to
reach a satisfactory description of the dynamic electron corre-
lation. The previously discussed DDCI approach eliminates
a large part of the external determinants from the standard
MR-SDCI wave function, but is rather demanding already
for medium-sized molecules with few unpaired electrons, and
when the number of unpaired electrons increases only small
systems can be addressed. However, there are several ways

to stretch the applicability range of DDCI. In the first place,
the number of MO’s can be reduced to ~50% of the origi-
nal size at virtually no loss of accuracy by an orbital trans-
formation based on the diagonalization of difference density
matrices ’#!°! or using improved virtual orbitals as proposed
by Barone and co-workers. !°> Secondly, one can introduce
additional selection criteria for including determinants in the
CI expansion when working in localized orbitals. Chemically
less important orbitals can be excluded right away and the re-
maining external determinants are filtered on the basis of the
exchange integrals between the orbitals involved in the exci-
tation, including only those above a certain threshold.’>77-7°
The third approach is based on a combination of variational
and perturbative treatment of the external determinants. In
the complementary space perturbative approach a division is
made in the improved virtual space based on the orbital ener-
gies. The determinants with one or two electrons in the lower
part of the virtual space are treated variationally, while the ef-
fect of the remainder is estimated with second-order perturba-
tion theory.”! The spectroscopy oriented CI follows a similar
scheme, '3 albeit that the division variational/perturbative is
done by screening the determinants based on perturbative es-
timates of the coefficients and energy contributions, inspired
by the CIPSI approach of Malrieu and collaborators. '+

Concerning more specifically the anisotropic interactions,
the size of the active space is limiting in practice the maxi-
mum size of systems that can be treated, except if only the
antisymmetric exchange is targeted (see Section 4). For in-
stance, for binuclear TM systems, the minimal active space
contains the d electrons and the 10 d orbitals. Although re-
strictions of the CI space may lead to more tractable calcula-
tions, e.g. by using the RASSCF/RASPT?2 approach, the com-
putation of the giant spin Hamiltonian in Mn, with WFT is
far from being a realistic short term objective. Another limita-
tion of the two-step sum-over-states and state-interaction ap-
proaches arises from the necessity of defining the external and
state-interaction spaces, respectively. Although in standard
TM complexes with SOC essentially dominated by the TM
atom and with only a moderate mixing of the TM d and ligands
AOs, i.e. for weak to moderately covalent coordination bonds,
it is easy to select such spaces, it may not be more problematic
in some cases. In particular, with heavy atom ligands, the SOC
near these ligand nuclei can also play an important role on the
ZFS. In this case, one cannot simply restrict to crystal-field ex-
cited states if the coordination bond show moderate covalent
interactions between the TM and ligand orbitals. The pro-
gressive increase of the active space and the state interactions
space can in principle solve this problem. However, attempts
to treat such situations in this way were unsuccessful. '3* One
elegant way to avoid this problem would be to avoid truncation
and averaging artefacts, e.g. by using linear response theory,
or by treating simultaneously electron correlation and SOC.
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The development of a general approach aiming to treat any
mononuclear system accurately and at a moderate computa-
tional cost with WFT has yet to be achieved.

5.2 Density functional methods: Recent progress, limits,
and outlook.

The application of DFT to transition metal based systems, de-
spite its long-standing history, still deserves further develop-
ment. As pointed out in a recent review, some applications
have been performed with not so reliable functionals, however,
ongoing development of new functionals and new applica-
tion fields may lead to further improvements in the future. !9
Isotropic magnetic couplings obtained with broken-symmetry
calculations, despite the choice of the extraction scheme and
other computational details, essentially depend on the func-
tional choice. Recently, benchmarks have been performed on
transition metal complexes, 1%410% assessing the reliability of
standard and new functional to compute isotropic couplings.
The very popular B3LYP!®® and PBE0!7 hybrid function-
als tend to largely overestimate moderate to large magnetic
couplings. 1% Although these functionals are widely used for
chemical applications, they are therefore not recommended in
general to compute isotropic magnetic couplings. The M06
meta generalized gradient approximation (GGA) hybrid func-
tional ' usually provide better magnetic couplings than the
B3LYP and PBEO ones, % and thus can be recommended to
compute isotropic interactions. Higher accuracy can be ob-
tained with range-separated functionals, such as the Heyd-
Scuseria-Ernzerhof (HSE)!? and long range corrected (LC)
hybrid LC-wPBE?% ones. Note that the HSE functional is
however less robust than the LC-wPBE one, which provides
a close correlation between experimental and computed val-
ues. 19 One may conclude at this stage that some recently de-
veloped functionals tend to better behave than standard ones,
which is a significant progress in the field.

A second important point of attention is the way to con-
nect the energies of the different Kohn-Sham determinants
with the magnetic coupling parameters.®® As mentioned in
Section 3.2, various schemes exist to extract J from broken
symmetry calculations. None of this scheme is perfect in the
general case, and these different schemes would lead to dif-
ferent coupling constant values in a practical case. Hence,
the extracted values are not uniquely defined, contrary to the
WEFT approaches which ensure proper spin symmetries. One
should also note that it is not easy to access other types of
isotropic interactions such as biquadratic exchange, although
it is in principle possible to extract relevant information by us-
ing an appropriate set of spin-broken-symmetry solutions. '
Spin-flip time-dependent DFT (SF-TDDFT) allows to extract
unambiguously magnetic couplings, 2°!~2%3 and would deserve
further testing. Multiconfigurational hybrid density-functional

theory2** appears as an attractive route by combining the ad-
vantages of both WFT and DFT approaches in an efficient and
accurate way, and may lead to some significant progress in the
next few years.

Despite recent reviews of the available approaches for com-
puting ZFS parameters based on DFT, including the correc-
tions of some prefactors, %115 a recent article pointed out
difficulties to compute the ZFS in Ni(Il) mononuclear com-
plexes.'!” It is in particular very surprising and quite puz-
zling to observe that sum-over-state and linear response the-
ory based approaches lead to completely different answers in
the tested molecules, i.e. different D signs. This fact could
indicate a problem in either or both approaches, and thus a
more detailed study on the origin of this discrepancy is neces-
sary. Even more surprising, is the fact that the computed val-
ues are far off compared to experiment (more than a factor of
10), while these complexes are correctly treated with WFT and
other d" configurations are less problematic for DFT. It would
be crucial to understand the reasons of such failures in order
to improve the DFT methods for the magnetic anisotropy, and
one may hope that these recent articles and the present article
will motivate further theoretical work on this problem.

5.3 Interpretation of experimental data: Comments and
perspectives

Until now, this review mostly focused on the zero-field Hamil-
tonians from theoretical and computational points of view.
The experimental component is however crucial in this field,
and we now want to underline the role of joint or independent
experimental and theoretical/computational efforts to under-
stand how to extract and interpret relevant magnetic parame-
ters.

The copper acetate monohydrate case underlines the dif-
ficulty of extracting magnetic parameters from experiment.
After being considered positive for decades,*”*® new exper-
iments allowed recently to determine unambiguously that the
D parameters of the first excited triplet state is actually neg-
ative.?%% Shortly after, high-level quantum mechanical calcu-
lations supported this latter experimental study,*® nearly 60
years after the first magnetic study>’® of this compound! One
can conclude from this that the extraction of magnetic param-
eters from experiment is not trivial, and that theoretical and
computational studies can be helpful in confirming the values
of experimentally extracted parameters.

In solid state or polynuclear systems, it is often possible
to find various sets of parameters allowing to fit with simi-
lar accuracy a same data set. One may quote the LiCu,0;
case as an example, for which two potential parameter sets
were discussed in the literature.??’2!! By performing ab ini-
tio calculations on embedded clusters, it was eventually pos-
sible to discriminate between these two parameters sets. !’}
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Similar examples concern the magnetic interactions in Cu(II)
cubanes, discussed by Calzado’? and the polynuclear Mn
clusters treated by Ruiz and co-workers. %212

It is often hard to extract unambiguously antisymmetric in-
teractions from experiment due to a too large number of pa-
rameters to be simultaneously extracted.?'> In some cases
however, the norm of the Dzyaloshinskii-Moriya can be ex-
tracted after some approximations in the model.?'* Since
there is clearly a need for more understanding of the role
of the Dzyaloshinskii-Moriya interaction in molecular mag-
netism, %! the possibility of computing ab initio the magni-
tude of this interaction is an important step in this direction.

Theory can also help in rationalizing the magnitude of the
ZFS parameters, which is an important perspective in the
field for some years.?! Magneto-structural correlations can
of course be obtained by analyzing only experimental data, 2!
but computational chemistry can be even more powerful in
the sense that model systems can be studied. !*! Theoretical
predictions concerning the various mechanisms leading to an
effective parameters can also be confirmed, such as the role
of bridging oxygen atoms on the antisymmetric interaction in
cuprates. 30,51

In many cases, high-field/high-frequency electron paramag-
netic resonance (HF-EPR) is a powerful tool to determine ZFS
parameters, >3 allowing to perform definitive extractions.?!”
However, in some cases, a discrepancy appears between the
model used in the experimental extraction??” and the one de-
rived from ab initio calculations and the effective Hamiltonian
theory.*? Such a situation is problematic in the sense that the
experimental extraction is in this case potentially invalidated,
while it is not clear how to experimentally probe the validity
of the different models. Theoretical and experimental efforts
are then still required to solve this discrepancy which concerns
the multispin Hamiltonian in bi- and poly-nuclear complexes.

More generally, two approximations are often used to ex-
tract experimental information in bi- and poly-nuclear sys-
tems, (i) the collinear approximation, and (ii) the strong-
exchange limit approximation. While it is clear that these two
approximations should not be used in non-collinear situations,
or under the weak-exchange limit, at least one of these two
approximations cannot be removed in standard programs used
to simulate magnetic data, i.e. fit magnetic data. Theoretical
determinations of magnetic parameters can then be very help-
ful in such cases, and still more theoretical and experimental
work is necessary to better understand and characterize such
complex situations. We hope that the present review will stim-
ulate more efforts in this direction.

6 Concluding remarks

Spin Hamiltonians are used to interpret experimental magnetic
data for many decades. Many breakthroughs in the molecular

magnetism field are related with magnetometric studies and
EPR spectroscopy, notably evidencing isotropic couplings be-
tween electrons located in different magnetic centers, as well
as zero-field splitting in many mononuclear and polynuclear
transition metal complexes. The interpretation of these exper-
iments first relied on simple models, and more recently also on
accurate computational quantum chemistry studies. Not only
the parameter values can be discussed, but also the validity of
the model Hamiltonians. Moreover, more interpretative infor-
mation can be obtained, which is crucial to understand how
to control the property, and thus how to design rationally new
systems and materials in view of applications. Many method-
ological and interpretative challenges remain, and further the-
oretical and experimental efforts are necessary.
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