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Abstract

After a short introduction in the field of molecular magnetism, we focus on calculations of the magnetic anisotropy energy based
on density functional theory. The results obtained make one confident in the predictive power of the formalism. To cite this article:
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� 2006 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

‘‘Molecular magnetism deals with magnetic proper-
ties of isolated molecules and/or assemblies of mole-
cules’’ [1], as expressed by Olivier Kahn, one of the
founders of this research topic. This definition is quite
general and there has been recently more emphasis on
the aspect of the rational design of molecular magnetic
properties in the field [2]. Therefore, molecular magne-
tism is seen ‘‘as a discipline which conceives, realizes,
studies, and uses new molecular materials bearing new
but predictable magnetic (and other) physical property’’
[3]. Research in molecular magnetism is driven by
inter-disciplinary interaction between various fields in
chemistry, physics, engineering and even biology.

This field of research is very attractive for first-
principles microscopic simulations, because the crystal
structure of molecular magnets is well defined,
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reproducible and is made available rapidly. The progress
in the field is clearly driven by advances in chemical syn-
thesis of the materials and ingenious experiments. How-
ever, the combined efforts of physicists and material
scientists, particularly theorists, inspire confidence that
theory may become one day useful not only for explain-
ing and postdiction, but also for guiding the synthesis of
new promising materials. As for now, the theory dealing
with first-principles calculations tries to keep pace with
experiment, still trying to reproduce it rather than to lead.

Nevertheless, there has been a notable progress in the
prediction of exchange interactions and magnetic an-
isotropy energies from density functional theory during
the last few years. The calculation of exchange cou-
plings seems nowadays possible and feasible even for
larger systems using methods based on density func-
tional theory (DFT). For a recent review on the topic
of calculation of exchange couplings using DFT see
e.g. [4]. In contrast to cases where magnetic exchange
interactions follow the famous GoodenougheKanamori
ed by Elsevier Masson SAS. All rights reserved.
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rules [5e7], we still have to await similarly clean gen-
eral insights derived from theory in the case of magnetic
anisotropy, which is another crucial property of molec-
ular magnets, which could revolutionize the rational
design of molecular nanomagnets.

2. Mn12-acetate: the most famous example

The discovery of the molecule Mn12O12(CH3-

COO)16(H2O)4 with a magnetic ground state of
S¼ 10 showing a magnetic hysteresis [8] due to the
properties of the single Mn12-molecule has created
large interest in the field. The observed hysteresis in
molecular magnets is not due to re-orientation of do-
mains as in conventional ferromagnets. Instead, it is
an intrinsic molecular property that results from the
magneto-crystalline anisotropy. This process can only
be observed because the relaxation time is very large
compared to the measurement time. The relaxation of
the magnetization becomes indeed very slow at low
temperatures (of the order of several months at 2 K).
Therefore, by applying a magnetic field the material
can be magnetized and will keep this magnetization
for a long time if kept at very low temperatures. The
so-called single-molecule magnets (SMM), which are
also called molecular nanomagnets, can often be crys-
tallized and form molecular crystals with relatively
large distance between the molecular constituents.
Therefore interactions between the molecular entities
remain weak, so that the magnetic behavior probed by
experiments is often dominated by intra-molecular
effects.

Mn12-ac has been synthesized and reported first in
1980 [9]. The molecular crystal has tetragonal sym-
metry with space group I4, a single Mn12-acetate clus-
ter in the crystal posses an S4 symmetry. There are
now several modifications of Mn12-acetate known,
with different crystal structures, solvent molecules
and water coordination e see Ref. [10] for more
information.

3. Spin-orbit coupling and magnetic
anisotropy energy

Strong spin-orbit coupling would try to align the
spins of electrons in the magnetic d shell with the
magnetic field. In a chemical environment, the d shell
experiences a crystal field splitting due to the electric
field of the neighboring atoms. The energy cost or
gain of aligning the electron spins in an external mag-
netic field will then depend on the spatial arrangement
of the d shell. In two special cases, however, the
magnetic anisotropy can be suppressed. If the crystal
field splitting (i.e. anisotropic interaction with the li-
gands) is small, the spins in the d shell may freely ro-
tate and will follow the external magnetic field,
without much loss in energy. On the other hand, if
the crystal field splitting is much larger than the
spin-orbit coupling, the system (transition metal ionþ
ligands) prefers a configuration with zero (quenched)
orbital moment and no magnetic anisotropy. In a semi-
classical picture this orbital quenching can be inter-
preted, that the orbital momentum processes in the
crystal field, so that its magnitude remains unchanged
but all its components average to zero. However, the
spin-orbit coupling cannot be completely ignored and
it will mix in states with non-zero orbital momentum.
This is responsible for the deviation of the g-factor
from the pure spin value of 2.

Therefore, the height of the magnetic anisotropy
barrier emerges by a quite subtle interplay between
the strength of the spin-orbit coupling and the interac-
tion with the crystal field due to the ligands. The tem-
perature up to which a magnetic device will retain its
preferential magnetic orientation is therefore deter-
mined by the magnetic anisotropy, hence high anisot-
ropy is one of major priorities in the design of useful
SMM devices.

Recently, Pederson and Khanna [11,12] have
developed a method for accounting for second-order
anisotropy energies. This method relies on a simple
albeit exact method for spin-orbit coupling and a
second-order perturbative treatment of the spin
Hamiltonian to determine the dependence of the total
energy on spin projection. It makes use of the Carte-
sian representation of the spin-orbit term, which is
exact and also is more adaptable for multi-center
systems.

4. Magnetic anisotropy in single-molecule
magnets

The spin Hamiltonian describing the magnetic an-
isotropy up to second order can be expressed as:

H ¼ DS2
z þE

�
S2

x � S2
y

�
: ð1Þ

We distinguish between axial and transverse anisot-
ropies, with their corresponding parameters D and E.

The values of the axial anisotropy D available from
a number of experiments for different SMM, and for
several SMM first-principle calculations carried out
with the use of the NRLMOL code are summarized in
Table 1. The NRLMOL program package developed
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by Pederson et al. is an all-electron Gaussian-type or-
bital implementation of DFT [13].

In all the cases presented here the calculated spin or-
dering is in agreement with experiment. The calculated
D parameters for Mn12, Mn10, Mn9, and the ferric star
Fe4 are in excellent agreement with experimental values.
The only remarkable discrepancy is found for Fe8, a sys-
tem which seems to pose complications for the DFT
treatment. Apparently the DFT may be unable to predict
the ground-state density accurately enough due to im-
portant electronic correlations beyond the mean-field
treatment. Similar deviations between experiment and
theory have been found for a series of monomers, where
D is underestimated by about a factor of two [27].

The SMM listed in Table 1 are in general charac-
terized by a high-spin ground state. However, a high
spin state does not necessarily correlate with a high
anisotropy barrier. The prefactor D is also very impor-
tant. In order to increase the barrier one has to under-
stand and control D, which will be the main goal of
future research in this area. In all cases where the
E parameter is not zero by symmetry it has been
predicted with similar accuracy as D e see relevant
references for details.

The results obtained make one confident in the
predictive power of the formalism. A microscopic un-
derstanding (based on the electronic structure of
SMM) of the magnetic anisotropy parameters seems
to be crucial for the rational design of single-
molecule magnets.
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Table 1

Comparison of the calculated (DFT-NRLMOL) and experimental

magnetic anisotropy parameter D for selected single-molecule

magnets

Molecule S D(K)

Theory Experiment

Mn12O12(O2CH)16(H2O)4 10 �0.56a �0.56b

[Fe8O2(OH)12(C6H15N3)6Br6]2þ 10 �0.53c �0.30d

[Mn10O4(2,20-biphenoxide)4Br12]4e 13 �0.06e �0.05f

Co4(CH2C5H4N)4(CH3OH)4Acl4 6 �0.64g �0.7 to �0.9h

Fe4(OCH2)6(C4H9ON)6 5 �0.56i �0.57j

Mn9O34C32N3H35 17/2 �0.33 �0.36l

Ni4O16C16H40 4 �0.385 �0.40l

Mn4O3Cl4(O2CCH2CH3)3(NC5H5)3 9/2 �0.58m �0.72n

a [11,14]; b [15,16]; c [17]; d [18]; e [19]; f [20]; g [21];
h [22]; i [30]; j [23]; l [24]; m [25]; n [26].
Jürgen Schnack, Eliseo Ruiz, Carlo Massobrio, Marc
Drillon and Stefan Blügel. This contribution is partially
based on similar work in collaboration with A. V. Postni-
kov [28,29].
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Chem., Int. Ed. Engl. 42 (2003) 4653.

[23] S. Schromm, O. Waldmann, P. Müller, in press.

[24] S. Piligkos, G. Rajaraman, M. Soler, N. Kirchner, J. van Slage-

ren, R. Bircher, S. Parsons, H.U. Gudel, J. Kortus,

W. Wernsdorfer, G. Christou, E.K. Brechin, J. Am. Chem.

Soc. 127 (2005) 5572.

[25] K. Park, M.R. Pederson, S.L. Richardson, N. Aliaga-Alcalde,

G. Christou, Phys. Rev. B 68 (2003) 020405.

[26] W. Wernsdorfer, N. Aliaga-Alcalde, D.N. Hendrickson,

G. Christou, Nature 416 (2002) 406.

[27] J. Cirera, E. Ruiz, J. Kortus, (in press).

[28] A.V. Postnikov, J. Kortus, M.R. Pederson, Physica Status solidi

(b) 243 (2006) 2533.

[29] J. Kortus, A.V. Postnikov, in: M. Rieth, W. Schommers (Eds.),

Handbook of Theoretical and Computational Nanotechnology,

American Scientific Publishers, 2006, ISBN: 1-58883-042-X.

[30] J. Kortus, M.R. Pederson, T. Baruah, N. Bernstein,

C.S. Hellberg, Polyhedron 22 (2004) 1871.


	Molecular magnets explored by density functional theory calculations
	Introduction
	Mn12-acetate: the most famous example
	Spin-orbit coupling and magnetic anisotropy energy
	Magnetic anisotropy in single-molecule magnets
	Acknowledgements
	References


