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The rise of 3-d single-ion magnets in molecular
magnetism: towards materials from molecules?

Jamie M. Frost, Katie L. M. Harriman and Muralee Murugesu®

Single-molecule magnets (SMMs) that contain one spin centre (so-called single-ion magnets) theoretically
represent the smallest possible unit for spin-based electronic devices. The realisation of this and related
technologies, depends on first being able to design systems with sufficiently large energy barriers to
magnetisation reversal, Uer, and secondly, on being able to organise these molecules into addressable
arrays. In recent years, significant progress has been made towards the former goal — principally as
a result of efforts which have been directed towards studying complexes based on highly anisotropic
lanthanide ions, such as Tb(i) and Dy(m). Since 2013 however, and the remarkable report by Long and
co-workers of a linear Fe(l) system exhibiting Uer = 325 K, single-ion systems of transition metals have
undergone something of a renaissance in the literature. Not only do they have important lessons to
teach us about anisotropy and relaxation dynamics in the quest to enhance Ugg, the ability to create

strongly coupled spin systems potentially offers access to a whole of host of 1, 2 and 3-dimensional
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Accepted 22nd December 2015 materials with interesting structural and physical properties. This perspective summarises recent progress

in this rapidly expanding sub-genre of molecular magnetism from the viewpoint of the synthetic

DOI: 10.1039/c5sc03224e chemist, with a particular focus on the lessons that have so far been learned from single-ion magnets of
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1. Introduction: the “why"?

Magnetic materials occupy a prominent place in our daily life;
from information storage technology to communication devices
and medical equipment, to name but a few. Traditionally,
demand for these applications has been met by rare-earth
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the d-block, and, the future research directions which we feel are likely to emerge in the coming years.

intermetallics such as SmCos and Nd,Fe, 4B, which are amongst
the most powerful magnets known to date.' However, an
increasing drive towards miniaturisation of technology,
combined with volatile lanthanide markets and concern
surrounding the geopolitics of the rare-earth supply chain, have
necessitated the exploration of new approaches to the design of
smaller and cheaper alternatives. One possible method of
achieving this would be to take a molecular ‘“bottom-up”
approach to the design of magnetic materials. Single-molecule
magnets (SMMs) are molecules, which exhibit slow relaxation of
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their magnetisation of purely molecular origin. When
a complex exhibits such behaviour, but contains only a single
metal ion, they are often referred to as single-ion magnets
(SIMs). Or, alternatively, mononuclear single-molecule magnets
(MSMMs).> We advance no argument in favour of the use of
either term, it is strictly for the sake of clarity and readability
that we have chosen to adopt the former. These systems
continue to be at the forefront of nanomagnetic materials
research and have been proposed for use in a variety of appli-
cations, including molecular spintronics,® high-density infor-
mation storage,® and qubits for quantum information
processing.® Practical applications aside there is an inherent
academic interest in the study of such materials, with SMMs/
SIMs representing ideal model systems with which to discover
and probe fascinating new physics, particularly at the interface
between the classical and quantum regimes.® SMMs/SIMs are
superparamagnets, which display magnetic hysteresis below
their blocking temperature (Tg). These materials are magneti-
cally bi-stable, exhibiting an energy barrier to spin reversal from
+M, to —M,.” This concept is best illustrated using a double-well
potential energy diagram, where the two wells represent the
lowest energy + M levels (Fig. 1). The nature of the energy
barrier separating the two wells continues to be the subject of
debate within the molecular magnetism community (vide infra),
but nevertheless is often quoted as Ui = $*|D| and Ueg = (S* —
1)|D| for integer and non-integer spin systems respectively.® In
these equations, S is the total spin of the complex and D is the
axial zero-field splitting parameter, which can be positive or
negative. The former describes a system in which the smallest
M states are lower in energy than the larger M states; the latter,
where the largest M states are lowest in energy. With some
notable exceptions, SMMs are characterised by the presence of
a negative value of D. When D is negative, the energy difference
between M = 0 and M, = +85, denoted U, represents an energy
barrier to thermal inversion of the magnetic moment. This
means that if the thermal energy of a system (KgT) is less than U,
the system will be unable to randomly reorientate its magnetic
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Fig. 1 Double-well energy diagram for negative (left) and positive
(right) D.

moment and will thus remain trapped in a potential energy
minimum. Under such circumstances, if the system is magne-
tised under an applied field, upon removal of this field it can
retain this magnetisation (provided KgT never becomes greater
than U). This gives rise to a magnetic hysteresis effect at low
temperatures of purely molecular origin, which is the defining
feature of a SMM/SIM.

The magnitude of the energy barrier to relaxation of the
magnetisation in SMMs is normally determined by temperature
dependent alternating current (ac) susceptibility measure-
ments. In simple terms, the inability of the magnetisation of
a given system to follow progressively larger oscillating
magnetic fields is indicative (but not conclusive proof) of some
energy barrier to relaxation of the magnetisation. This mani-
fests itself as frequency dependent signals (x',, and x"y,) in the
in-phase and out-of-phase components respectively, of the ac
susceptibility. Because the peak maximum in y',, is the
temperature at which the angular frequency (w) of the oscil-
lating magnetic field is equal to the rate of spin reversal (1/7),
the experiment is effectively a source of kinetic data and permits
construction of a simple plot based on an Arrhenius rate law.
For a thermally activated process over a single energy barrier
a plot of In(1/7) vs. (1/T) should be linear according to the
following relationship:

-

where 1, is the relaxation rate. Of course, implicit in its use is
the assumption that the system under study exhibits Arrhenius
physics and that the relaxation observed arises solely from
a thermal process. This is rarely the case, particularly for poly-
metallic systems in the weak exchange limit, and the inade-
quacy of eqn (1) in capturing the rich physics of SMMs is well
documented in the literature.® The intricacies of relaxation
dynamics is a specialist topic outwith the scope of this current
perspective. In simple terms though, it is helpful to think of
SMM systems as being composed of two parts, the spin system
and the lattice system, with interactions between spin and
lattice vibrations (phonons) offering additional relaxation
pathways to the system, which “shortcut” the thermal one. It is
these additional relaxation pathways (Fig. 2) that cause experi-
mentally observed deviations from linearity in Arrhenius
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Fig.2 Schematic representation of possible relaxation pathways in SMMs. Blue lines represent spin states. The grey line represents a virtual state
by which Raman relaxation proceeds. Colour code: green = ground state QTM, red = thermally assisted QTM (TA-QTM), purple = Orbach

relaxation, grey = Raman relaxation.

plots.” Specifically, there are three types of spin-lattice relaxa-
tion mechanism: (i) direct processes involve relaxation from
—M; to +M, with emission of a single lattice phonon (ii) an
Orbach process involves absorption of a phonon followed by
phonon emission and relaxation from an excited state whereas
(iii) a Raman process, is analogous to the Orbach mechanism
with the exception that the relaxation occurs from a virtual
state. SMMs can also exhibit quantum tunnelling of the mag-
netisation (QTM) if there is transverse anisotropy in the system
-which is introduced by distortions from purely axial symmetry
(for which QTM is formally forbidden).** Here, the magnet-
isation tunnels through the anisotropy barrier between super-
posed ground M states, with tunnelling between excited Mg
states possible via thermal/phonon assisted mechanisms. The
acute sensitivity of tunnelling processes to changes in molec-
ular symmetry, is one of the principal motivations behind the
desire of synthetic chemists to control coordination number,
geometry and therefore the molecular symmetry of SIMs/SMMs.
In addition to these tools, and the use of magnetic dilution (vide
infra), one common sense approach for minimising QTM
through the ground state is to utilise a Kramers ion (odd elec-
tron count), for which breaking of the M, degeneracy and thus
QTM is formally forbidden in strictly zero-field.**

2. A sshift in focus: from single-
molecule to single-ion magnets

Since the birth of SMM chemistry there has been a clear
evolution in the focus and direction of research activity. Early
studies focussed principally on high nuclearity d-block and

2472 | Chem. Sci.,, 2016, 7, 2470-2491

then f-block systems with large spin ground states, whereas
recent developments focus on single-ion systems of the f and d-
block elements. The primary motivation behind this research
evolution has been the quest to understand and control the
magnetic anisotropy of single-ions, leading to higher values of
both Ues and Tg. An SMM system with a Ty above room
temperature is widely regarded as the holy grail of molecular
magnetism. In theory, this would allow molecule-based devices
to surpass conventional magnetic storage media in terms of
thermal stability with respect to magnetisation decay. The first
example of what we now call an SMM was a Mn(m) cluster;
[Mn;,0;,(0Ac),6(H,0),]-2MeCO,H-4H,0, often referred to
simply as [Mn;,0Ac]. Magnetically characterised by Caneschi
et al. in the early 90's (and synthesised by Lis some 11 years
previously),** this molecule set the benchmark for SMMs with
an S = 10 ground state, D = —0.5 cm™ ', U = 60 K and T = 3
K.* Given the immense interest in [Mn;,0Ac], many synthetic
chemists pursued the synthesis of new SMM compounds with
a particular focus on polymetallic clusters of Mn(m) - the Jahn-
Teller (JT) distortion in the Mn(m) ion, d*, largely responsible
for the anisotropy of such molecules. Between the early 90's and
the mid 2000's the number of reported compounds exhibiting
SMM behaviour surged, and had come to encompass poly-
metallic systems of V, Mn, Fe, Co and Ni as well as a limited
number of heterometallic 3d-4f systems.*” Despite rapid growth
in the number of reported SMMs, progress towards increasing
Ty and Uy remained slow; the record breaking system as of
2006, [Mn™¢0,(Et-sa0)(0,CPh(Me),),(EtOH),], synthesised by
Brechin and co-workers possessing a Tz = 4.5 K and U, = 86.4
K.*® By this point however, the assumption that the develop-
ment of more efficient SMMs required clusters with large total

This journal is © The Royal Society of Chemistry 2016
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spin values, an assumption which had directed synthetic efforts
towards high nuclearity clusters, was already under challenge.
Several theoreticians pointed out that the oft-quoted relation-
ship Ueg = 8?|D|, obscures a fundamental connection between S
and D, namely that D itself is inversely proportional to > In
other words, incorporating large numbers of paramagnetic
centres into a molecule may be counterproductive in terms of
generating large cluster anisotropies (D¢jyster)- In part, this effect
can be thought of as structural; as the nuclearity of a cluster
increases it becomes increasingly difficult, if not impossible, to
exert control over the mutual alignment of anisotropy axes — the
mutual cancellation of local anisotropies thus leading to small
values of Dcjyseer- This of course is not the whole story. For
example, even in the approximately isostructural [Mn™;0(R-
520)3(X)(sol);_4] (Where R = H, Me, ‘Bu; X = O,CR (sao = sali-
cylaldoxime, R = H, Me, Ph etc.); sol = py and/or H,O) family of
SMMS, D.uster Values of the ferromagnetically coupled S = 6
analogues are measurably smaller than the antiferromagneti-
cally coupled S = 2 ones.* This is just one select example of
large magnetic anisotropy not being favoured by a high spin
ground state. These factors combined with the first report by
Ishikawa and co-workers in 2003 of mononuclear lanthanide
systems, [TBA][Pc,Ln], (Pc = pthalocyanine; Ln = Tb, Dy; TBA =
tetrabutylammonium) exhibiting slow relaxation of their mag-
netisation," helped to shift focus away from polymetallic clus-
ters to single-ion systems.

2.1 Why d block SIMs?

On the face of it, single-ion complexes of the first-row transition
metals may appear poorly suited to the task of building high Ue
and/or high Ty systems, at least in comparison to their lantha-
nide counterparts. In particular they possess; (i) smaller
magnetic moments, (ii) lower spin-orbit coupling constants,
and perhaps most crucially, (iii) strong coupling of the d-
orbitals to the ligand field can quench first-order orbital
contributions to the magnetic moment. Although arguably the
first d-block SIM appeared in the literature as far back as 2003
(vide infra), it was not until 2010 and the report of an Fe system
exhibiting slow magnetic relaxation by Long, Chang and co-
workers,'® that mainstream interest in single-ion systems of the
d-block really began. Since then, there has been a growing
number of first-row d-block SIM systems reported in the liter-
ature - now extending to Mn(m), Co(u), Ni(1)/(II) and very
recently Cr(u). SIMs represent the simplest model systems with
which to probe our understanding of the physics of spin,
anisotropy and magnetic relaxation in metal complexes. The
study of SIMs, and the properties that dictate their behaviour,
should therefore be considered a fundamental undertaking in
the quest to fabricate functional nanoscale magnetic materials
from the bottom-up.

The major advantage of using d-block metal ions is the
ability to create strongly coupled spin systems. This is in stark
contrast to the situation encountered with lanthanide ions
where the core-like nature of the 4f orbitals largely prohibits
this (with some notable exceptions)."” As we gain greater
understanding of the physics of 3d single-ions in a ligand field,

This journal is © The Royal Society of Chemistry 2016
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we can begin to develop strategies that will allow us to couple
the anisotropy of individual ions together to create polymetallic
systems (SMMs) in a more rational manner. Knowledge gleaned
from such work can also potentially be used to revisit and
improve upon the properties of existing systems. For example,
synthetic chemists have long sought to create magnetically
interesting molecules by targeting complexes that are fragments
of known minerals."”® A particularly nice example of this is the
Hpy[Fe;7016(OH)12(py)12Cl4]Cl, cluster by Brechin, Collison and
co-workers," whose Fe and O positions mimic a portion of the
magnetite lattice (i.e. tetrahedral Fe(u) sites linked to octahe-
dral Fe(m) ones). Capping Cl ions and py molecules occupy the
peripheral metal sites, thus preventing cluster nucleation
(Fig. 3). This system is not an SMM. However, if model SIM
systems can be synthesised which allow a better understanding
of how to extract the maximum available anisotropy from Fe
ions in tetrahedral and octahedral ligand fields, then it may be
possible to structurally modify these larger systems in an effort
to exert control over the geometric positions of the Fe ions with
respect to one another, and hence, the anisotropies of both the
single ions and the resulting cluster, in an effort to engender
SMM properties. Such work is invariably of relevance to those
working on larger size-scale systems such as magnetic nano-
particles and bulk-magnetic materials (e.g. magnetite itself).

Of course, d-block SIMs should not just be viewed as
academic curiosities and model systems for polymetallic clus-
ters, they open up new branches of chemistry in their own right.
For example, the utilisation of SIM building blocks in the
modular design of materials is a research area, which is already
active in the 4f arena. The systematic synthesis of multi-decker
cyclooctatetraenyl (COT> ") complexes of Gd(m), Er(m) and Dy(m)
is a conceptual illustration of this design principle in action
(Fig. 4).>° Of course, the 4f ions in these structures are not
strongly coupled (J = —0.007 to —0.48 cm ' in the —2J
formalism) to one another, and the slow relaxation behaviour of
these systems can primarily be ascribed to the single-ion
properties of the lanthanide ions. However, one can easily
imagine that the application of similar design principles to SIM
systems of the d-block ions, could result in the isolation of
magnetic wires (i.e. single-chain magnets) (Fig. 5) with large
spin and uniaxial anisotropies resulting from the coupling of
single-ion properties.

Fig. 3 (a) Molecular structure of Hpy[Fe;7016(OH)12(py)12CLICL, (b)
metallic core of Hpy[Fe;7016(0OH)12(py)12Cl4ICly and (c) a portion of the
structure of magnetite demonstrating its similarities with Hpy[Fe;;-
O16(OH)15(py)12ClL4ICl,. Colour code: orange (Fe), red (O), blue (N),
green (Cl), grey (C). Hydrogen atoms omitted for clarity. Adapted from
ref. 19.

Chem. Sci,, 2016, 7, 2470-2491 | 2473
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Fig. 4 Molecular structure of some multi-decker 4f COT complexes.
Colour code: yellow (Ln), purple (K), green (Si), red (O), grey (C).
Hydrogen atoms omitted for clarity.

e - - - - - - w w- w w w - -

Fig. 5 A hypothesised chain-like arrangement of M(COT), monomers
with uniaxial anisotropy, illustrating the concept of modular design of
single-chain magnets. The axial anisotropy of each monomer is
depicted as blue vectors and the vector addition of the monomeric
axial anisotropies yields the net axial anisotropy (purple).

Another approach would be to take SIM building blocks and
assemble them into 2- and 3-dimensional networks such as
metal-organic frameworks (MOFs). Not only is the ability to
tune the distance of magnetic interactions between SIM units
using linker ligands of varying length interesting from the
magneto-chemists point of view - it constitutes one important
strategy for structurally ordering SIMs to create addressable
arrays for device fabrication. The synthesis of MOFs in which
SIM/SMM units are used as nodes also affords a new perspective
with which to approach the design of porous magnetic mate-
rials.”* Incidentally, SMMs have recently been incorporated into
the pores of MOFs themselves, as a means of both magnetically
isolating them from their surroundings, and studying the
effects of host-guest interactions and confinement effects on
relaxation dynamics.*

As one can see, the future growth and development of SIM
chemistry depends first, upon a systematic exploration of

2474 | Chem. Sci,, 2016, 7, 2470-2491
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synthetic factors that will allow the creation of new SIMs that
can serve as suitable building blocks. Secondly, a solid under-
standing of the fundamental physics of these molecules, and
how the various interactions, which give rise to slow relaxation
can be tuned through synthetic means, is required. One subject
of paramount importance in this regard is magnetic anisotropy.

3. Magnetic anisotropy: the key
parameter?

Magnetic anisotropy is the preferential alignment of the
magnetic moment along a specific direction. This normally
occurs along the most energetically favourable direction of
spontaneous magnetisation in a system, the so-called easy axis
(the z-direction by definition). Or alternatively, the xy plane,
which is denoted the easy plane. Consequently, there also exists
a hard plane and a hard axis, which is the plane and axis
perpendicular to the easy plane and easy axis respectively. The
magnetic behaviour of SIMs is governed by the anisotropic zero-
field splitting parameters, D and E, according to the following
simplified Hamiltonian:

H =[DS? — S(S+ 1)/3+ ES.* - S, (2)

where D and E are the axial and rhombic zero-field splitting
parameters, respectively, and S is a spin operator, which
describes the spin projection along a given axis. The role of D
and E can be thought of as lifting the degeneracy of the 25 + 1
spin microstates associated with a given S, in the absence of an
applied magnetic field. This effect is referred to as zero-field
splitting (ZFS). Broadly speaking, there are two phenomena that
can result in the development of ZFS and thus magnetic
anisotropy: (i) first order spin-orbit coupling (in-state spin-
orbit coupling) and (ii) second order spin-orbit coupling (out-
of-state spin-orbit coupling).”® The former describes the direct
mixing of spin and orbital angular momentum components in
the ground electronic state of a system, whereas the latter
describes the mixing of excited states, which possess first-order
orbital angular momentum with the ground state, that
possesses none. The magnitude of any splitting between states
that results from spin-orbit coupling (SOC) is given by the spin-
orbit coupling parameter, A, as defined below:

¢
A=53 (3)

Where ¢ is the single electron spin-orbit coupling constant and
S is the total spin of the ion. The best way to illustrate is by
example.

We first consider the slightly simpler case of second-order
SOC, using the example of Ni(u) in an octahedral ligand field
(Fig. 6). Ni(u) is a d® metal ion with a *F Russell-Saunders free-
ion ground term, which splits in a weak Oy, field to give a ground
state *A, ligand field term. Although we expect no first-order
SOC from an A term, the non-degenerate excited states, namely
°T,4 and °T,g, can mix into the *A,, ground state. It is important
to clarify that in a strictly octahedral field the result of mixing is
to simply reduce the energy of the ground state term, there is no

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Energy level diagram illustrating the effect of a weak octahedral
crystal field and spin orbit coupling on the Ni(i) ion as described in the
text. Levels expanded for clarity. The multiplicity of states arising from
spin—orbit coupling are given in brackets.

lifting of degeneracy. Of course, molecules are almost never in
a perfectly symmetrical ligand field environments and it is this
distortion, away from a perfect octahedral field, which lifts the
degeneracy of the spin triplet ground state, thus giving rise to
anisotropy. This in part helps to highlight the crucial role that
symmetry plays in determining the properties of SIMs.

For an illustrative example of first-order SOC we turn to the
classic case of Co(u), a d” metal with a *F Russell-Saunders free-
ion term (Fig. 7). In a weak octahedral field, this splits into
a T, ground term with “T,, and “A,, first and second excited
states, respectively. The first-order orbital angular momentum
present in the ground state T term leads to a strong SOC, which
splits the ground term further into a doublet, a quartet and
a sextet. Again, strictly octahedral environments are rarely

Cobalt (Il), 3d7
2
Ag
4
Sy, E,
4F ////’ ,,/
:\ 4 /”
. Tlg
—’
3)
.4 ¢
Ay
~~~~~~~~~~~~ 3)
Weak O, Weak D, spin-orbit
Free lon N .
crystal field crystal field coupling

Fig.7 Energy level diagram illustrating the effect of a weak octahedral
crystal field and spin orbit coupling on the Cof(i) ion as described in the
text. Levels expanded for clarity. The multiplicity of states arising from
spin—orbit coupling are given in brackets.
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observed in real systems. A commonly encountered coordina-
tion geometry for Co(u) is the axially distorted octahedron (D,y,)-
This symmetry reduction for example splits the “T;, ground
term into 4AZg and 4Eg terms, which are then split by SOC into
a total of six Kramers doublets, thus leading to a system, in
theory, which is strongly anisotropic.

4. A cautionary note

Without careful attention paid to its use, the term single-mole-
cule magnet/single-ion magnet can quickly become devoid of
meaning. For example, there is an increasing trend in the liter-
ature of studying the dynamic susceptibility of systems under
applied dc fields, in order to suppress QTM, which is otherwise
strong for systems in low symmetry crystal environments. If such
systems do not exhibit hysteresis in zero-field (in other words if
there is an absence of coercivity), then strictly speaking there is
a debate to be had about whether or not they can correctly be
classified as magnets. This issue is particularly topical given
several recent reports of SMM systems with staggeringly enor-
mous values of U (some as high as 900 K), but no corresponding
coercivity in magnetisation vs. field studies.>® Of course, the
application of weak dc fields can be a vital tool in elucidating the
mechanisms involved in relaxation processes, however, it is
important that researchers remain cautious in their interpreta-
tion of results. The application of large fields to suppress QTM
invariably promotes intermolecular interactions (vide infra). This
is particularly an issue for dried or solvent free samples whose
structures may already be different to those solved by X-ray
crystallography, and, those samples that have been exposed to
excessive mechanical stress (ie. grinding) in preparation for
magnetometry studies.” In the absence of careful and rigorous
characterisation then, doubt can be cast on whether or not the
magnetic properties of these systems are truly molecular in
nature, and not simply a consequence of interactions in the solid
state. Further problems arise when using high-frequency ac fields
i.e. frequencies up to 10 000 Hz. Again, if such high frequencies
need to be applied in order to observe any meaningful response
from a system, the term SMM/SIM may not be entirely appro-
priate. A number of recent studies have been reported where such
experimental conditions have been employed.*®

The recent rise in popularity of using large applied dc fields
and/or high-frequency ac fields, in our mind, rather points to
the need for a debate about the precise meaning of the terms
single-molecule and single-ion magnet, and where the limit lies
in reasonably being able to apply such labels. This perspective
however is not the appropriate medium for such a discussion. It
is simply for the sake of clarity and to aid the uninitiated reader
in their analysis, that we highlight these points and choose to
make a clear distinction between systems that exhibit field-
induced vs. non field-induced SIM behaviour. With this in
mind, we begin with a discussion of Fe-based systems grouped
according to coordination number. This seems the natural way
to structure the perspective given that coordination number
determines the geometry of a complex, which in turn has
important consequences for the strength of the magnetic
anisotropy of d-block metal ions.
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5. Fe-based single-ion magnets
5.1 Five- and six-coordinate Fe-based single-ion magnets

Whilst in theory mononuclear transition metal complexes should
possess high axial symmetry in order to maximise magnetic
anisotropy, there are reports of lower symmetry complexes that
exhibit SIM properties, even in the absence of a dc field bias. One
such example is the five-coordinate Fe(m) complex, [(PNP)FeCl,]
(PNP = N[2-P(CHMe,),-4-methylphenyl],) (1), which also exhibits
spin cro