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ABSTRACT 

Single-Molecule Magnets (SMMs) are finite molecular species that display slow relaxation of their magnetisation, equivalent to a 

magnetic memory effect. Here we give an overview of how SMM behaviour can arise from the spin properties of a giant molecular 

spin or unpaired electrons on a single metal centre. We outline the criteria for obtaining SMM properties, and how these have 

developed through theoretical insight to lead to the rapid advancement of SMM performance. We discuss the progression of the 

field from the original Mn12 polymetallic cluster, to carefully engineered coordination complexes of Ln ions. Classes of compounds 

discussed include 3d, 3d-4f and 4f polymetallic clusters, 3d and 4f monometallic complexes, and homo- and hetero-metallic 

exchange-coupled SMMs, including those bridged by radical ligands and/or encapsulated in endohedral fullerenes. The state-of-

the-art in SMMs is discussed, leaving the reader with an up-to-date understanding of theory and synthetic design, with references 

to comprehensive reviews. 

For readers new or returning to the area, we highlight the standard experiments used to characterise SMMs - including magnetic 

hysteresis, zero-field cooled/field cooled magnetic susceptibility, alternating current susceptibility and magnetisation decay 

measurements. We highlight the common pitfalls often encountered in the literature in measurements, data analysis and structural 

correlation of properties. We aim to provide a clear background for relaxation mechanisms in SMMs and the quantification of 

performance using energy barriers, blocking temperatures and relaxation rate. The reader is directed towards a series of proof-of-

concept publications which have spearheaded the implementation of SMMs towards future applications in high density data 

storage, quantum information processing and spintronics. 

Keywords: single-molecule magnet, single-ion magnet, molecular magnetism, slow magnetic relaxation, magnetic anisotropy, 

hysteresis, quantum tunnelling, transition metal, lanthanide, radical 
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1 INTRODUCTION 

A single-molecule magnet (SMM) is a finite molecular unit 

capable of displaying slow relaxation of magnetisation without 

the need for long range ordering.1 The observation of SMM 

behaviour was first identified in 1993 in a Mn12 acetate cluster 

with the formula [MnIV
4MnIII

8O12(O2CCH3)16(H2O)4] (Figure 1).2 

The ability for a single molecule to show retention of 

magnetisation is an exciting prospect for many applications, 

including high density data storage and spintronics.3 

1.1 Giant Spin SMMs 

For Mn12, the intramolecular exchange interactions between 

MnIII/IV ions result in an overall total spin ground state of S = 10, 

Figure 2.2 The ground state is split into MS components because 

of magnetic anisotropy (orientationally-dependent energy for 

the magnetic moment relative to the molecule). This zero field 

splitting (ZFS) of the ground state can be approximately 

described by axial (D) and rhombic (E, also called transverse) 

parameters, as given by the Hamiltonian in Equation 1, where 

�̂�𝑥𝑦𝑧 are the Cartesian spin projection operators.1 

Equation 1: �̂�𝑍𝐹𝑆 = 𝐷 [�̂�𝑧
2 −

𝑆(𝑆+1)

3
] + 𝐸(�̂�𝑥

2 − �̂�𝑦
2) 

Molecules with |D| >> |E| can either favour the magnetic 

moment along a single axis (negative D, conventionally easy z-

axis) or in the perpendicular plane (positive D, conventionally 

easy xy-plane). Molecules with rhombic anisotropy (0 < |E| ≤ 

|D|/3) have different energies for the magnetic moment along 

each of the x, y and z directions.1  

The archetypical SMM is an easy-axis molecule with minimal 

rhombicity (i.e. |D| >> |E|). For Mn12, D < 0 results in the MS 

states ordering from most magnetic along the z-axis at lowest 

energy (MS = ±10) up to the least magnetic (MS = 0, i.e. magnetic 

moment in the xy-plane) at highest energy, Figure 2.2 This 

satisfies the first requirement of SMMs by having a bi-stable 

degenerate ground state.1 

 
Figure 2. Idealised double-well potential for a Mn12 SMM, 

where all MS states are ordered in energy from highest |MS| 

value to lowest. 

The application of a strong magnetic field causes one of the MS 

= ±10 states to be biased lower in energy than the other by 

having a parallel alignment of the magnetic moment with the 

magnetic field, and at a low enough temperature, an ensemble 

of molecules in equilibrium shows a significantly larger 

population in the lower energy state than in the higher.2 When 

 
Figure 1. Selected single-molecule magnets mentioned in this article (hydrogen atoms and counterions omitted for clarity). Top 

row, from left to right: [MnIV
4MnIII

8O12(O2CCH3)16(H2O)4], [Tb(Pc)2]- (Pc = phthalocyaninato), [Dy(Cpttt)2]+ (Cpttt = C5H2
tBu3-1,2,4). 

Bottom row, from left to right: [Fe(tpaMes)]- (tpaMes = mesityl-substituted tris(pyrrolylmethyl)amine), [Dy(OtBu)2(py)5]+ (py = 
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pyridine) and [{Tb[N(SiMe3)2]2(THF)}2(μ-η2:η2-N2)]-. Colour code: dysprosium (teal), terbium (purple), iron (ochre), manganese 

(pink), oxygen (red), nitrogen (blue), silicon (amber), carbon (grey). 

the magnetic field is removed, the ±MS states recover their 

degeneracy, but the population bias initially remains: this is 

magnetic memory. The memory is lost when the population 

returns to an equal distribution between positive and negative 

MS microstates. The reversal of magnetisation of individual 

molecules moving from +MS to –MS states happens slowly 

because of an energy barrier, and thus, the relaxation of an out-

of-equilibrium ensemble population back to equilibrium is also 

slow; an energy barrier to magnetisation reversal is the second 

requirement for SMMs.1 

The process of magnetic relaxation in SMMs arises from 

coupling between vibrations (phonons) and each molecule, so-

called spin-phonon coupling, which facilitates transitions 

between MS states by modulating the ZFS Hamiltonian. The 

selection rule for spin-phonon transitions turns out to be well-

described by ΔMS = ±1.4 For a molecule of Mn12 to move from 

MS = +10 to MS = -10, it must first traverse each intervening 

state, MS = +9,…, +1, 0, -1,…, -10.1 As a result of the ordering of 

the states shown in Figure 2, there is a thermal barrier (Ueff) 

associated with the reversal of the magnetisation, equal to the 

height of the double-well potential. In spin-only molecules such 

as Mn12, the value of Ueff can be related to the axial ZFS 

parameter, with Ueff = |D|S2 for integer spins and Ueff = |D|(S2 

– ¼) for half-integer spins; but note that due to other relaxation 

processes this maximal Ueff barrier is not usually observed.1 

Early research on SMMs focused on 3d metal clusters, and 

targeted molecules with large total spin ground states. Giant 

ground spin states (current record is S = 91) are accessed by 

coupling the spins of many individual metal ions.5 However, 

magnetic anisotropy is dominated by contributions from orbital 

angular momentum of unpaired electrons on individual metal 

ions, so the magnetic anisotropy of a giant spin requires 

cooperative alignment of the individual anisotropies of the 

constituent ions, which becomes more difficult with increasing 

molecule size.6 Many 3d clusters which exhibit giant spin 

ground states show no SMM behaviour.5,7–10 

1.2 SMM Properties Arising from Single Ions 

In 2003, the complex [N(nBu)4][Tb(Pc)2] (Pc = phthalocyaninato; 

Figure 1) containing a single 4f ion was found to exhibit SMM 

properties and was denoted as a single-ion magnet.11,12 In this 

complex, the electronic states responsible for the energy 

barrier to reversal of magnetisation are the spin-orbit coupled 

states of TbIII and the anisotropy arises from the interplay of 

these states with the crystal field (CF). The single-ion magnet 

label is commonly used in the literature to identify SMMs 

where the properties rely on the single-ion anisotropy, and has 

since become synonymous with monometallic SMMs. 

However, as polymetallic SMMs can also have properties that 

arise from non-interacting paramagnetic centres, in this article 

we use the terminology monometallic and polymetallic SMMs 

for clarity. 

 

For lanthanide (Ln) ions, the reduced spatial distribution 

inherent to 4f orbitals ensures a weak interaction with the CF 

and hence near-unquenched orbital degeneracy and first-order 

orbital angular momentum.13 The spin-orbit coupled states can 

be labelled by a Russell-Saunders term, 2S+1LJ where S is the spin 

quantum number, L is the orbital angular momentum quantum 

number and J is the total angular momentum quantum 

number; J takes values from |L+S| to |L-S|. The ground term 

for a LnIII ion (2S+1LJ) is dependent on the number of electrons in 

the 4f shell, where less than half filled (<7 electrons) stabilises J 

= |L-S|, while more than half filled (>7 electrons) yields a J = L+S 

ground state.13 Each J multiplet comprises 2J+1 MJ microstates 

which are split and mixed by the CF into linear combinations 

(see eibc2009). Appropriate design of the molecule and CF can 

result in an arrangement of the MJ states of the ground J state 

where the most magnetic microstates are lowest in energy. 

Hence the arrangement of MJ states can also lead to a double-

well potential analogous to the MS states in Mn12. Spin-phonon 

transitions between MJ states are more complicated owing to 

high-order terms in the CF Hamiltonian, but often a ΔMJ = 0, ±1 

selection rule is appropriate.14 The advantage in designing Ln 

SMMs is that the ground Russell-Saunders term is known and is 

often well-isolated for each ion, so the problem is simplified to 

manipulating only the MJ states of the ground J manifold of a 

single ion.13 It is important to note that ions with an odd 

number of unpaired electrons are termed Kramers ions and 

have rigorously doubly-degenerate microstates (Kramers 

doublets, KDs) in all symmetries in the absence of a magnetic 

field; non-Kramers ions require higher symmetry environments 

to have degenerate ground states in zero-field and therefore 

have the prerequisite bistable ground state to act as SMMs. 

In 2010, SMM behaviour was observed for a monometallic 3d 

complex for the first time in the high-spin FeII complex 

K[Fe(tpaMes)] (tpaMes = mesityl-substituted 

tris(pyrrolylmethyl)amine; Figure 1).15 For monometallic 3d 

SMMs, which are characterised by unusually large single-ion 

anisotropy, the magnetic states responsible for the energy 

barrier may be labelled by MS or MJ, depending on the details 

of the electronic structure;16 both first and second order spin-

orbit coupling effects can contribute to the splitting of magnetic 

microstates for these molecules. 

1.3 Other SMMs and Related Systems 

Other avenues explored with a view to improving SMM 

performance have included mixed 3d and 4f clusters, and 

radical ligands bridging 3d and/or 4f metal ions, both with the 

intention of increasing the total spin and manipulating the 

magnetic relaxation processes to achieve larger Ueff barriers.17 

More detailed overviews of the main SMM families are 

discussed in separate sections below. SMMs have also been 

reported based on the 5f actinide elements, but their magnetic 

properties have not yet surpassed those of 4f complexes.18  
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Outside SMMs, there are alternative molecular strategies being 

investigated as potential data storage or switchable materials, 

but these will not be discussed in detail here. Such systems 

include spin-crossover, valence tautomerism (see eibc2785), 

light-activated, and nuclear-spin addressable compounds, as 

well as systems with long spin-coherence times which can be 

employed for Quantum Information Processing (QIP).19–23 

Polymetallic toroidal magnets, which have non-classical chiral 

magnetic states, represent another class of addressable 

molecules.24,25  

2 MEASUREMENTS AND MECHANISMS 

2.1 Magnetometry 

SMMs are characterised principally by the timescale it takes for 

an out-of-equilibrium magnetisation to return to equilibrium; 

this is known as the relaxation time (τ), or its reciprocal the 

relaxation rate, as shown in Equation 2, where 𝑀0 is the initial 

magnetisation and 𝑀𝑒𝑞  is the equilibrium magnetisation (the 

half-life is related to the relaxation rate as 𝑡1/2 = 𝜏 ln 2).1 The 

performance of SMMs are compared using two broad types of 

measurements – those that measure relaxation rates and those 

that measure a magnetic memory effect – but both are subject 

to external conditions such as temperature and magnetic field, 

and the latter is also history-dependent. 

Equation 2: 𝑀(𝑡) = 𝑀𝑒𝑞 + (𝑀0 −𝑀𝑒𝑞)𝑒
−𝑡 𝜏⁄  

The most fundamental demonstration of magnetic memory is 

the existence of magnetic hysteresis.1 A magnetic hysteresis 

experiment measures the net magnetisation as a function of 

external magnetic field during a continuous field-sweep, and 

assesses the ability of a material to show different magnetic 

moments depending on its history. Measurements are 

performed at fixed temperatures by applying a magnetic field 

(+Hsat) until the magnetisation is saturated (Msat), then 

measuring the magnetic moment as the external field is 

reduced to –Hsat and then increased to +Hsat (Figure 3). An open 

hysteresis loop shows a deviation between the two sweep 

directions. The highest temperature for which open hysteresis 

is present is defined as the hysteresis blocking temperature TH, 

but note that this is dependent upon sweep rate.26,27 Hysteresis 

loops are also defined by the remanent magnetisation (MR, 

magnetic moment at zero field) and the coercive field (HC, 

external field required to reach zero magnetisation). For some 

SMMs, “butterfly-shaped” or “waist-restricted” hysteresis 

loops are commonly observed, where the loop collapses 

considerably around zero-field (i.e. HC ~ 0);28 this is because 

there is rapid quantum tunnelling of the magnetisation (QTM) 

between the ground states as they approach degeneracy (see 

section 2.2.2). 

 
Figure 3. Magnetic hysteresis loop showing saturating field 

(Hsat), coercive field (HC) and remanent magnetisation (MR). 

Magnetic memory can also be quantified with a temperature-

sweep measurement: the separation of zero-field cooled and 

field cooled (ZFC/FC) magnetic susceptibility.1 In the ZFC 

experiment, the sample is cooled to base temperature in zero 

external field, which ensures equal population of the two 

ground states (i.e. zero magnetisation). A small magnetic field 

is then applied and the magnetic susceptibility is measured 

upon warming at a fixed rate. During heating the sample 

equilibrates slowly due to the energy barrier for magnetisation 

reversal, but at some temperature there is sufficient thermal 

energy to overcome the Ueff barrier and the sample reaches 

equilibrium (Tirrev), which traditionally should coincide with the 

peak in the ZFC susceptibility (TZFC);1 note that the relaxation 

dynamics in Ln SMMs are sufficiently complicated that this is 

not always the case.29 The FC experiment involves measuring 

magnetic susceptibility upon cooling in the same magnetic field 

as used to measure the ZFC trace; cooling in the presence of a 

magnetic field should, in theory, record the equilibrium 

susceptibility: however, this is not always the case, especially 

for Ln SMMs, and the FC data often deviate from the ZFC data 

and true equilibrium at Tirrev.29 

Similar to field-swept dynamic measurements, Tirrev and TZFC are 

highly-dependent on sweep rate and the applied magnetic 

field.29 It is especially challenging to compare TZFC values from 

the literature, as quite often temperature sweep rates are not 

reported. Temperature-sweep measurements also feature 

another difficulty: many high-performance SMMs are reactive 

in atmosphere and so samples are often sealed under vacuum 

in borosilicate or quartz ampoules, or other bulky containers, 

for magnetic measurements. These additional components 

have their own heat capacity which insulate the sample from 

the cryostat and thus generates uncertainty on the true sample 

temperature. Hence there may be a lag in the sample 

temperature in time-dependent temperature sweeps, in 

addition to slow magnetic dynamics, further complicating 

analysis.  

It is important to note, however, that memory effects in SMMs 

such as hysteresis or ZFC/FC separation arise due to slow 

magnetic relaxation. Unlike traditional ferromagnets where 
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there is a magnetic phase change below the Curie temperature, 

SMMs are zero-dimensional without long-range order. Hence, 

the memory effects are simply products of the temperature- 

and field-dependent relaxation rates and the measurement 

regime. In this sense, SMMs are far more like 

superparamagnets than like ferromagnets.1 Therefore, 

measurement of the underlying relaxation rates are critical to 

characterisation of SMMs. 

In recent years, there has been debate over the quantification 

of SMM performance, because of the dependence of TH, Tirrev 

and TZFC on measurement conditions.30 As SMM performance 

continues to improve, there is strong justification to define a 

“100 s blocking temperature” (T100s), which is the temperature 

at which the relaxation time τ = 100 s, as a standard measure 

for SMM comparison.1,31 While the choice of 100 s is arbitrary, 

it is not skewed by experimental conditions. It has only become 

a viable parameter in the past few years, as more SMMs reach 

τ > 100 s. 

Magnetic relaxation in SMMs can be measured by two routes: 

direct current (DC) and alternating current (AC) techniques.1 

The return of magnetisation from out-of-equilibrium towards 

equilibrium generally decays in an exponential fashion, 

Equation 2. Hence, the magnetic relaxation at a fixed 

temperature can be measured simply by magnetising the 

sample with a DC field, switching the field off rapidly, and then 

measuring the magnetisation decay as a function of time. The 

field does not have to be switched to zero, and in-fact can be 

non-zero, hence the field-dependence of relaxation rates can 

also be measured. DC techniques are usually suited when 

relaxation times are slow (ca. τ > 1 s), but instrumental 

limitations on field ramp rate may put a lower limit on the 

accessible timescales (typically τ > 10 s). Such techniques are 

employed for many high performance SMMs to extract 

relaxation times at low temperatures.27,31–35 

However, given the relaxation rates of SMMs are often much 

faster than detectable with DC methods at easily accessible 

temperatures (liquid He), the most common technique to 

measure magnetic relaxation is AC susceptibility, most 

commonly applicable for 10-5 < τ < 1 s, with the exact range 

depending upon the accessible frequencies of the instrument.1 

AC susceptibility measures the ability of the sample to 

equilibrate in an oscillating magnetic field as a function of 

temperature and frequency.36 If relaxation is fast, the 

magnetisation can keep up with the oscillating field and the 

magnetisation is in-phase with the field. If relaxation is slow, 

then there is an out-of-phase response, which peaks when 1/τ 

= 𝜔 , where 𝜔  is the angular frequency of the AC field. AC 

measurements can also be performed in a non-zero DC field, 

and thus can also be used to measure the field dependence of 

relaxation. 

2.2 SMM Relaxation Mechanisms 

The temperature- and field-dependence of the magnetic 

relaxation provide important insights into the mechanisms of 

relaxation occurring in SMMs.37 The relaxation rate profile of a 

typical high-performance SMM is presented in Figure 4 in two 

forms; the first is the natural logarithm of relaxation time vs. 

inverse temperature, and the second is a log10-log10 plot of 

relaxation rate vs. temperature. High-performance Ln SMMs 

often exhibit multiple different relaxation mechanisms, where 

the overall relaxation rate is simply the sum, and each 

mechanism tends to dominate in different temperature 

regimes; here we provide a characteristic example of a Ln SMM 

with three different regimes.  

2.2.1 Orbach Relaxation 

At the highest temperatures, the rate is exponentially 

dependent on temperature owing to relaxation via the Orbach 

mechanism.38 This is the over-barrier relaxation process which 

we have discussed for Mn12 and [N(nBu)4][Tb(Pc)2] SMMs, and 

is governed by an Arrhenius-type law, Equation 3. The natural 

logarithm representation is employed because an exponential 

temperature dependence is linear and thus Ueff can simply be 

determined from the slope and τ0 from the y-intercept. 

Equation 3: 𝜏𝑂𝑟𝑏𝑎𝑐ℎ
−1 = 𝜏0

−1 exp(−𝑈𝑒𝑓𝑓/𝑘𝐵𝑇) 

The Orbach mechanism involves absorption or emission of 

single vibrational quanta (phonons) to move between 

electronic microstates (MS or MJ).38 Phonons are quantised 

lattice vibrations which distort the molecular geometry and 

Figure 4. Generic relaxation profiles for an SMM: (top) the 

traditional representation with the linear Orbach regime 
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plotted as the natural logarithm of relaxation time τ vs inverse 

temperature, T-1; (below) log10-log10 plot of τ-1 vs T which clearly 

separates out the three relaxation regimes. Simulation 

parameters: Ueff = 2000 K, τ0 = 10-12 s, C = 10-6 s-1, n = 3 and τQTM 

= 1000 s. 

modulate the energies and wavefunctions of the electronic 

states.14 The molecule overcomes the Ueff barrier via successive 

excitations followed by successive emissions (Figure 5); it 

should be noted that most spin-phonon excitations are 

followed by immediate de-excitations resulting in significant 

spin motion on either side of the barrier.1 

 
Figure 5. Relaxation processes in a zero-field SMM showing 

over-barrier Orbach relaxation, through-barrier quantum 

tunnelling of the magnetisation (QTM) and two-phonon Raman 

relaxation via a virtual excited state. 

2.2.2. Quantum Tunnelling of Magnetisation 

At the lowest temperatures, many SMMs reach a nearly 

temperature-independent relaxation rate: this is known as 

quantum tunnelling of magnetisation (QTM) which occurs 

between the degenerate ground states (Figure 5). In 1996, the 

first observation of macroscopic quantum tunnelling steps was 

observed in both polycrystalline and single crystal 

magnetometry studies, uncovering detailed understanding of 

the relaxation mechanisms in SMMs.39,40 While the rate is 

practically independent of temperature, it is highly field-

dependent owing to the requirement of degeneracy of the 

ground states, hence the rate is often well-described by τQTM
-1 

= B1/(1+B2H2):1,41 here B1 and B2 are empirical parameters. This 

mechanism allows the SMM to bypass the Ueff barrier to 

magnetisation reversal and is therefore no longer dependent 

upon spin-phonon coupling. In some cases, thermally-assisted 

(TA)-QTM can occur between degenerate excited states after 

spin-phonon excitation, and thus TA-QTM shows a 

temperature-dependence similar to the Orbach mechanism.  

In molecules with fast QTM, a static magnetic field may be 

applied to quench this relaxation process and observe any 

other slow relaxation processes present.42 Molecules that only 

display slow relaxation in the presence of an applied field are 

denoted as field-induced SMMs, and are of rather limited utility 

for data storage applications. 

QTM between KDs is a formally forbidden relaxation process 

that can become allowed through hyperfine and dipolar 

interactions.30 To limit hyperfine interactions, the most 

apparent nuclear spin to focus on is the metal ion itself. Cador 

and co-workers have reported several studies looking into the 

effects of samples enriched with nuclear spin-free 164Dy.43–45 

These studies show a non-negligible influence of the hyperfine 

coupling, which merits this as an important factor in SMM 

design. Nevertheless, some studies have also shown that 

effective control of the CF can be just as important, and 

excellent SMM performance can be established for SMMs with 

naturally abundant Dy.46 The strategy for removing hyperfine 

interactions can also extend to ligated atoms; many organic 

molecules contain a high number of hydrogen and nitrogen 

atoms, which all contribute to hyperfine coupling. While the 

influence of spin-free ligands is well understood for QIP 

coherence time studies, these hyperfine interactions have been 

rarely studied in SMMs.47–49 

Dipolar interactions between neighbouring molecules can also 

enable fast QTM. There are numerous examples where 

hysteresis is improved for SMMs when diluted in a diamagnetic 

matrix, such as an isostructural analogue or frozen solution.46,47 

The relaxation rate profile often reveals magnetically diluted 

systems to have at least an order of magnitude slower QTM 

rates compared to pure samples, where some are only 

measurable SMMs upon dilution.47,50–52 Large organic and 

inorganic ligands have also been employed to increase 

intermolecular separation; these include polyoxometalate-

based molecules, which have been heavily studied for their 

SMM and spin coherence properties (see eibc0185.pub2).53–57 

2.2.3 Raman Relaxation 

The third relaxation mechanism discussed here often 

dominates in an intermediate temperature range between 

Orbach and QTM, and is known as Raman relaxation. The 

Raman mechanism is a two-phonon process involving 

simultaneous absorption and emission of a pair of phonons 

which also allows the molecules to bypass the Ueff barrier by 

mixing the ground states with an excited state in a concerted 

process (Figure 5);1 note that no intermediate state is occupied 

during the transition, unlike the Orbach process which occurs 

via a real intermediate state. This results in a power law 

dependence on temperature (Equation 4 and Figure 4), which 

appears linear when plotted on a log10-log10 plot. 

Equation 4: 𝜏𝑅𝑎𝑚𝑎𝑛
−1 = 𝐶𝑇𝑛 

2.2.4 Other Relaxation Mechanisms 

In the presence of an applied magnetic field, other relaxation 

pathways can exist, most notably direct relaxation between the 

non-degenerate ground states (degeneracy removed by the 

magnetic field)  by absorption of a single phonon of appropriate 

energy (τ-1 ∝ THm, m = 2 for non-Kramers ions or Kramers ions 

with hyperfine interactions and m = 4 for Kramers ions),14,37,38 

or a second-order Raman process (τ-1 ∝ TnH2).58 

Measurements such as those discussed here aim to observe the 

inherent relaxation rate of the SMM due to spin-phonon 

coupling, which overall is often called spin-lattice relaxation; 

here the lattice is the environment which hosts the phonons 
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that couple to the spin (this could be the crystal lattice, but 

could also be an amorphous environment). However, the lattice 

exists within an external environment (the “bath”) which may 

consist of other crystallites, a restraining medium, the sample 

container, etc., which are then in contact with the cryostat. In 

some cases, the concentration of spins may be large, or the 

dimension of the lattice large, so that the phonons involved in 

relaxation are not able to reach the edge of the lattice and 

equilibrate with the bath. In this case the lattice is in effect 

“heated” and the measured relaxation rates now correspond to 

the lattice-bath rate instead of the spin-lattice rate.37 This is 

referred to as a phonon bottleneck and the measured lattice-

bath relaxation rates will be slower than the expected spin-

lattice rates.59 

2.3 Complementary Characterisation 

Along with quantification of SMM performance, much research 

has been focussed on understanding the electronic states 

involved in the different relaxation mechanisms. From an 

experimental point of view, techniques which directly probe 

the relevant crystal field states include inelastic neutron 

scattering (INS, see eibc0294), electron paramagnetic 

resonance (EPR, see eibc0310), far-infrared and luminescence 

spectroscopies (see eibc2068).42 The applicability of each 

technique is dependent upon the type of SMM being studied, 

e.g. luminescence spectroscopy is particularly useful for Ln 

SMMs (see eibc2068). Molecules with low nuclear absorption 

cross sections or that can be easily deuterated are well-suited 

to INS spectroscopy; the successive spin excitations in the Mn12 

Orbach relaxation mechanism have been mapped with INS.60 

Several Ln SMMs have also been investigated with INS and are 

compiled in the review by Dunstan et al.61 EPR holds a 

particularly special place in SMM history, because the ZFS in 

Mn12 was identified with EPR before it was discovered to be an 

SMM.62 

From a theoretical perspective, ab initio calculations have 

proved vital in recent years for the interpretation of SMM 

properties.63 Such calculations, especially for Ln SMMs, can 

often be performed using a complete active-space self-

consistent field spin-orbit (CASSCF-SO) approach, where the 

contracted 4f orbitals provide a sufficient description of the 

multiconfigurational electronic states (see eibc0379). Novel 

SMM publications are now regularly supported by ab initio 

calculations as validation of the CF states responsible for the 

experimentally-determined Ueff barrier. 

3 POLYMETALLIC 3d SINGLE-MOLECULE MAGNETS 

Polymetallic transition metal clusters were the original systems 

where SMM properties were observed. As such, most of the 

early research focussed on 3d polymetallic synthesis even after 

the discovery of monometallic Ln SMMs in 2003. 

[Mn12O12(O2CCH3)16(H2O)4] is a highly adaptable motif, with 

over 60 reported analogues arising from variation of the 

bridging ligands and solvent molecules;64 these have been 

studied in detail along with other MnIII clusters via 

magnetometry, INS and EPR spectroscopy. 

MnIII oxo-bridged complexes were a keen focus due to the clear 

understanding of anisotropy arising from the individual ions, 

which occurs due to Jahn-Teller distortions from the uneven 

occupation of the eg orbitals in octahedral coordination 

environments.64 However, the performance of the archetypal 

Mn12 cluster (with Ueff = 49 cm-1) was usually greater than the 

novel complexes which were isolated.42 To date, the largest 

energy barrier for a Mn cluster (in fact for any 3d metal cluster) 

is Ueff = 60 cm-1 for [Mn6O2(Et-sao)6{O2CPh(Me)2}2(EtOH)6] 

(saoH2 = salicylaldoxime), which was reported in 2007.65  

SMM clusters have been expanded to a host of 3d, 4d and 5d 

metals including Ni, Co, V, Fe, Re, Ru and mixed d-block 

complexes.66,67 Some noteworthy and well-studied examples 

include Fe8 ({[Fe8O2(OH)12(tacn)6]Br7·H2O}[Br·8H2O], tacn = 

1,4,7-triazacyclononane) and Fe4 ([Fe4(OMe)6(dpm)6] dpm = 

2,2,6,6-tetramethylheptane-3,5-dionate) (Figure 6).68,69 These 

investigations have included INS, high field EPR and Mössbauer 

spectroscopies, micro-SQUID magnetometry and surface 

studies testing the response to a range of stimuli.70–74 The Fe4 

molecule has proved to be a robust manifold for detailed 

investigations into the capability for ligand functionalisation 

with surface binding peripheral groups. 
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Figure 6. Polymetallic 3d SMMs (hydrogen atoms omitted for 

clarity): (top) [Fe8O2(OH)12(tacn)6]8- (tacn = 1,4,7-

triazacyclononane), (bottom) [Fe4(OMe)6(dpm)6] (dpm = 

2,2,6,6-tetramethylheptane-3,5-dionate). Colour code: iron 

(ochre), oxygen (red), nitrogen (blue), carbon (grey). 

Parallel to the focus on anisotropy, many studies sought to 

maximise the total ground state spin of the molecule by 

generating larger supramolecular clusters. This proved 

challenging, with reports over several years expanding from 

[Fe19(metheidi)10(OH)14(O)6(H2O)12]NO3 (metheidi = 

{CH3COOH)2(iPrOH)N}, with S = 33/2 in 2000,7 to 

[Mn25O18(OH)2(N3)12(pdm)6(pdmH)6]Cl2 with S = 51/2, and up to 

S = 83/2 for [MnIII
12MnII

7(μ4-O)8(μ3,η1-N3)8(HL)12(MeCN)6]Cl2 

(H3L = 2,6-bis(hydroxy- methyl)-4-methylphenol)) in 2006.8,75 In 

terms of SMM performance, Fe19 and Mn25 exhibited Ueff < 15 

cm-1, whilst Mn19 showed no discernible energy barrier. In more 

recent years giant spin systems of S = 45, 60 and S = 91 have 

been reported.5,9,10 [Ni21Gd20(OH)24(IDA)21
-

(DPGA)6(C2O4)3(NO3)6(CH3COO)3(H2O)12]Br5(NO3)4 (IDAH2 = 

iminodiacetic acid and DPGAH2 = diphenylglycolic acid), 

reported in 2018, holds the current record for total spin in a 

single molecule with S = 91, yet exhibits a negligible energy 

barrier to magnetisation reversal.5 The maximisation of total 

spin leads to increased difficulty in controlling the orientation 

and interactions of the metal ions present within a molecule, 

resulting in an inverse relationship between anisotropy and 

spin, such that Ueff is largely independent of S.6,76 

4 MONOMETALLIC 4f SINGLE-MOLECULE 

MAGNETS 

4.1 Discovery and Design Criteria 

The discovery of monometallic SMMs was ground-breaking, not 

initially for their improved magnetic blocking temperatures, but 

for the significant improvement on the measured energy 

barrier to reversal of magnetisation.11,12 The first monometallic 

SMM, [N(nBu)4][Tb(Pc)2], reported by Ishikawa and co-workers 

in 2003, displays peaks in the out-of-phase AC susceptibility up 

to 40 K and Ueff = 230 cm-1; significantly larger than the standing 

record for polymetallic 3d SMMs (monometallic 3d SMMs only 

achieved a comparable energy barrier of 226 cm-1 a decade 

later, in 2013, see below).77 The noticeable improvement in Ueff 

heralded a wave of research.17,78  

For 4f SMMs, the magnetic states that give rise to slow 

relaxation are the CF states from the ground 2S+1LJ electronic 

term.37 However, large CF splitting does not ensure stabilisation 

of a highly magnetic ground state on its own. If one can readily 

describe and understand how to stabilise specific MJ 

projections, then one can engineer molecules to optimise the 

Ueff barrier.79 The composition of the CF states and competing 

relaxation processes between states of opposite magnetisation 

must also be considered so they can be slowed down or 

quenched. The birth of monometallic 4f SMMs therefore 

shifted the focus in the field to controlling local coordination 

geometries of single LnIII ions.11  

Owing to the high pseudo-symmetry of the archetypal Ln SMM 

[N(nBu)4][Tb(Pc)2], which was of particular importance for the 

non-Kramers TbIII, symmetry was closely considered for its 

impact on Orbach relaxation.29 CF theory describes how 

molecular symmetry allows mixing of different MJ states;80 

when MJ states are mixed, the transition probability between 

those states is increased and can hence reduce the effective Ueff 

barrier. For the LnIII series, assuming no mixing of higher energy 

spin-orbit terms, the large orbital angular momentum requires 

up to 27 CF parameters to appropriately describe the electronic 

states.80 Since the electronic Hamiltonian (and therefore the CF 

Hamiltonian) must be invariant under symmetry operations of 

the molecular point group, high symmetry environments 

require fewer CF parameters and therefore reduce mixing of MJ 

states. In perfectly axial symmetry (C∞v or D∞h), none of the MJ 

states are mixed, which by coincidence also occurs for D4d 

symmetry (embodied by perfect square antiprismatic 

environments). However, any distortions from perfect D4d 

symmetry (including atoms beyond the first coordination 

sphere) invalidates this rule and mixing is allowed.12  

The original method of targeting improved Ueff for [Tb(PcR)2]n 

derivatives was through the functionalisation of the Pc ligand, 

exploring various charge states n and substituted R groups to 

alter the electron density of the ligand and increase the 

symmetry of the coordination environment.81–85 This approach 

yielded energy barriers up to 653 cm-1 and TH = 30 K (200 Oe.s-

1 sweep rate) reported in 2017 for [Tb(Pc){Pc[N(C4H9)2]8}] 

(Figure 7).86 

 
Figure 7. Selected 4f SMMs mentioned in text: (left) 

[Tb(Pc){Pc[N(C4H9)2]8}], (right) [Er(COT)(C5H5BMe)]. 

ErIII SMMs were targeted in high symmetry environments,87–93 

with a focus on organometallic complexes with functionalised 

and unsubstituted COT2- (COT2- = cyclooctatetraenide) and Cp- 

(Cp- = cyclopentadienyl) ligands, along with bulky amine 

donors.94 Homo- and hetero-leptic complexes have attempted 

to maximise Ueff with the current record of 300 cm1 for 

[Er(COT)(C5H5BMe)] (C5H5BMe = 1-methyl-boratabenzene; 

Figure 7), reported in 2016.91  
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Symmetry alone is not sufficient to predict SMM properties. In 

2011, Rinehart and Long highlighted design criteria to stabilise 

highly magnetic |MJ| states (and destabilise low |MJ| states) 

for various LnIII ions.79 This work builds on the analytical 

derivation of aspherical 4f electron density distributions of the 

pure ionic MJ states for each LnIII by Sievers in 1982 (Figure 8).95 

The LnIII series splits into those where the maximal |MJ| 

projection has prolate (elongated) spheroid electron density 

(e.g. Er, Tm, Yb) or oblate (squashed) spheroid electron density 

(e.g. Tb, Dy, Ho). The strategy for ions with oblate spheroidal 

densities in their large |MJ| states is to place charge on a single 

axis to stabilise the large |MJ| and destabilise low |MJ| states; 

the inverse logic applies for prolate spheroids, where equatorial 

coordination of anions is targeted. An axial/equatorial donor is 

defined by ligand position that forms an average zenith angle 

less/greater than the magic angle of 54.7° as measured 

between the ligand, metal and pseudo-symmetry axis.29  

 

 
Figure 8. Illustration of the aspherical electron densities corresponding to the various |MJ| projection of the LnIII ions.95,96

In 2011, the record DyIII SMM Orbach barrier was 234 cm-1 from 

[Dy(sal)(NO3)(MeOH)Zn(L)Br] (sal = salicylaldehyde and H2L = 

6,6’-(1E,1’E)-(2,2-dimethylpropane-1,3-diyl)bis(azan-1-yl-1-

ylidene)bis(methan-1-yl-1-ylidene)bis(2-methoxyphenol); 

Figure 9).97 This record was broken repeatedly after publication 

of the design criteria by Rinehart and Long directed researchers 

to target axial crystal fields.79 This guidance was reinforced by 

calculations for a theoretical {Dy-O}+ fragment, validating that 

highly axial geometries generate high Orbach barriers to 

magnetisation reversal for DyIII.98 Fortuitously, DyIII has a 

monotonic trend from oblate to prolate electron density 

distributions in its MJ states (Figure 8), allowing an axial CF to 

sequentially order the MJ states from most magnetic (MJ = 

±15/2) to least magnetic (MJ = ±1/2), creating a double-well 

potential.79 This ordering encourages relaxation via higher 

excited states and allowed DyIII SMMs to surpass other LnIII 

SMMs.27,32 

 
Figure 9. The Dy SMM [Dy(sal)(NO3)(MeOH)Zn(L)Br]. 
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4.2 Axial Molecules with Point-Like-Charge Donors 

These design criteria led to the exploration of a range of hard 

oxo-donor ligands, to generate DyIII complexes containing 

phosphine oxides, alkoxides and aryloxides.17,99–101 As many of 

these ligands are monodentate donors and unlikely to stop 

further coordination at the LnIII centre, a range of weakly 

coordinating donors were employed at the equatorial positions 

to stabilise the overall, highly anisotropic CF. In 2013, the 

record Ueff barrier for DyIII SMMs was increased to 305 cm-1 for 

[Zn2Dy(L)2(MeOH)]NO3, where L is the tripodal ligand 2,2’,2’’-

(((nitrilotris(ethane-2,1-diyl))-tris(azanediyl))-tris(methylene))-

tris-(4-bromophenol).102 The resultant coordination sphere is a 

distorted pentagonal bipyramidal environment with the two 

deprotonated phenoxide donors forming a 168.6(2)° angle, 

defining the axial environment. The equatorial coordination is 

also occupied by phenoxide donors; however, these bridge to 

ZnII cations, polarising the electron density and reducing their 

donor strength at the DyIII centre. The stabilisation of the 

ground MJ = ±15/2 state was validated by CASSCF calculations 

with the first excited state at 290 cm-1 in good agreement with 

the experimentally determined energy barrier. 

 
Figure 10. The Dy SMM with phenoxide donors, 

[Zn2Dy(L)2(MeOH)]NO3 (hydrogen atoms omitted for clarity). 

Colour code: dysprosium (teal), zinc (orange), bromine (green), 

oxygen (red), nitrogen (blue), carbon (grey). 

In 2016 the bis-methanediide complex [K(18-crown-

6)(THF)2][Dy(BIPMTMS)2] - (where BIPMTMS = {C(PPh2NSiMe3)2}2-, 

Figure 11) claimed the record Ueff with a barrier of 565 cm-1. 

Two formally C2- donors at 176.6(2)° generate a strong axial CF 

with weakly coordinating equatorial nitrogen donors.103 

Interestingly, although the crystal structure reveals a single 

molecule in the asymmetric unit, the AC susceptibility data 

reveals two distinct processes which are simultaneously fitted 

with two energy barriers.  The two barriers of 501 and 565 cm-1 

were both higher than any previously reported in the literature 

and were assigned to competing relaxation via the close lying 

third and fourth excited states. 

 
Figure 11. Monometallic Dy SMMs with axial point-charge 

donors: (left) [K(18-crown-6)(THF)2][Dy(BIPMTMS)2], (right) 

[Dy{(S)-OCHPhMe}2(py)5][BPh4]. 

Despite not claiming the record, early 2016 saw the publication 

of several SMMs with similar Ueff values reported in quick 

succession. The molecules [Dy(Cy3PO)2(H2O)5]Br3 and 

[Dy{tBuPO(NHiPr)2}2(H2O)5]I3 revealed barriers of 377 cm-1 and 

452 cm-1 (511 cm-1 when diluted into an Y matrix), respectively, 

with structures utilising axial neutral phosphine oxide 

donors.100,104 These complexes were the first monometallic DyIII 

SMMs with pentagonal bipyramidal coordination geometries 

and homoleptic neutral equatorial ligands. 

The standing SMM Ueff record was again broken in 2016 with 

the first energy barrier reported over 1000 K (695 cm1) by Tong 

and co-workers.26 Utilising a bis-phenoxide hexadentate ligand 

bbpen (H2bbpen = N,N-bis(2-hydroxy-benzyl)-N,N-bis(2-

methylpyridyl)ethylenediamine), an energy barrier of 712 cm-1 

(1024 K) was reported for [Dy(bbpen)Br] where the equatorial 

environment is occupied by four neutral nitrogen donors and a 

single bromide anion. The strong axial phenoxide donors, 

combined with the weak neutral amines and diffuse electron 

density of the bromide, results in very large anisotropy. 

Comparison to the previous phosphine oxide ligands suggests 

the origin of larger anisotropy is the harder Lewis acidic nature 

of the phenoxide donor, resulting in reduced Dy-O bond lengths 

of 2.163(3) Å from previous complexes with axial bonds over 

2.2 Å. Thus, despite the axial O-Dy-O angle being 155.8(2)° and 

an anion in the equatorial plane, a large Ueff barrier is still 

achieved. 

This milestone was quickly surpassed by the enormous energy 

barrier of 1261 cm-1 (1815 K) of [Dy(OtBu)2(py)5][BPh4] (py = 

pyridine; Figure 1), almost doubling the previous record.99 

Here, the isolation of a trans-bis-tert-butoxide-coordinated DyIII 

ion stabilised by neutral equatorial pyridine ligands was 

reported as approaching the limit of CF splitting at DyIII for a 

coordination complex. The neutral equatorial ligands combined 

with the hard tert-butoxide ligands is responsible for the large 

anisotropy.  

Despite repeated breaking of record energy barriers, these 

SMMs did not show commensurate increases in blocking 
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temperature as would be expected for a six-fold increase in Ueff. 

This is of course dependent on the definition used for blocking 

temperature and since those reported in literature vary, it is 

difficult to directly compare “the blocking temperature” of 

these molecules. Nevertheless, [K(18-crown-

6)(THF)2][{Tb[N(SiMe3)2]2(THF)}2(μ-η2:η2-N2)], with TZFC, T100s 

and TH all measured at 14 K (Figure 1, see section 6.1) was 

usually considered to be the benchmark for magnetic 

memory.105 This radical dianionic dinitrogen-bridged complex 

from 2011, with an experimental energy barrier of 227 cm-1, 

was consistently better-performing than all the record-barrier 

SMMs discussed that were measured under a consistent sweep 

rate. Recently, a novel pentagonal bipyramidal chiral complex 

[Dy{(S)-OCHPhMe}2(py)5][BPh4] supported by non-covalent 

intramolecular interactions (Figure 11), shows Ueff = 1130(20) 

cm-1, TZFC = 23 K and TH = 22 K and boasts slower Raman and 

QTM regimes than the parent complex 

[Dy(OtBu)2(py)5][BPh4].106  

Despite the concerted effort of the SMM research community, 

all DyIII SMMs in 2016 with strong axial donors still possessed 

several equatorial ligands. The route to isolating a molecule 

without any equatorial coordination at a LnIII ion was unclear, 

and due to the unpredictability of literature blocking 

temperatures it was speculative whether such a complex would 

enable higher blocking temperatures. One synthetic direction 

was to design bulky ligands to support a two-coordinate linear 

geometry using nitrogen or phosphorous donor-atoms.107 This 

research gained traction following the isolation of near-linear 

LnII complexes and subsequent bent LnIII molecules (Ln = Sm, 

Tm, Yb).108,109 Despite these efforts, a two-coordinate DyIII 

complex has not been isolated to date. 

4.3 Axial Molecules with Cp-Donors 

Aside from using monodentate ligands, cyclopentadienide (Cp) 

chemistry was known as a way to occupy more coordination 

sites of LnIII ions and hence block equatorial ligand 

coordination, with careful design to exclude coordinating 

solvent or counter ions.110 For many years, several groups 

prepared a host of [LnCp2Xn] (n = 1 or 2, X = anionic ligand) 

SMMs, but were unable to inhibit equatorial ligand 

coordination (see eibc2032).84,111–113 These strategies also 

yielded several polymetallic complexes,50 where additional 

coordination sites were occupied by bridging ligands, including 

redox-active radical ligands.114,115  

In 2017, a major breakthrough came with the synthesis of the 

first isolated lanthanide metallocenium cation viz. 

[Dy(Cpttt)2][B(C6F5)4] (Cpttt = C5H2
tBu3-1,2,4; Figure 1), reported 

in separate publications by Goodwin et al.32 and Guo et al.116,117 

The successful isolation of a dysprosocenium cation was 

achieved via halide abstraction of a chloride-containing 

precursor using the silylium reagent [H(SiEt3)2][B(C6F5)4], which 

also delivers the weakly-coordinating anion [B(C6F5)4]. The 

absence of equatorial coordination increases T100s to 53 K, an 

increase of 39 K from [K(18-crown-

6)(THF)2][{Tb[N(SiMe3)2]2(THF)}2(μ-η2:η2-N2)]. However, 

[Dy(Cpttt)2][B(C6F5)4] shows a Ueff barrier of 1223 cm-1, ca. 

40 cm-1 smaller than the record set by [Dy(OtBu)2(py)5][BPh4]. 

Comparison of the relaxation rates between these two SMMs 

shows that [Dy(OtBu)2(py)5][BPh4] relaxes ca. 200 times faster 

at 60 K owing to a far more significant Raman relaxation regime 

compared to [Dy(Cpttt)2][B(C6F5)4]. This comparison marks an 

important milestone in the literature: that Ueff barriers could be 

designed to be so large that optimisation of other relaxation 

mechanisms must be a critically limiting step. A 2020 INS study 

on [Dy(Cpttt)2][B(C6F5)4] suggests that the slow Raman 

relaxation is a result of a large energy gap between the ground 

MJ = ±15/2 and first excited MJ = ±13/2 states, a rigid first 

coordination sphere and weak intermolecular interactions, 

which limit the available phonons for Raman relaxation.58 

Continued improvements in Ueff have been achieved with other 

substituted dysprosocenium cations by varying Cp ring R-

groups. In 2018, five novel dysprosocenium cations were 

reported in separate reports by Gould et al.31 and Guo et al.;27  

the latter report of [Dy(C5
iPr5)(C5Me5)][B(C6F5)4] (Figure 12) 

holds the current record Ueff barrier of 1541 cm-1 and record 

blocking with TZFC = 54, T100s = 65 and TH = 80 K. 

 
Figure 12. Evolved Ln metallocene-based SMMs: (left) 

[Dy(C5
iPr5)(C5Me5)][B(C6F5)4], (centre) [Tb(C5

iPr5)2], (right) 

[Dy(Dtp)2][Al{OC(CF3)3}4]. 

There has been much recent research on the factors which have 

resulted in such marked improvement for dysprosocenium 

systems. State-of-the-art calculations have aimed to calculate 

the spin-phonon coupling and hence the relaxation 

rates.32,106,118,119 While varying in approach and complexity, the 

main aim is to identify structural factors contributing to 

relaxation dynamics, and determine if modification of ligand 

scaffolds could lead to improved SMM performance. 

Preliminary work on [Dy(Cpttt)2]+ by Goodwin et al. highlighted 

the influence of the ring C-H vibrations at the unsubstituted 3,5-

protons of Cpttt matching the energy gap from the ground to 

first excited KD, thereby contributing significantly to Orbach 

relaxation.32 Subsequent CpR variants that achieved higher 

blocking temperatures lacked these C-H groups, providing 

some validation for this suggestion.27,31 Nevertheless, even 

with such vibrations absent, other important vibrations reveal 

themselves, placing more stringent criteria on future targets for 

enhanced performance.120   

Evolution of the field has seen molecules related to 

dysprosocenium also prove to be among the best performing 

SMMs: a neutral TbII complex being the best non-Dy SMM, 

[Tb(C5
iPr5)2], has Ueff = 1205 cm-1, T100s = 52 K and TH = 55 K,35 

while a phospholyl analogue, [Dy(Dtp)2][Al{OC(CF3)3}4] (Dtp = 
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P(CtBuCMe)2), has Ueff = 1223 cm-1, TZFC = 25 K, T100s = 23 K and 

TH = 48 K (Figure 12).120  

5 MONOMETALLIC 3d SINGLE-MOLECULE 

MAGNETS 

Monometallic 3d SMMs are also possible, but instead of relying 

on large S, they must be designed to maximise magnetic 

anisotropy at the single-ion level like for 4f ions.16 The field of 

3d SMMs was outlined in a tutorial review by Craig and Murrie 

in 2015.16 For monometallic 3d SMMs the crystal field and spin-

orbit coupling effects can be of similar size, and so the 

microstates involved in SMM behaviour are not always easily 

labelled as MS or MJ; below we will outline the cases of 

dominant CF, dominant spin-orbit coupling and intermediate 

situations. 

In the case of strong CF splitting and/or Jahn-Teller distortions, 

the degeneracy of the 3d orbitals can be lost, thus quenching 

the orbital angular momentum resulting in a spin-only ground 

state (see eibc0118).16 In such cases in less than cubic 

symmetry, an S > 1/2 ground state can experience ZFS (owing 

to second-order spin-orbit coupling where excited orbitally-

degenerate states are mixed in) splitting the MS microstates: 

this is the case for the ions comprising “traditional” 3d 

polymetallic SMMs. A good monometallic example is the 

tetrahedral CoII complex (PPh4)2[Co(SPh)4] with an S = 3/2 

ground state with ZFS of D = -74 cm-1 and E ≤ 0.01 cm-1, which 

displays slow relaxation with Ueff = 21 cm-1.121 In an axial 

molecule, the energy of the first excited state is equal to 2D. It 

is common for monometallic SMMs to be reported with 

experimental barriers much smaller than 2D or than the 

spectroscopically determined energy of the first excited state – 

this has been attributed to the role of off-resonance relaxation 

processes,118 but may also be the result of incorrect fitting of 

the experimental data. Extraction of a Ueff value by fitting only 

a few data points at low temperature leads to incorrect values; 

instead all relaxation rates should be comprehensively 

modelled.122,123 

In the strong CF limit, mixing of excited states into the ground 

state via spin-orbit coupling is inversely proportional to the 

energy gap between the CF states, and so a smaller splitting of 

CF states leads to a larger splitting of MS states (larger D).124 The 

pseudo-tetrahedral CoII complex (HNEt3)2[Co{C6H4(NSO2Me)2-

1,2}2] (Figure 13), has a low energy excited state because of a 

strong ligand field and dominant axial distortion.123 This leads 

to a very large D of -115 cm-1 and slow relaxation with Ueff = 230 

cm-1. This molecule has such large anisotropy because of near 

orbital degeneracy (dxy orbital is close in energy to the dx2-y2 

and dz2 orbitals), such that it is on the border of having first-

order orbital angular momentum. 

 
Figure 13. A monometallic CoII SMM 

(HNEt3)2[Co{C6H4(NSO2Me)2-1,2}2]. 

When 3d orbital degeneracy is partially retained after the CF 

interactions, and there is an unequal electron population in 

degenerate orbitals that are related by rotational symmetry, 

unquenched orbital angular momentum can arise, but typically 

less than for the free ion.125 Such is the case for the first 

monometallic 3d SMM, K[Fe(tpaMes)], reported in 2010 by 

Freedman et al. (Figure 1).15 The high spin trigonal pyramidal 

FeII complex has an electronic configuration of 

(dxz,dyz)3(dxy,dx2-y2)2(dz2)1; the unequal population of the dxz 

and dyz orbitals gives rise to orbital angular momentum and 

first-order spin-orbit coupling.126 However, like many 

monometallic 3d SMMs, it has facile QTM between the ground 

states in zero field, and so application of a magnetic field is 

required to observe slow relaxation with Ueff = 42 cm-1.15 

Often in the literature, a spin-only model and MS labels are used 

for 3d ions even in the presence of first-order orbital angular 

momentum; this is incorrect and misleading. Instead, states 

arising from L and S must be considered,125,126 as the states 

involved in slow relaxation arise from both spin-orbit and CF 

effects. A model of only the ground J manifold (as used for 4f 

SMMs) may be appropriate if the CF is sufficiently weak 

compared to spin-orbit coupling and no excited states are 

populated in the temperature range investigated.77,122,127 In this 

model, the adjacent MJ states are separated by ζL/2S, where ζ 

is the spin-orbit coupling constant for the free ion.77,122 

Linear geometries have been particularly successful for 3d 

monometallic SMMs because (dxy,dx2-y2) and (dxz,dyz) orbital 

degeneracies are retained in D∞h and C∞v symmetry. A two-

coordinate FeI complex, [K(2.2.2-cryptand)][Fe{C(SiMe3)3}2] 

(Figure 14) has an electronic configuration of (dz2)2(dx2-

y2,dxy)3(dxz,dyz)2, with the 3d orbitals spread over only 5000 

cm-1 due to the weak CF; this gives rise to almost unquenched 

orbital angular momentum and thus first-order spin-orbit 

coupling (S = 3/2 and L = 2 giving J = 7/2) and large anisotropy.77 

The MJ = ±7/2 states are calculated to be stabilised by 210 cm-1 

relative to MJ = ±5/2, and in the absence of an applied magnetic 

field this FeI complex displays slow relaxation with Ueff = 226 

cm-1. The same orbital splitting can be obtained with a trigonal 

prismatic (D3) geometry, as demonstrated by the isolelectronic 

pseudo-clathrochelate CoII complex, [Co{κ6-N,N,N,N′,N’,N’-

PhB[ONC(Me)C3N2H]3}Cl]. This complex has the lowest energy 

microstates separated by 220 cm-1 and held the record barrier 

for a Co SMM in 2015 with Ueff = 152 cm-1.122  
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Figure 14. Linear monometallic 3d SMMs: (top left) [K(2.2.2-

cryptand)][Fe{C(SiMe3)3}2], (top right) [Co(NC6H3Mes2-

2,6){C[N(Dipp)CH2]2}], (bottom) [Co{C(SiMe2ONapth)3}2]. 

In 2017 the record set by [K(2.2.2-cryptand)][Fe{C(SiMe3)3}2] 

was broken with Ueff = 413 cm-1 for [Co(NC6H3Mes2-

2,6){C[N(Dipp)CH2]2}] (Dipp = C6H3
iPr2-2,6; Mes = C6H2Me3-

2,4,6; Figure 14).127 This linear complex has a short cobalt-imido 

double bond which maximises the cobalt anisotropy to stabilise 

the MJ = ±7/2 states (S = 3/2, L = 2, J = 7/2). Cobalt has a larger 

spin-orbit coupling constant than iron due to the larger 

effective nuclear charge, which is one reason CoII complexes are 

able to out-perform the FeI complex.122,128 The current-best 3d 

SMM is a linear CoII complex, [Co{C(SiMe2ONapth)3}2] (Figure 

14), with Ueff = 450 cm-1.128 A very weak CF results in an 

intermediate or “non-Aufbau” spin ground state, (dx2-

y2,dxy)3(dxz,dyz)3(dz2)1, which attains a maximum total angular 

momentum quantum number of J = 9/2 (S = 3/2, L = 3). 

Also of note are some CoII molecules that exhibit in-field SMM 

behaviour despite their easy-plane (D > 0) electronic structures 

stabilising MS = ±½.129,130 In near-zero external field, selection 

rules implied by Kramers time reversal symmetry and van Vleck 

cancellation indicate that spin-phonon coupling cannot enable 

a direct transition between the two MS = ±½ microstates, 

opening up opportunities for slow magnetic relaxation 

dependent on other processes, such as Raman relaxation or 

direct relaxation mediated by hyperfine coupling.129  

6 EXCHANGE-COUPLED SINGLE-MOLECULE 

MAGNETS 

6.1 Monometallic-Radical SMMs 

Monometallic SMMs often have fast relaxation at zero field due 

to strong QTM in the ground doublet, accelerated by the 

presence of unfavourable mixing of MJ states (as mixed states 

are particularly sensitive to transverse magnetic fields) in low 

symmetry coordination environments.30 This results in 

butterfly-shaped hysteresis with small coercive fields, and in 

some cases slow relaxation can only be observed under an 

applied magnetic field to disrupt resonant QTM.16,28 A strategy 

to mitigate zero-field QTM is by magnetically coupling multiple 

spin centres, shifting the ground state degeneracy and resulting 

in a so-called exchange biasing of the QTM away from zero 

field.131 

The [Tb(PcR)2]n derivatives show butterfly hysteresis for n = -1, 

+1, but for some n = 0, -2 complexes, the presence of an organic 

radical delocalised over the two Pc ligands opens the hysteresis 

loop and results in higher coercive fields.131 Such is the case for 

[Tb(PcR8)2]n (R = isopropylidenedioxy), which shows closed 

waist-constricted hysteresis loops for n = -1 and +1 and open 

hysteresis with a coercive field of 0.16 T for n = 0.132 The 

introduction of a radical spin coupled to a LnIII metal centre can 

suppress QTM relaxation pathways, and in the case of Tb-

radical pairs the resulting complex is Kramers, which 

contributes to suppressing QTM in the ground KD.131 

A host of monometallic SMMs with other organic radicals have 

been investigated following the breakthrough of the Ln-

phthalocyaninato radical complexes, but as yet none are as 

successful as SMMs.131 Lanthanide complexes have been 

investigated with nitronyl nitroxide (NIT), (2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (TEMPO), triazinyl, 

phosphorous-centred and diborane radicals.131,133–135 Typically, 

weak coupling occurs between the Ln 4f orbitals and the 

radical, yielding sufficient exchange coupling to break the 

ground state degeneracy, but often introducing new relaxation 

pathways. In contrast, 3d-radical complexes have stronger 

exchange coupling, the best example is a tetrakis-triplet-

carbene complex [Co(NCO)2(NC5H4CPh-4)4], which shows Ueff = 

130 cm-1 and TH = 4.8 K.136 A CoII-NIT complex, [Co(L)2](NO3)2 (L 

= 4-dimethyl-2,2-di(2-pyridyl)), is also of note for its 

multifunctionality, showing a small energy barrier under 

applied field and spin-crossover at higher temperatures.137 

6.2 Polymetallic 3d-4f and 4f-4f SMMs 

Mixed-metal systems can provide information on how weak 

exchange interactions can have beneficial effects on relaxation 

behaviour.42 Designing polymetallic 4f complexes and 

molecules which couple 3d and 4f ions together has been an 

area of interest over several years. The first mixed 3d-4f metal 

SMM, [Cu(L)Tb(hfac)2] (H3L = 1-(2-hydroxybenzamido)-2-(2-

hydroxy-3-methoxy-benzylideneamino)-ethane, hfac = 

hexafluoroacetylacetonate), was reported in 2004 by 

Matsumoto and co-workers with Ueff = 15 cm-1.138 In the years 

since, detailed studies of 3d-4f variants have been explored, 

including systematic studies of families of MIII
2LnIII

2 (M = Co, Cr 

and Ln = Gd, Tb and Dy) molecules by Murray et al.139–141 In 

2015, the largest barrier for a 3d-4f molecule was reported by 

the Tong research group, with Ueff = 416 cm-1 observed for an 

SMM with a Co2Dy core.142 

Purely 4f polymetallic SMMs have also revealed novel 

properties in molecular magnetism. There are examples of 

bimetallic, trimetallic and higher nuclearity LnIII molecules, with 

different exchange motifs and pathways.143 One such group, 

the multidecker TbIII pthalocyanates, have been 
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comprehensively investigated, including addressability on 

surfaces.144–146 

Noteworthy polymetallic 4f molecules include the clusters 

[Dy5O(OiPr)13] and [Dy4K2O(OtBu)12] (Figure 15), which 

respectively show large barriers of 367 cm-1  and 480 cm-1 (the 

record for Dy SMMs in 2013),147 and the dimeric complex 

[Dy(C5Me5)2{μ-CpFe(CO)2}]2. The latter complex is bridged via 

carbonyl- linked diamagnetic {FeCp} units with a barrier of 662 

cm-1 (50 cm-1 short of the record in 2016),26 owing to the single-

ion properties of each DyIII.50 An endohedral fullerene 

Dy2ScN@C80-Ih from 2017 holds the current record barrier for a 

polymetallic 4f molecule, with Ueff = 1206 cm-1.148 Despite the 

significant barrier size, its magnetic memory effect is similar to 

[Dy(OtBu)2(py)5][BPh4], with TH = TZFC = 7 K and T100s = 5 K. Note 

that for these three molecules, and in fact most polymetallic 4f 

SMMs, the exchange interactions are so weak that the SMM 

property appears to arise solely from single-ion anisotropy with 

minimal positive influence from weak exchange interactions. 

 
Figure 15. Crystal structure of polymetallic 4f SMM, 

[Dy4K2O(OtBu)12] (hydrogen atoms omitted for clarity). Colour 

code: dysprosium (teal), potassium (cyan), oxygen (red), carbon 

(grey). 

6.3 Bimetallic Radical-Bridged SMMs 

Along with synthetic targets focussed on achieving significant 

exchange coupling between metal ions, radical ligands have 

been implemented as bridges to mediate and enhance 

magnetic coupling. A good summary is provided in a 2015 

review by Demir et al., highlighting a host of mono- and 

polymetallic 3d-radical and 4f-radical SMMs.131  

A breakthrough in bimetallic radical-bridged SMMs occurred in 

2011 with the synthesis of [K(18-crown-

6)][{Ln[N(SiMe3)2]2(THF)}2(μ-η2:η2-N2)] (Ln = Tb, Dy, Gd, Ho, Er; 

Figure 1), where the Tb analogue had record-breaking TH, TZFC 

and T100s of 14 K.105,149 The Ln-radical exchange is very strong 

(JGd-rad = -27 cm-1
, -2J formalism) because of the diffuse radical 

spin on the compact N2
3-· bridge and the radical existing in a π* 

orbital perpendicular to the Ln2N2 plane, enabling good overlap 

with 4f orbitals.149 A computational model of the TbIII complex 

indicates the doubly-degenerate exchange-coupled states 

contain mixtures of multiple TbIII CF states because the 

exchange is the same order of magnitude as the CF splitting.150 

The mixing of CF states causes relaxation to occur via TA-QTM 

in the first excited exchange-coupled doublet. The current 

state-of-the-art radical-coupled Ln SMM is [K(2.2.2-

cryptand)][{Tb(C5Me4H)2}2(μ-η2:η2-N2)] (Figure 16), which has 

two experimental Ueff values of 276 cm-1 and 564 cm-1, T100s = 

20 K, TH = 30 K and a large coercive field of HC = 7.9 T at 10 K.151 

The higher axiality and low coordination number improves the 

performance relative to the original  [{Tb[N(SiMe3)2]2(THF)}2(μ-

η2:η2-N2)]- molecule.105 In each case of bimetallic Ln complexes 

bridged by N2
3-· radicals, the Tb analogue outperforms the Dy 

variant.105,149,151 

 
Figure 16. Radical-bridged bimetallic SMMs: (top) [K(2.2.2-

cryptand)][{Tb(C5Me4H)2}2(μ-η2:η2-N2)], (bottom) [K(18-crown-

6)][{Co[C6H4(NSO2Me)2-1,2]}2{μ-η2:η2-C6H2(NSO2Me)4-

1,2,4,5}]. 

Redox-active ligands have also been used to bridge 3d and 4f 

ions, which imparts redox switchability to the SMM 

behaviour.131 In particular, reduction or oxidation to create a 

radical-bridged complex may quench QTM and switch on SMM 

behaviour in zero magnetic field.152,153 Ln ions with redox active 

ligands have been reviewed by Hay and Boskovic in 2020.154 

Since 2015, 3d bimetallic SMMs bridged by redox-active ligands 

have expanded from only two complexes, both with an 

azophenine or N-indigo bridge,131 to include other 

benzosemiquinoid derivatives,155,156 tetrapyridophenazine,157 

and air-stable complexes with bipyrimidine,158 and substituted 

tetrazines.159 The best dinuclear 3d-radical SMM is [K(18-

crown-6)][{Co[C6H4(NSO2Me)2-1,2]}2{μ-η2:η2-C6H2(NSO2Me)4-

1,2,4,5}] (Figure 16) with Ueff = 183 cm-1 in zero field; here the 

radical bridge slows the relaxation at 18 K by a factor of 350 

relative to the non-radical monometallic precursor (Figure 

13).159  

An interesting example of radical-coupled SMMs are 

endofullerene systems with encapsulated LnIII ions (see 

eibc2049). Like the [Tb(PcR)2]n derivatives, the fullerene surface 

can accommodate various oxidation states and facilitate 

exchange between the trapped Ln ions.160 The most 
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noteworthy example is [Dy2@C80(CH2Ph)] from 2017 (Figure 

17), where a single electron is hypothesised to be located in 

between two DyIII ions (of formally +2.5 oxidation state), all held 

inside a fullerene cage.161 The strong interaction of JDy,e = -32 

cm-1 used in the modelling of the coupled energy spectrum 

reproduces the observed energy barrier of 613 cm-1, associated 

with the spin flip of one of the spin centres (DyIII or radical). 

While not a remarkable barrier, the TH = 21 K, TZFC = 22 K and 

T100s = 18 K were records at the time and are significantly better 

than most SMMs with similar energy barriers. 

 
Figure 17. Crystal structure of endofullerene-encapsulated 4f-

radical SMM, [Dy2@C80(CH2Ph)] (hydrogen atoms omitted for 

clarity). Colour code: dysprosium (teal), carbon (grey). 

7 PERSPECTIVES 

With a view towards potential applications, a number of proof-

of-concept experiments have been performed to show the 

addressability of SMMs on surfaces utilising scanning tunnelling 

microscope (STM) tips, EPR, and X-ray magnetic circular 

dichroism.3,42,145,162,163 Detailed studies have been performed 

on SMMs placed within gold break-junctions on surfaces, for a 

host of 3d, 4f and polymetallic molecules.3,42 The break junction 

allows the use of electric conductivity across the junction as a 

probe for the magnetic behaviour at the molecule.164,165 Many 

studies have focussed on 3d cluster molecules at low 

temperature, due to their generally enhanced stability to 

ensure robust integrity in application to the surface.70 Other 

forms of isolated studies on molecules have included 

encapsulation in carbon nanotubes.166–168 Of note, however, 

are the experiments performed by Wernsdorfer and co-

workers, studying [Tb(Pc)2] variants on surfaces and in gold 

junctions, examining the addressability of both electron and 

nuclear spin states.169 One study distinguishes between the 

four nuclear spin states of the central TbIII ion, giving unique 

signals for each of the hyperfine transitions;21,169 this possibility 

lead to the first demonstration of a QIP algorithm in an SMM.170  

One related study generated unique read out states of a 2-bit 

Ho based system.171 In this work, two Ho atoms were placed on 

an Au surface with a nearby Fe atom used as the probe. Upon 

magnetisation of the Ho atoms using the magnetic STM tip, the 

EPR response of the Fe atom shifts due to the neighbouring 

magnetic field. Assigning the two Ho atoms to the two possible 

states of each affords four distinct signals (local magnetic fields) 

at the Fe site. The shifts in the EPR spectrum are clear and 

unambiguous, providing a direct read out of the 2-bit memory 

system. 

While there are as-yet no reports of surface-bound 

dysprosocenium cations, the isolation of the neutral TbII 

complex [Tb(C5
iPr5)2], which shows record blocking and Ueff 

behaviour for a non-DyIII SMM, provides new avenues for 

surface studies, due to the increased volatility of neutral 

complexes.35 

8 SUMMARY 

The field of SMMs has grown significantly since 1993, having 

advanced from large polymetallic 3d molecules with 

comparatively small magnetic anisotropy to smaller mono- or 

bimetallic SMMs with massive anisotropy and vastly improved 

magnetic memory effects. The most successful SMMs control 

metal coordination environments to maximise magnetic 

anisotropy, while simultaneously mitigating competing spin-

phonon relaxation processes. The next challenges lie in 

elucidating design criteria to minimise QTM and Raman 

relaxation, and developing strategies to integrate the highest-

performing SMMs into prototype devices. 
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