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Molecular magnetism is considered an area where magnetic phenomena that are usually difficult to 5 

demonstrate can emerge with particular clarity. Over the years, however, less understandable systems 

have appeared in the literature of molecular magnetic materials, in some cases showing features that hint 

at the spontaneous emergence of global structures out of local interactions. This ingredient is typical of a 

wider class of problems, called complex behaviours, where the theory of complexity is currently being 

developed. In this perspective we wish to focus our attention on these systems and the underlying 10 

problematic that they highlight. We particularly highlight the emergence of the signatures of complexity 

in several molecular magnetic systems, which may provide unexplored opportunities for physical and 

chemical investigations.

1. Introduction 

 The traditional approach of physical and chemical sciences to a 15 

problem is to first find a model system, where a certain effect can 

be isolated and studied clearly. The understanding thus achieved 

is then used to solve more thorny situations. When multiple 

effects are present, the problem will be cut down into its 

components, and treated as a sum of interacting systems. 20 

Nevertheless, there is compelling evidence that not all systems 

can be treated using this approach: there are so-called "complex" 

systems, which cannot be worked out this way.[1]  Such complex 

behaviour are situated between order and disorder: they are 

neither predictably regular, nor completely random and chaotic, 25 

lying somewhere in between.[2] Complex behaviours appear in 

seemingly-unrelated areas of very considerable importance, such 

as transport and social interactions,[3] the behaviour of markets[4] 

and the evolution of organisms (Figure 1a).[5] Although such 

areas might seem completely unrelated, a common background is 30 

now emerging that can explain the features of many such 

behaviours. In materials science, complexity is a constant 

presence in highly-correlated systems,[6] and has been considered 

an important component of colossal magneto-resistance effects[7] 

and of several high-temperature superconductors.[8] 35 

 Molecular magnets[9] (MMs) have arisen to some prominence, 

in the material science community, mainly because some of their 

examples provide very clean testgrounds for quantum effects, 

where unwanted contributions can be minimized. On the other 

hand, now that many properties of single magnetic molecules are 40 

understood, attention is gradually shifting to interacting systems. 

A reconsideration of the literature also shows that, alongside the 

better-known ultra-clean MMs, examples of complex magnetic 

behaviour may have appeared. Several features displayed hint at 

the spontaneous emergence of global structures out of local 45 

interactions, as typical of complexity. In these cases, a different 

perspective has to be adopted to treat the systems. Even crowds 

can be modelled to a good degree of accuracy, but only when 

taking into account the non-obvious patterns of interaction and 

influence among people that lead to complexity.[4] Similarly, 50 

complex spin systems cannot be understood by a correction to the 

usual magnetic models, and in this perspective we wish to 
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provide a perspective on such systems, highlighting past 

observations of complexity in MM and showing how complexity 

will likely become more and more relevant in the future. Here we 

consider three main reasons for the appearance of complex 

behaviour in MMs: structural sources are investigated first, as 5 

they are more intuitive and point at synthetic strategies; the 

second source is the interaction pattern among the magnetic 

centres in the compound, and we particularly consider the most 

simple systems, those with one-dimensional structure; the third  

 10 

Fig.1 a) interaction networks created by some complex systems, 

including, on proceeding clockwise: the worldwide aviation transport 

system;[3d] the economic exchanges of Japan;[4d] the internet in 2001;[3b] the 

scientific collaborations of mathematicians.[3c] b) Timeline of some key 

developments in molecular magnetism, with particular focus on complex 15 

behaviour and phases relevant to single-molecule investigations. 

source is, eventually, the interaction with external baths, such as 

electrons and phonons. A unifying perspective, bridging several 

emerging areas such as slow-relaxing molecular spin chains, 

molecular magnets on surfaces and molecular spintronics, can 20 

then emerge.  

 The relationship between magnetic systems and complex 

behaviour has been longstanding and fruitful. Probably, the best-

known and studied examples are spin-glasses,[10] where 

theoretical models have then been applied to the understanding of 25 

other complex phenomena, most notably neural networks.[11] 

Contrarily to these systems, MMs can be being integrated into 

hybrid systems or organized into functional nanostructures, where 

complexity can emerge from the interaction with the many 

degrees of freedom of the environment.[12] In this sense, MMs 30 

may be one of the first instances where materials made with a 

bottom-up approach find application in the study of complexity, 

and they might actually be particularly well suited for such 

studies.[12,13]  

2. Structural sources of magnetic complexity 35 

Complex systems often include very structured, non-regular 

interaction patterns[3-8,10-13] (e.g. the social interaction patterns 

among humans,[3] or the node patterns of neural networks,[11] see 

Fig. 1a) and some form of disorder, which can either be structural 

and intrinsic to the system, or may arise from random fluctuations 40 

(e.g. in economics). In this paragraph we discuss some of the 

chemical possibilities that lead to complex behaviour from 

structural sources in MMs. We start by considering 1D complex 

systems, as they are often the starting point to understand systems 

with higher dimensionality. In magnetic chains, complex 45 

behaviour can arise from the internal interactions, as famously 

shown by Haldane, who first suggested that 1D antiferromagnets 

with integer spins can have exotic, disordered ground states.[14] 

Although, as we will show in the following, 1D MMs often show 

complex characteristics due to other causes, it was indeed in 50 

MMs that  

 
Scheme. 1 (top) Structure of nitronyl-nitroxide (NIT-R) and imino-

nitroxide (IMH-R) radicals (one of the resonant forms). The R substituent 

can be varied at will. (bottom) Coordination producing magnetic 55 

polymers, with M a neutral metal complex. 

such predictions could be confirmed.[15] Additionally, molecular 

quasi-1D magnetic structures (Scheme 1) have inter- and intra-

chain interactions, which can be tuned to create complex 

behaviour. The most common source of complexity, on the other 60 

hand, arises from disorder which strongly affects 1D systems: as 

there is only one channel to transmit the magnetic interaction, 

defective sites alter the spin correlation in the whole system, 

strongly affecting the overall behaviour. 

 Nitronyl-nitroxides (NIT-R, scheme 1) offer a particularly 65 

interesting case of complexity arising from structural disorder and 

correlations, which still poses open questions. NIT-Rs are 

versatile organic radicals that coordinate to transition-metal and 

lanthanide ions in a variety of fashions.[16] In 1D materials the 

oxygens bind to two different metal ions (Scheme1). When 70 

carboxylates are used to bind Mn(II) centres, a structure of chains 

interlocked by hydrogen bonds develops.[17] Disorder is 

introduced by the fact that half of the NIT radicals are reduced to 
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the imidazoline form IMH,[17]  and the Mn ions bind to four 

radicals, either in the NIT or IMH form. The hydrogen bond 

network imposes that, if there is a NIT radical in one site of a 

chain, the proximal site of the neighbouring chain must be an 

IMH radical (Figure 2). Ordered structures of molecular 5 

organization become possible, only if there is a relation between 

neighbouring sites inside the same chain (Figure 2a,b,c). When 

chain atoms impose no constrain on their intrachain neighbours, 

as indeed the case in the experimental systems (Figure 2d), the 

result is an overall disordered structure with emergent 10 

correlations. This is nicely displayed by the dispersion of possible 

configurations: assuming independent chains the number of 

possible configurations of the NIT and IMH on a chain of M sites 

is given by: ( ) 2
1 2!! −= MMn and N independent chains have 

(n1)
N configurations; with the NIT in one chain forcing the 15 

presence of a IMH in the neighbouring one, we have: 

NN
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which lies between a completely ordered situation and a 

disordered one. This complex crystalline features are also 

transmitted to the magnetic properties, which, at the moment, 20 

cannot be reproduced with known models, and are currently 

under study using the tools derived by the study of complex 

systems. These compounds thus constitute a beautiful example of 

how complex behaviour may emerge from structural features. 

 25 

Fig.2 Structural and magnetic models for chains of [Mn(CH3COO)2NIT-

Me].[17] Arrows represent spin centers: pink is Mn(II), blue is NIT-Me and 

green is IMH-Me. All panels include constraints on neighbouring chains, 

so that a NIT-Me always imposes a IMH-Me in the corresponding 

position of the neighbouring chains. Panels a, b, c also include intrachain 30 

relations between radicals, while d releases all intrachain constraints. a) 

One chain is fully M-NIT, the neighboring ones are M-IMH; b) Regular 

alternation of NIT and IMH on the same chain; c) double alternation, 

disordered only if different planes have random orientation; d) completely 

disordered situation, as experimentally apparent. 35 

 Structural effects have also emerged as fundamental for the 

magnetization dynamics of molecular chains. Slow relaxation of 

the magnetization and hysteresis can appear in certain 1D 

systems,[18] called single chain magnets (SCMs hereafter).[19,20] 

SCM behaviour follows Glauber's model for Ising chains[21] 40 

(Fig.3) but, owing to the presence of defects, SCMs should rather 

be viewed as a collection of independent segments of different 

lengths L.[22] Defective sites thus geometrically limit the spin 

correlation length ξ. Two dynamical regimes can then be 

identified:[23] when the average chain length L  is longer than ξ, 45 

the dynamics starts by a spin flip at the expense of overcoming 

the exchange interaction with two neighbouring spins, for a total 

energy cost of 4 times the coupling J. The relaxation time τ 

diverges exponentially as )k/4exp( B0 TJττ = , where τ0 is the 

inverse of the spin-flip rate at the border between two 50 

domains.[20,21] When L <<ξ the dynamics is dominated by spin 

flips at the chain ends, costing 2J. Statistical arguments[23] show 

that the relaxation time Lτ  of a segment of L spins now depends 

on the segment length as )k/2exp( B0 TJτLτL = . 

 These interesting dynamics very quickly enter the domain of 55 

complex systems as soon as interchain magnetic shielding is not 

very efficient. The contemporary presence of random defects and 

interchain interactions (often competing with intrachain ones) 

leads to a behaviour which is reminiscent of spin-glass-like 

(SGL) systems.[10] SGL are undoubtedly good examples of 60 

complexity arising from two ingredients: disorder and competing 

interactions.[10] The first can be produced by structural disorder 

(random defects, random placement of the spins, etc...) or other 

physical parameters (randomly-oriented magnetic axes, random 

size, etc...). Competitive interactions will then act differently on 65 

these random units, leading to a multitude of energetically-

equivalent states, often separated by large barriers, which make 

relaxation to the true ground state extremely slow.[10] The 

material can also respond following a number of different paths, 

when subject to a stimulus. Below a certain T the labyrinth of 70 

possible configurations is so intricate that the system will get 

stuck into a disordered, frozen state of the magnetization without 

3D order.[10] A distribution of relaxation times G(τ) is to be 

expected,[10] due to the simultaneous presence of randomness and 

frustration. G(τ), from being roughly gaussian and narrow, 75 

broadens on lowering T,[22] as  interactions vary with the degree 

of magnetic freezing. Impurities and defects that break SCMs into 

non-interacting segments also give rise to a distribution of 

relaxation times G(τ). On the other hand, such a distribution is not 

a necessary ingredient of the slow dynamics[10] and its shape 80 

depends only on the geometrical length of the chains. 

Consequently, the Arrhenius law meaningfully describes a 

microscopic mechanism and  
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Fig.3 a) Relaxation mechanism of a ferrimagnetic SCM, with the starting 

configuration (top), the nucleation of the magnetic excitation within the 

chain or at a defective site (middle) and the propagation of the excitation 

(bottom). b) Crystal Structures of the [Co(hfac)2NIT(Me-O-C6H4)]∞ and 

[Dy(hfac)3NIT(Ph-O-C6H4)]∞ SCMs, as well as the cyanide-bridged 5 

heterometallic [(Fe(bpy)(CN)4)2Co(H2O)2]∞, which shows complex 

dynamics. Hydrogen and fluorine atoms omitted. 

reflects the shift of the whole G(τ). In SGL systems, on the 

contrary, the Arrhenius law has no direct physical meaning, as 

there is simply a G(τ) that spreads and becomes distorted on 10 

lowering the temperature.[10] One of the current challenges is to 

be able to follow precisely the temperature dependence of G(τ) 

for SCMs with interplay to SGL dynamics.[23] This would provide 

the necessary information to understand the dynamical region 

between SGL systems and SCMs. Theory predicts that the 15 

passage between the ergodic and non-ergodic magnetic phases 

that is found in this intermediate region will display particularly 

interesting features of complexity,[24] where otherwise-unstable 

spin configurations can become dynamically accessible owing to 

the slow relaxation of SCMs that sets in before the SGL freezing. 20 

MMs, allow the fine tuning the ratio between intra- and inter-

chain couplings by creating compounds with slight structural 

variations, and appear particularly promising for such 

investigations. 

3. Complex magnetic phases in low dimensions 25 

The symptoms of complexity can also arise, in low dimensional 

MMs, due to intricate interaction patterns. These properties often 

arise because the exchange interactions between spins in the 

chain are not limited to nearest neighbours (NNs). In this way the 

magnetic material can reproduce, topologically, many of the 30 

features that are typically associated with higher-dimensional 

systems or with intricate networks. Here we wish to highlight 

how molecular chains have allowed observing ling-predicted 

complex phases, from carefully-tuned NN and next-nearest-

neighbour (NNN) interactions only. Several rare-earths possess 35 

helical magnetic structures due to competing exchange 

interactions.[25] In these cases chirality is accompanied by the 

contemporary creation of a well-defined helical pitch. But is 

chirality always found with helicity, or are intermediate phases 

possible? And how does the transition from paramagnetic to 40 

helical phase happen?  

 Gd(III) has very low magnetic anisotropy, and, except for very 

special cases, it is of little use for slow-relaxing magnetic 

materials. However, combined with NIT-R radicals, it shows the 

presence of NN and NNN interactions of opposite sign and 45 

similar magnitude.[26] The simple up-down spin description must 

be abandoned and small perturbations can dramatically affect the 

resulting ground state.[27] In Villain's theory of purely chiral spin 

chains,[27] the presence of weak interchain interactions can thus 

stabilize magnetic states where the spins turn around the chain 50 

axis always in the same screw direction, but with no regular 

pitch. It can be conceived as the magnetic equivalent of a spiral 

staircase with the steps having different heights and widths, but 

still following the spiral. MMs offer very good samples to probe 

such effects with techniques that monitor different types of spin 55 

correlations. Muon spin resonance and magnetization 

experiments measure two-spin correlations, while specific heat 

measurements are also sensitive to four-spin correlations. The 

combination of different techniques  has recently allowed 

observing such complex phases in MMs:[28] a high-T transition to 60 

chiral order and a low-T one to a complex, chiral phase[29] having 

rotational but no translational invariance were observed in 

molecular [Gd(hfac)3NIT-Et]∞ chains (Fig.4).  

 
Fig.4 a) Helical spin order in a magnetic chain, with a regular, well-65 

defined pitch. b) Chiral spin order, in which the spins always rotate in the 

same direction with no defined pitch. c) Structure of the [Gd(hfac)3NIT-

Et]∞ chain, where a purely chiral magnetic phase was detected. Hydrogen 

and fluorine atoms omitted for clarity. 

 Models of complex phases investigated in MM have found 70 

application in other systems with electronic delocalisation, such 

as mixed oxides. Competing NN and NNN have been observed in 

LiCu2O2, where Cu assumes two different and segregated 

valences, forming a two-legged triangular ladder,[29] and 

incommensurate antiferromagnetic order was evidenced by 75 

neutron diffraction. These results test long-unverified theories of 

how complex states arise from just the magnetic degrees of 

freedom. If we consider the effect of external interactions, as we 

explore in the next section, we will find an even deeper level of 

complexity, which plays a fundamental role for several emerging 80 

fields. 

4. Complexity from external baths 

Up to now we have considered spin systems isolated from their 

environment. Even for low-dimensional magnetic materials, this 

is not a safe assumption: spins feel a number of external 85 

influences, or baths, e.g. possible delocalised electrons, lattice 

vibrations, nuclear spins, etc. All these sources of interaction play 

a role in the final dynamic properties of the systems, and the 

importance of the phonon bath was already perceivable when we 

had to introduce the spin-flip rate in SCMs and SGL 90 

systems:[10,22] for the spin to attempt flipping, it must have the 

possibility to interact with an external bath and exchange angular 

momentum with it. The interaction with these external degrees of 

freedom is usually a complex one, even when considering 

ordered crystalline materials, because the baths often introduce 95 

multi-particle interactions. The effects on surfaces and in hybrid 

materials can be even more intricate and can lead to amazing 

effects. Research in this area has barely begun and here we will 

focus on the first results, at the same time trying to highlight 

some of the many still-open questions. 100 
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 Most magnetization dynamics models consider a simplified 

lattice-spin interaction, assuming that only the difference between 

the initial and final spin states and the phonon density at that 

energy[30] matter for a spin. This is called the Metropolis 

argument[31] and is very widely accepted. On the other had, low- 5 

 
Fig.5 a) Schematic representation of phonon-spin correlation effects 

where the phonon wavelength (exaggerated vertical spin displacement) 

changes for short (top) and long (bottom) spin correlation lengths. The 

role of transverse phonons is omitted for clarity. b) Molecular spins 10 

interacting with a Fermi-sea of delocalised electrons, which can lead to 

complex interactions and phenomena. Experimental realizations in 

reduced dimensions using SMMs of the Fe4 family include: b) SMMs on 

CNTs; c) SMMs on Graphene; d) SMMs on metallic surfaces. 

energy phonons have long wavelengths and will thus interact 15 

with a large number of spins at the same time. Additionally, if the 

spin-orbit interaction affects the spins, it will contemporarily 

affect the vibrational modes. The importance of such effects 

suddenly became clear with the BCS theory of 

superconductivity,[32] and strong phononic interactions play an 20 

important role in the notoriously complex high-T 

superconductors[33] and spin-Peierls systems.[34] SCMs offer an 

excellent opportunity to test the effect of correlation on the spin-

phonon interactions. The possibility of comparing monomers and 

chain systems[24] and investigating them with unprecedented 25 

clarity is particularly appealing. 

 The role of the spin environment, on the other hand, is not only 

restricted to the vibrational bath. The possibility that the 

dynamics of spin systems can be strongly altered by 

environmental effects was first shown using magneto-optical 30 

techniques on crystals, SMMs included in resins, Langmuir-

Blodgett films and assembled on surfaces[35] and, more recently, 

by studying SMMs assembled on graphene.[36] The general trend 

is that the dynamics becomes progressively faster on proceeding 

further away from the ordered crystalline form.[35] For systems 35 

where the phononic bath can be modelled, such as graphene, the 

introduction of the novel phononic densities provides excellent 

reproduction of the magnetization dynamics. On the other hand,  

he origin of this complex effect is still not clear: and can be 

linked to distortions around the molecules, or modified molecular 40 

rotations.[37]  

 The interaction with charge carriers is fundamentally important 

when organizing SMMs on surfaces, which needs novel 

experimental tools. Some are being developed in the raising field 

of molecular spintronics,[38] which relies on the mutual influences 45 

between conducting and MM systems. The first steps will come 

from the study of hybrid carbon structures[39] (Fig.5), where 

SMMs can interact with a well-defined electronic gas whose 

dimensionality can be tuned by using carbon nanotubes[40] 

(CNTs) or graphene.[41] Knowledge of the symmetry of the 50 

conducting system is here a huge advantage, as it allows 

identifying interaction effects via symmetry considerations. 

 As the interplay between SMMs and the electron gas is mutual, 

we can expect variations not only in the magnetic behaviour but 

also in the electronic one. This can lead to spintronic devices,[42] 55 

where complexity has long played an important role and the 

importance of chemical aspects[43] and many-body phenomena 

can hardly be underestimated. Kondo physics[44] and the 

screening of magnetic impurities by the electronic states have 

already been observed on single magnetic molecules.[45] In these 60 

experiments full admixing of the conductor and molecule 

wavefunctions is attained,  and the resulting behaviour offers all 

ingredients of complexity. The expansion of MM in this area will 

allow better control over the interaction with the delocalised 

states and fine tuning of the hybrid systems. 65 

5. Conclusions 

Are phases between order and disorder really stable? What is the 

effect of self-organization on the magnetic properties of 

molecules? What happens when magnetic molecules interact with 

complex external baths? The last steps in molecular magnetism 70 

now lead towards single molecule addressing, which may seem 

the final frontier of simplicity. But what happens when 

environmental effects start playing a huge role, and our individual 

molecules are no longer in the "safe" environment of the crystal 

phase? All these questions are key points for the development of 75 

molecular magnetic nanodevices, and are playing an increasingly 

important role in molecular magnetism. They all share a common 

point: to answer them the focus has to be shifted from the 

properties of single, well-defined systems to the collective 

behaviour of disordered structures, with multiple interaction 80 

patterns and mechanisms. These features can make molecular 

magnetic materials much closer to very different classes of 

systems, called complex, where the models to be used to 

understand the behaviour must intrinsically account for the 

emergence of new global features out of local interactions. As the 85 

field moves towards chemically and physically complex systems, 

the structural simplicity of the building blocks will be, once 

again, a handle to grasp better the meaning of the complex 

behaviour. This very rich, and largely untouched, road may lead 

us into completely virgin territory, where new magnetic phases, 90 

both static and dynamic can be tested. If the tools of complexity 

can be applied to molecular magnets, we could use them as a new 

testground for models of complexity, and we could discover 

interesting similarities to crowd response, or to the complex 

dynamics of stock market behaviours. 95 
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