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We investigated the electronic properties of the molecular magnetic nanotoruses 

[FeIII
10LnIII

10(Me-tea)10(Me-teaH)10(NO3)10], examining the dependence on the lanthanide 

(Ln) of both the intra and intermolecular electronic channels. Using femtosecond absorption 

spectroscopy we show that the intramolecular electronic channels follow a three-step process, 

which involves vibrational cooling and crossing to shallow states, followed by recombination. 

A comparison with the energy gaps showed a relationship between trap efficiency and gaps, 

indicating that lanthanide ions create trap states to form excitons after photo-excitation. Using 

high-resistance transport measurements and scaling techniques, we investigated the 

intermolecular transport, demonstrating the dominant role of surface-limited transport 

channels and the presence of different types of charge traps. The intermolecular transport 

properties can be rationalized in terms of a hopping model, and a connection is provided to 

the far-IR spectroscopic properties. Comparison between intra and intermolecular processes 

highlights the role of the excited electronic states and the recombination processes, showing 

the influence of Kramers parity on the overall mobility.  
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1. Introduction 

Molecular magnetic materials constitute a thriving field of research,[1] where the interplay of 

ligands and coordination modes can be used to steer the magnetic properties using chemical 

means.[2] While most of the first observations were made on transition metal clusters and 

mainly for Mn12Ac[3], recently much attention has focused on rare-earth based magnetic 

materials[4] where lanthanide ions are used as spin centers, either exclusively or in conjunction 

with transition metals. This has several advantages. First of all, some lanthanide cations 

possess very high magnetic anisotropies, so that magnetic systems with slow relaxation of the 

magnetization can be created. Perhaps more importantly, the lanthanide ions can be changed 

without significant structural alterations of the compounds, so that the electronic structure and 

magnetic anisotropy of the ions can be tuned and their effects investigated. This possibility is 

particularly interesting when investigating the various electronic properties of molecular 

magnetic materials.[5]   

 In this context, most attention has been focused on hybrid systems where the 

conducting part is constituted by a carbon nanostructure, a surface or a quantum dot, since 

most magnetic molecular materials are poor conductors. The investigation of their conducting 

properties is thus complicated. On the other hand, several theoretical proposals contemplate 

the use of molecular multilayers or small crystals of molecular magnets to observe novel 

spintronic effects. Recent efforts have even shown that high electron flows might not be 

necessary to observe spin transport, and molecular magnetic materials could thus constitute 

excellent examples of magnetic materials for pure spin transfer. However, the research field 

suffers from an almost complete lack of understanding of the transport mechanisms in 

molecular magnetic clusters, preventing progress in the development of the area. Electric 

Transport experiments have been performed mainly on the archetypal molecular magnet 

Mn12Ac, and an understanding of the role of intra- and intermolecular electronic processes is 

still missing.[6]  

 Here we investigate the role of intra- and intermolecular electronic processes in 

molecular magnetic clusters, by studying a family of cyclic coordination clusters containing 

lanthanides and transition metal ions [Fe10Ln10(Me-tea)10(Me-teaH)10(NO3)10] (in the 

following denoted as Fe10Ln10), together with suitable reference compounds.[7] We use a 

combination of femtosecond absorption spectroscopy and transport experiments at high 

voltages, in order to provide a complete picture of the intra- and intermolecular processes, 
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respectively. We first quantify the timescales of intramolecular charge trapping and 

recombination phenomena, showing that electronic excitation of Fe(III) centers decays via 

multistep processes with the timescale of the electron-hole dynamics comparable to those of 

nanostructured iron-oxides. We then move to intermolecular processes, where we show 

dominant intercluster charge hopping, which can be interpreted in the framework of low-

amplitude polaron hopping conductivity. Space-charge limited transport becomes dominant at 

high voltages, with clear charge trap filling effects. The role of the rare-earth in the transport 

process is finally investigated, and we show that, contrary to intuitive expectations, both the 

optical and transport properties show a strong dependence on the lanthanide ion in the 

clusters.  

 
2. Results and discussion 

 

2.1. Structural and Steady-state Optical Properties 

Structural properties: To investigate electronic effects in molecular magnets we chose the 

family of cyclic coordination clusters [Fe10Ln10(Me-tea)10(Me-teaH)10(NO3)10] , (Ln = Gd, 

Tb, Dy, Ho, Er, Tm, Yb, Lu, Y; Me-teaH3 is methyl-triethanolamine, or 1-[N,N-bis(2-

hydroxyethyl)amino]-2-propanol). The isostructural molecules crystallize in the triclinic space 

group P , with Z=1, and have a toroidal shape, with 2.2 nm external and 1.2 nm internal 

diameters (Figure 1). The coordination clusters are built up from ten {FeLn(Me-tea)(Me-

teaH)(NO3)} repeating units, in which the FeIII is chelated by the nitrogen and three oxygens 

of a (Me-tea)3- ligand, and the LnIII is chelated by both a nitrate and a (Me-teaH)2- ligand. Two 

deprotonated arms from each triethanolamine ligand form pairs of -alkoxo bridges between 

adjacent metal ions in the ring. We have described the molecular structure of the Fe10Yb10 

analogue in more detail elsewhere.[8] The rings are arranged with extremely little overlap and 

are well separated in the crystal by lattice MeCN molecules. There are no molecular-based 

(e.g. hydrogen bonding) interaction pathways between the rings, and the shortest inter-ring 

distance is 3.9 Å, as measured between two methyl groups 

distances are all over 8.8 Å. It is thus clear that intermolecular electron channels are extremely 

limited and inefficient, and that one can make a clear distinction between intra and 

intermolecular electronic processes.  

As homometallic reference samples for time-resolved pump-probe experiments, we 

used the cyclic coordination clusters [FeIII
6(tea)6 abbreviated as Fe6), [DyIII

6(Me-

tea)6(NO3)6 CN[12] and [TmIII
6(Me-teaH)6(NO3)6 CN (abbreviated as Dy6 and Tm6, 
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respectively) (Figure 1). Within these clusters, the coordination mode of the (tea)3- or (Me-

teaH)2- ligands to the FeIII or LnIII ions, respectively, and their bridges between the metal 

centers, are similar to those in the Fe10Ln10 clusters. The synthetic details, characterization 

and selected crystallographic data of all these compounds are given in Supplementary 

Information (SI). 

 

Optical properties: UV-Visible spectra (Figure 2) of the compounds including the reference 

samples show a characteristic broad band centered around 200 nm with a shoulder extending 

beyond 300 nm. The spectral features of the Fe10Ln10 clusters are similar to those of the Fe6 

reference compound and also show similarities with reported iron oxide nanoparticles.[9,10,11] 

According to these earlier studies, the high energy absorption band (200-400 nm) can be 

assigned mainly to the directly-allowed Ligand to Metal Charge Transfer (LMCT) and partly 

to the Fe3+ ligand field transitions.[11] Theoretical calculations of one-electron molecular 

orbitals of Fe3+ oxide and oxyhydroxides showed that the average energy of the quartet ligand 

field states arise from the (t2g)
3(eg)

2 configuration and have been estimated to be located at 

325 nm.[11] Furthermore, transitions originating from lanthanide ions in Fe10Ln10 clusters can 

also be observed in the absorption spectra and can be compared with those of the 

corresponding lanthanide nitrate (Figure S1). Due to the shielding by the outer filled 5s2 and 

5p6 shells, 4f-4f electronic transitions of trivalent lanthanide ions their absorption spectra 

features are nearly atom-like with narrow and weak peaks. As a result, we assign the broad 

absorption band around 300 nm to LMCT transitions within the iron oxo units in Fe10Ln10 

clusters. The much weaker absorption at 300 nm in the two reference clusters [Ln6(Me-

teaH)6(NO3)6] (Ln = Dy and Tm) and Dy(NO3)3 as well as the corresponding ligand (Figure 

S2) indicates different electronic and optical properties. Therefore, these systems were not 

considered further in this study.  

Analysis of the absorption spectra (Figure 2a) reveals a blue-shift of the absorption 

edge as a function of the various lanthanide ions in the clusters. As a direct consequence, 

shifts of the optical band gap (Eopt) of such bulk-like materials with respect to the pure -

Fe2O3 nanoparticle system occur that can be calculated from optical absorption spectra using 

the Tauc equation:[12] 

n
opt0                                                           (1) 

where  is the absorption coefficient measured as a function of the photon energy hv, A0 is a 

scale constant, Eopt is the optical band gap energy and, for an allowed direct transition process, 
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n = 1/2.[13] The resulting plots of ( )2 vs. hv are shown in Figure 2b, and the resulting 

intercepts of the tangents to the abscissa (i.e. hv at  = 0) provide direct estimates of the 

optical band gaps, as summarized in Table 1. The estimated band gap of the Fe6 reference 

compound was found to be about (3.48 ± 0.03) eV, which is much larger than that of -Fe2O3 

nanoparticles (~ 2.2 eV).[14,15] This increase in the band gap can be attributed to quantum 

confinement effects, which are well known for semiconductors.[16,17] Typical semiconductor 

band gaps are less than 1-2 eV, while the band gaps of typical insulators are of order 5-10 

eV,[18] so the Fe10Ln10 clusters, with their average band gap energy of 3.75 eV, lie between the 

two. This increase of the optical band gap energy in comparison to the Fe6 cluster is observed 

in all Fe10Ln10 clusters.  

  

2.2. Time-resolved Experiments and Intramolecular Electronic Processes 

To follow the intramolecular photophysical relaxation processes of the iron lanthanide 

clusters, ultrafast time-resolved transient absorption experiments were performed with an 

excitation wavelength of 310 nm, i.e. in close resonance to the LMCT state of the iron oxide 

unit. As can be expected from steady-state absorption spectra (see Figure 2a), this photo-

excitation allows for an observation of intramolecular dynamics of the iron oxo units and 

interactions in the presence of lanthanide ions. In Figure 3a we present femtosecond 

absorption profiles of these compounds as well as the reference sample in MeCN/MeOH 

solutions. The positive change of the optical density ( OD) at 550 nm shows multi-

exponential decay kinetics. Indeed, using a three-exponential fitting routine, three decays 

were obtained with 1 = (200  400) fs, 2 in the range of a few picoseconds (1.9 - 6.7 ps), and 

3 on the order of hundreds picoseconds. All time constants and their corresponding relative 

amplitudes (rel. A) are defined by  

321

. i
i               where i = 1, 2, 3                              (2) 

and listed in Table 1. Reference measurements on Ho(NO3)3, Dy(NO3)3, and the Dy6 and Tm6 

clusters, as well as the pure ligands in solvents, gave no significant pump-induced absorption 

under the same experimental conditions.  

 To interpret the three time constants in these compounds, we examined the 

corresponding temporal profiles of the Fe6 reference cluster and compared them with 

previously reported ultrafast studies on iron oxide nanoparticles.[16] In the latter work, three 

time constants (0.36, 4.2 and 67 ps) were found, indicating analogous ultrafast relaxation 
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processes in -Fe2O3 -Fe2O3 thin films 

and single nanocrystals by Joly et al.[19] also suggested that the relaxation of hot electrons to 

the band edge is completed within 300 fs, the recombination or trapping of the holes in 5 ps, 

and the lifetime of trapped states in hundreds of picoseconds. Moreover, femtosecond laser 

spectroscopic experiments on -Fe2O3 nanocrystallite colloidal solutions showed relaxation 

dynamics for the excited state with three time constants 1 2 = (4.5 ± 0.9) ps, 

3 = 30 ps, while the first relative amplitude rel. A1 = 0.65.[20] Similarly, our data on the 

reference compound (Fe6 cluster) can be fitted well by a combination of three exponentials, 

1 2 3 = (38 ± 11) ps, which nicely agrees with the 

above mentioned studies. This indicates that the relaxation dynamics are dominated by the 

iron oxide domain, as already pointed out in section 2.1 (optical properties). Since the iron 

oxide dynamics may be influenced by the molecular structure, we also studied a non-cyclic 

ferric oxide compound, [FeIII
7O3(O2CCMe3)9(teaH)3(H2O)3],

[21] denoted as Fe7, in which the 

(teaH)2- ligands have a similar coordination mode to those in the Fe10Ln10 and Fe6 systems. In 

Fe7, the dynamics (see Table 1 -Fe2O3 nanoparticles, but the 

first decay is found to be almost twice as slow as for the Fe6 cluster (367 and 190 fs, 

respectively). Hence, it can be concluded that the significant difference for the first relaxation 

time is due to the different molecular structure and that the cyclic Fe6 cluster is indeed a 

suitable reference system in order to understand the results observed for the cyclic Fe10Ln10 

system. 

 These femtosecond results indicate, analogously to previous studies on iron oxides, 

that, after photoexcitation, an exciton-like species undergoes a transition from the 2p-valence 

band orbitals of O2- to the conduction band (LMCT).[22] This ultrafast process of excited 

electrons represents the dominant phenomenon (rel. A1 = 0.61) and can be equally assigned to 

vibrational cooling of excited electrons in the conduction band,[16,20,23,23] as outlined below. 

However, in the presence of the lanthanide ions, the corresponding relaxation times are 

significantly slower than the pure Fe6 reference sample (Table 1). This indicates that the 

lanthanide ions create trap states under the band edge of energy gap in the clusters,[24] which 

can act as a trap to bind either excited electrons or holes. Generally, an impurity increase 

gives rise to a high density of trap states and, therefore, faster and more efficient trapping of 

1) is dominated by the 

competition between vibrational cooling and trapping with high relative amplitude (> 0.61). 

In agreement with previous reports, the second and third time constants represent the 

dynamics of recombination and the lifetime of trap states, respectively, with smaller relative 
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contributions of rel. A2 + rel. A3. The differences in the second and third time constants and 

their relative amplitudes among the Fe10Ln10 clusters can also be related to the presence of 

lanthanide ions. However, we cannot rule out possible small contributions from the effects of 

lanthanide ions on the carrier dynamics in iron oxide units, either. Although the carrier 

relaxation time varies slightly among the clusters, the differences are relatively small and 

irregular. Thus, in the following we will focus our discussion on the ultrafast processes 

1 2, resp.). 

 In order to shed light on the influence of lanthanide ions on the ultrafast dynamics, a 

simplified picture of the first and second time constants versus the corresponding relative 

amplitudes is given in Figure 3b. Clearly, lanthanide ions lead to a decrease of the first time 

constant but also to a higher efficiency (rel. A1) as compared to the Fe6 cluster. In contrast, the 

effect of lanthanide ions giv 2). Despite the shielding effect 

of the 4f electrons of trivalent lanthanide ions by the outer 5s2 and 5p6 electrons a weak 

interaction with their surroundings is still possible, emphasizing the influence of lanthanide 

ions on ultrafast phenomena like vibrational relaxation, trapping, and recombination.  

 However, as we will see, it is much more difficult to obtain a quantitative relationship, 

e.g. between the trivalent lanthanide ion series within the periodic table and their redox 

potentials. Consider, for example, the dynamics in dependence of Kramers (green in Figure 

4) and non-Kramers ions (blue in Figure 4, see also section 2.4). In the case of half-integer 

spins in trivalent lanthanide ions (Kramers ions) this may be regarded as being of major 

importance. Significant differences and opposite behaviors were observed for Fe10Er10 and 

Fe10Tm10 clusters, for instance, which also show differences in their magnetism.[2] The time 

constants and relative amplitudes of Fe10Er10 are similar to that of the Fe6 cluster (see Table 

1), whereas Fe10Tm10 (and also Fe10Eu10) show the highest rel. A1=0.88, indicating efficient 

trapping. It is worth mentioning that effects on the surroundings of Tm and Er ions were also 

observed by Ellens et al.[25,26] in a study on the electron-phonon coupling strength of 

lanthanides in LiYF4-host lattices, using temperature-dependent line broadening 

measurements, with Tm3+ exhibiting a more efficient interaction with lattice phonons than 

Er3+. Further explanation of the variation of the electron-phonon coupling strength along the 

trivalent lanthanide ion series was not given.[26]  

 Next, we briefly want to draw attention to the case of the Fe10Y10 cluster (see Figure 

4), where the ultrafast dynamics behaves exactly opposite to the other Fe10Ln10 clusters. 

Indeed, this is a special case, as the absence of 4d- and 4f-shell electrons makes Y(III), in 

several ways, closer to a transition-metal than to a lanthanide ion.[27]  
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 In line with these considerations, the first time constants and the corresponding 

relative amplitudes are attributed to electron-trapping processes. An effect that can be 

associated as related to doping of the electron states of the Fe clusters by the lanthanides, can 

be observed by blue-shifts of the optical absorption edge in the UV/Vis absorption spectrum. 

As a consequence of these considerations, a relationship between the pump-probe and steady-

state processes is proposed. As shown in Figure 4b, comparison of the optical energy gaps 

(Eopt) and the first relative amplitudes (rel. A1) exhibits indeed a nice correlation, and directly 

indicates that the larger the optical energy gap, the more efficient the trapping process. Note 

that the excitonic relaxation dynamics might also cause exciton-exciton annihilation, when 

two or more excitons are generated in an iron oxide unit. Therefore, we recorded pump-

intensity dependent transients at a probe wavelength of 550 nm in order to investigate 

possible interactions between the LMCT units. Figure 5 shows the corresponding transients 

for Fe10Er10, showing that the decay dynamics are linear with excitation power (0.4 to 1 µJ) 

both at 0.5 and 5 ps delay times. This result suggests that single-exciton annihilation prevails 

(one exciton per unit), and exciton-exciton annihilation can be excluded. Moreover, the 

behavior is wavelength-independent (see Figure S3), again in good agreement with the model 

and previous investigations on iron oxide non-molecular nanostructures.[16]  

 
2.3. Transport Experiments and Intermolecular Electronic Processes 

To investigate intermolecular effects, transport experiments were then performed on the 

compounds for which suitable single crystals could be obtained. Two-point measurements 

with a high-impedance setup were performed. The crystals were placed onto n-doped Si 

wafers with 300 nm SiO2 layer on top, and contacted using tungsten tips with a tip radius of 

10 µm. The current I could be monitored with a sensitivity of 20 fA, as function of the source-

drain voltage V (with voltages up to 1 kV) or of the gate voltage Vg. The transport 

characteristics were investigated for several crystals for each compound, so as to ensure the 

reproducibility and check the variability among different crystal qualities and batches. A 

sample of the observed characteristics is reported in Figure 6a for several Fe10Y10 crystals. 

All curves clearly exhibit two regimes with a linear and a non-linear response at low and high 

voltages, respectively. Both regimes are symmetrically placed around zero voltage and, while 

at low voltages all curves are very well reproduced from crystal to crystal, at high voltages, 

the absolute I values may vary appreciably.   

 The well-reproduced linear response at low voltages can be immediately assigned to 

standard Ohmic behavior. Below the threshold voltage , where the non-linearity sets in, the 
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current: 

 0th ,      (3) 

where the subscript  denotes the Ohmic regime, th  is the thermal-equilibrium carrier 

density, W and L are the width and the length of the electronic channel, respectively, and 0

the charge carrier mobility at low electric fields. From the linear regime in the I-V-curves we 

can then evaluate the sheet resistance 11
S , where we take W = 20 µm as the 

tip diameter contacting the crystal and L = 200 µm is the distance between the tips for each 

crystal, as determined during the contacting process. For all rare-earths, we obtain extremely 

Table 2) with a trend, on changing the rare-earth, 

that is similar to the minimum mobilities (see below). This already provides important 

information on the transport mechanism present in the Fe10Ln10 family. The high sheet 

resistance obtained indicates localized transport processes taking the major role in 

intermolecular transport rather than delocalized ones. In order to corroborate this observation, 

the carrier mobility, which can be derived from the measurements as shown below, is the 

decisive parameter to distinguish between the transport possible mechanisms. On the other 

hand, the non-linear behavior at high voltages is more complex and more intriguing. 

Insulating[28] crystals, organic semiconductors (both in crystalline[29] and film[30,31] forms) and 

even semiconducting nanowires [32,33,34] may display more complex transport phenomena such 

as space-charge limited (SCL) currents. SCL transport arises when the contacts to the electron 

reservoirs are Ohmic and the material is not a good conductor, so that at high voltages, an 

excess of free carriers is injected into the material in the vicinity of the contact. In this 

situation, the current through the material is no longer limited by its resistance, but by the 

accumulated space charge, which clogs the conductance channel. As a result, SCL currents 

allow the investigation of many intrinsic properties of the material that are not easily available 

in the standard Ohmic regime, such as charge carrier mobility, thermal-equilibrium carrier 

concentration and charge trap densities. In the present case, due to both the high resistance of 

the bulk material and the contact geometry, the system will follow surface SCL currents,[35, 36] 

rather than bulk SCL [37,38] (which would only be possible for contacts on opposite sides of a 

very extended crystal slab). The main characteristic of SCL currents is the presence of a non-

injection-limited regime after the Ohmic regime, i.e. above the crossover voltage , where I 

depends on 2 , with the proportionality constant depending on the contact geometry. In 
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our case, where two electric probing tips contact the molecular crystal at the same crystal 

surface, the relationship for surface SCL currents is [36,37]: 

     2
20

2
r ,     (4)  

where r is the dielectric constant of the material and µ is the minimum carrier mobility, 

which includes the contact quality and the presence of traps in the electron channel. The 

possible variations in the contact and channel characteristics thus have a huge effect on the 

absolute current values in this regime, explaining the observed crystal-to-crystal variability in 

Figure 6a.  Small curve asymmetries for positive and negative voltages are also consistent 

with this picture, as they are usually ascribed to different hole and electron trapping 

potentials.  

 A common way to identify the presence of SCL current is by plotting the I/V curve vs 

V, which will yield a straight line in the SCL regime. All compounds of the Fe10Ln10 family 

show this behavior, whatever the rare-earth involved, (Figure 6b) clearly highlighting the 

presence of SCL currents. 

 To obtain information on the minimum mobility we then extracted the dielectric 

constant of the systems by using very low energy spectroscopy in the range 18-23 cm-1, where 

the optical dielectric constant coincides with r in equation 5. The value can be accurately 

extracted by using coherent backwave oscillator sources, which emit at a tunable frequency, 

and then observing the Fabry-Perot interference pattern in a pressed powder sample of a 

known thickness. The patterns showed no temperature dependence, within the error limits of 

the measurement, in the whole range between 300 and 10 K. Fitting the data yielded r = 

2.8±0.1, with the main source of error being variations in the sample thickness (see SI). 

 Following this treatment, we can extract the minimum mobility for all compounds 

(Table 2), using W=20µm and L=200µm as before. The minimum mobility depends strongly 

on the rare-earth present in the molecule, suggesting these play an important role in the 

intermolecular electron transport, and we can classify the systems in four main groups of very 

different mobility. Fe10Y10 exhibits, by far, the highest mobility, followed by Fe10Dy10 and 

Fe10Er10, which show similar conductivities. Fe10Gd10 and Fe10Lu10 have an even lower 

mobility and may be grouped together with Fe10Ho10. Two compounds, Fe10Tm10 and 

Fe10Tb10, showed extremely high resistances (R>1016 

reliably obtained. Furthermore, all extracted mobilities suggest hopping transport to be the 

transport mechanism for intermolecular electron transport. The boundary between delocalized 

and localized transport processes, i.e. between band and hopping transport, is commonly 
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considered at mobilities in the range of 0.1-1 cm2V-1s-1.[39] For all investigated compounds, 

extremely low mobilities in the order of 10-4 to 10-7 cm2V-1s-1 are obtained, indicating that 

inter-molecular hopping transport is the dominant mechanism. This means that the electrons 

move by rapidly passing from one molecule to another, where they can then behave as 

indicated by the transient absorption measurements. (Fig. 7) 

 More information can be extracted from the voltage threshold,  , between the Ohmic 

and SCL regimes, where we have that SCL  and we can evaluate the thermal-equilibrium 

carrier density at the crystal surface by: 

cr0
th

2
.     (5) 

To extract the threshold voltage we can plot the current in both the Ohmic and the SCL 

regimes in a double logarithmic plot and then fit the curves with the function i  (Fig. 

8), where i -limited (SCL) regions and the exponent  

varies between the two regimes.  is then obtained from the intercept between the fits of the 

high and low voltage regions. The extracted values are given in Table 2, together with the 

respective carrier densities. All compounds show an effective thermal carrier density in the 

order of 213 m10  at the crystal surface, with no dependence on the rare-earth ion and only 

small variations observable, in perfect compatibility with the expected variability in contact 

quality. 

 As shown in Fig. 9 and the supplementary material, a few measurements show 

appreciable deviations from the purely quadratic I-V-dependence. It has been shown, both 

experimentally and theoretically[30,40], that surface traps strongly influence the SCL regime. In 

the case of molecular crystals, traps are often created at the crystal-contact interface at 

defective molecular sites. In the present case, by using a statistical approach with many 

measurements, we can identify two main trapping mechanisms taking place (Fig. 9). 

 The first type of traps, common in organic conducting materials, produces an 

exponential distribution of electron traps below the Lowest Unoccupied Molecular Orbital 

(LUMO). In this case, the traps are gradually filled, leading to a current that increases faster 

than expected for a quadratic dependence, until all trap states are filled. Three-dimensional 

crystalline semiconductors[41] show 121 / mm  for this trapped-charge limited regime, 

where d is the thickness of the sample, t / and  is the characteristic temperature of 

the traps. Hence exponentially-distributed traps can explain the small deviation from the 
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quadratic I-V-behavior wherever B>2 is observed (e.g. Fe10Er10 in Fig. 9a). It should be 

noticed that, possibly due to the low energy of the traps and the surface SCL mechanism, the 

present systems show far better agreement with the ideal SCL regime than most other 

molecular conductors: for example in AlQ3, values of 6<m<10 have been found, with trap 

energies eV15.0t
[42,43]. As the present theoretical background considers neither hopping 

transport nor surface conductance[44], the behavior is best modeled by introducing a field-

dependent mobility, without considering a theoretically derived distribution of traps and 

characteristic temperatures, as already employed for AlQ3 and PPV devices [31,45]. We can 

then assume the mobility to depend on the electric field E via to the Poole-Frenkel 

mechanism46:  

exp)( 0 ,     (6) 

where 
0

 and 0 is the low-field mobility.[31,40,46,47] We can then use the previously-

extracted thermal charge carrier density th  to calculate 0 according to equation (3) and 

substitute  with the Poole-Frenkel mobility )(  in equation (4). The resulting I-V 

dependence is drawn in Figure 9a for Fe10Er10, showing excellent agreement at voltages 

above 500 V and an underestimate of the current in the crystal when closer to the crossover. 

 The second kind of traps that can be observed are localized electron traps, 

energetically located in the band-gap of the material.[30,39,45] Fe10Er10 and Fe10Dy10 show clear 

signatures of such traps (Figure 9b and c), with clear vertical jumps at the so-called trap-

filling voltage TFL . At voltages higher than TFL transport is in the so-called trap-filled limit 

and continues to follow the quadratic voltage dependence. In the case of surface SCL 

currents, these traps are filled by the injected charge at: 

d
t

r0
TFL 4

,      (7) 

from which the trap density per unit surface area can be evaluated. Here, the index d 

denotes that we are dealing with deep-traps, located at energies several times  from the 

valence band. This is also visible from the presence of the current jumps due to trap filling, 

which would otherwise be absent in the presence of a dense distribution of traps close to the 

conduction band. The presence of such deep traps, which are typically filled close to 0.4 eV, 

is very likely in systems with very wide band-gaps, above 3.5 eV, as evaluated from the 
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optical spectra (see Figure 2). The typical trap densities observed for the Fe10Ln10 family lie 

around =3.5±0.3·1010 cm-2, which compares very favorably to known trap densities in 

organic conductors,[48] and in particular to experiments on surface-limited charge transport in 

rubrene single crystals.[49] 

 

2.4. Relations between Intra and Inter-molecular Electronic Processes 

To investigate the relation among inter and intramolecular processes we started by 

considering that the systems behave as very large band-gap semiconductors, with gaps always 

above 3.5 eV. This means that at room temperature all electrons fill the valence band, with 

extremely little thermal population of the conduction band, as also confirmed by the transport 

experiments. As a consequence, the conduction charges injected via the leads will behave in a 

way similar to the photo-excited electrons, with the additional process of hopping from one 

1 process) 

and conduction band electrons may contribute to the electron hopping, the relevant parameter 

is the total electron- re 2 3. Using this link, we can then 

re vs the 

intermolecular charge mobility (Figure 10). The resulting graph evidences much higher 

mobilities for lower rates, with the rates usually decreasing roughly linearly on increasing the 

atomic number of the ions. The trend is also distinctly dissimilar for Kramers and for non-

Kramers ions, with Kramers systems showing much higher mobilities than non-Krames 

centers at the same electron-hole recombination rate. The increase in the number of electrons 

per rare-earth produces, for both Kramers and non-Kramers ions, an almost identical decrease 

in the electron-hole recombination rate, but the resulting mobilities are ca 1 order of 

magnitude higher in Kramers systems. 

 1 has no influence on the overall 

transport properties, as both excited and shallow-trapped states can contribute to the hopping 

1 

against the thermal-equilibrium carrier density at the crystal surface for all compounds 

(Figure 10b). The resulting plot shows, again, two relatively distinct regions (highlighted in 

blue and green in the figure) where Kramers and non-Kramers ions, respectively, lie, with the 

Kramers systems having shorter trapping times. On the other hand, there is no visible relation 

between nth and the trapping time, confirming the validity of the assumptions. 
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3. Conclusions 

We have investigated electron transport and excitation processes in a series of molecular 

magnetic toruses, both at the intra- and inter-molecular level. Using time-resolved absorption 

spectroscopy we showed the details of the intramolecular electron processes and their 

characteristic times, providing a full picture of the resulting three-level scheme. The relevant 

processes were identified as vibrational cooling and fast conversion towards shallow states, 

followed by electron-hole recombination, consistent with the dynamic recombination in iron 

oxide nanoparticles, but modulated by the presence of the rare-earths. 

 Using very high-resistance transport measurements we were then able to identify, for 

the first time, space-charge limited currents in magnetic molecular crystals. Connection to the 

spectroscopic properties at very low energies provides an accurate estimation of the mobilities 

and carrier densities. The hopping mechanism from one molecule to another is strongly 

affected by the presence of traps, and several types of traps were identified with the resulting 

trap densities comparing favorably to those of well-known molecular conductors.  

 For both intra- and inter-molecular processes a clear distinction between Kramers and 

non-Kramers ions is observed with the former showing much higher charge densities and 

electron mobilities. A correlation between the intra- and intermolecular processes is 

highlighted, showing no significant role of the trapping dynamics, and the importance of both 

excited and trapped states to the hopping and intermolecular charge transport.  

 These observations offer a first insight into the transport processes of molecular 

magnetic materials. As such, our results can be considered as a first step towards the 

rationalization and modeling of molecular spintronic materials. In particular, the observed 

phenomena involving traps, hopping and surface-limited-transport are largely ignored in 

present theoretical treatments, and should likely be included. The presence of trapping states 

with lifetimes of hundreds of picoseconds (i.e. longer than spin-flip attempt rates in many 

materials) and low hopping occurences also hints at the possibility of controlling such 

magnetic systems using optical pulses, and should stimulate the adapting recently-proposed 

control schemes[52-54] to magnetic rings. In addition, the combination of optical and transport 

properties is shown to be extremely fruitful as a means for following the plethora of 

phenomena affecting charge transport in molecular magnetic materials, and will likely 

establish the methodological basis for future investigations in the subject. 

 

Experimental Section 
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Synthesis: The syntheses of the Fe10Ln10 clusters were performed analogously to the synthesis 

of the previously reported Fe10Yb10 compound[8] and are given in the SI in more detail. 

Crystallography: Details of the crystal structure determinations are given in the 

Supplementary Material. Crystallographic data (excluding structure factors) for the 

structure(s) reported in this paper have been deposited with the Cambridge Crystallographic 

Data Centre as supplementary publication no. CCDC 885249, 885250, 912850, 984458-

984462. Copies of the data can be obtained, free of charge, on application to CCDC, 12 Union 

Road, Cambridge CB2 1EZ, UK: 

http://www.ccdc.cam.ac.uk/cgi-bin/catreq.cgi, e-mail: data_request@ccdc.cam.ac.uk, or fax: 

+44 1223 336033. 

Optical measurements: Absorption spectra of the clusters in buffer solution were measured 

using Cary 500 UV-Vis-NIR spectrophotometer. The samples were measured with reference 

to a blank containing buffer solution and corresponding ligands in 1 mm quartz cuvettes 

(Hellma). 

Transient absorption measurements: The time-resolved pump-probe measurements and the 

experimental setup were as described previously.[50] Femtosecond laser pulses (CPA 2210, 

Clark-MXR) were generated using a Ti:Sapphire oscillator and amplified with a regenerative 

amplifier. At the output, these pulses with a repetition rate of 1 kHz were split equally to 

pump two non-collinear optical parametric amplifiers (NOPAs, Clark-MXR). One of these 

two output pulses served for sum-frequency generation (310 nm with pulse duration about 

100 fs) via a sum frequency mixing process with the center wavelength of the CPA (775 nm). 

The energy of the pump pulses was varied from 0.4 to 1.0 J. The probe pulses were varied 

between 500 and 600 nm with energy of less than 0.1 J. The polarization of the probe beam 

was rotated to magic angle (54.7°) relative to that of the pump beam in order to avoid 

anisotropic effects. After passing through a computer controlled optical delay line (Physik 

Instrumente), the probe pulses were overlapped with the pump pulses and focused into a 1-

mm standing quartz cuvette (Hellma) containing the sample cluster solutions. All 

measurements were carried out at room temperature. 

Transport measurements: All transport measurements were conducted on single crystals 

connected via W microtips using micromanipulators. The distance between the tips was 

checked using an optical microscope with in-

The high-resistance measurements were performed with a Keithley 6517A system to read the 

current and apply the source-drain voltage (up to 1 kV), with 20 fA resolution. All 
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measurement lines were filtered with 65 dB insertion loss at 1000 MHz using Spectrum 

-filters. 

THz measurements: The THz data were acquired using BWO backwave oscillators as 

monochromatic, coherent sources and a Golay cell as detector, with a synchronous detection 

by a chopper working at a frequency of 1 kHz internal reflections from the sample surface 

were used to measure the dielectric constant, as explained in the supplementary material. 
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Figure 1. (a) Structure of the [Fe10Ln10(Me-tea)10(Me-teaH)10(NO3)10] molecular magnet, 
projected along the normal to the torus mean plane;  (b) Stacking of the Fe10Ln10 toruses in 
the crystal structure, viewed down the a-axis (left) and along the {011} direction (right), 
showing the relatively weak overlap between the toruses; (c) Structure of  [Fe6(tea)6]; (d) 
Structure of [Tm6(Me-teaH)6(NO3)6].  
(Fe dark green, Dy violet, Tm light green, O red, N blue, C dark grey, H-bonds shown as blue 

-x+y+2/3, -z+2/3; b:  x-y+1/3, x-1/3, -z+2/3; c: y, -x+y, -z+1;  d:  x-y, x, -z+1 
 
 
 
 
 

 
 

Figure 2. a) UV/Vis absorption spectra of Fe10Ln10 and Fe6 clusters, with absorbance 
renormalized by the value at 310 nm. Inset shows the same data enlarged in order to exhibit 
the blue-shifted absorption edge of Fe10Ln10 clusters. The spectrum of Fe6 cluster is 
highlighted by red color. b) Optical energy gaps of Fe10Ln10 and Fe6 clusters estimated using 
Tauc equation. Inset shows the extrapolated optical energy gap of 3.48 eV for Fe6 cluster. 
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Figure 3. a) Time evolution of the transient absorption signal at 550 nm after excitation at 
310 nm, for all Fe10Ln10 and the Fe6 cluster in buffer solution, with the behavior of the Fe6 
cluster highlighted in red. b) Simplified scheme for ultrafast relaxation dynamics in an iron 
oxo domain. (VR: vibrational relaxation) 
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Figure 4. Plots of a) the relative amplitudes of the extracted relaxation processes vs their 
corresponding decay time, and b) the first relative amplitudes (squares) and the optical energy 
gaps (circles) of Fe10Ln10 versus the number of 4f-electrons of the trivalent lanthanide ions. 
The reference cluster Fe6 set as zero reference point for sake of comparison. Fe10Ln10 with 
Kramers ions are shown as green and with non-Kramers ions as blue, Fe10Y10 in red. 
 
 

 
Figure 5. Transient absorption responses for Fe10Er10 at different excitation intensities. Inset 
shows the corresponding amplitudes of the transient absorption scale linearly to the excitation 
intensities. 
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Figure 6. a) Current-voltage characteristics of several Fe10Y10 crystals, with black, red and 
blue curves from different crystals, and crystal A (black curve) contacted at two different 
positions; the linear ohmic region at low voltages is highlighted. b) Plot of I/V vs V for 
Fe10Ln10 crystals, highlighting the 2  dependence as straight lines. Fe10Tm10 and 
Fe10Tb10 did not exhibit any measurable conductance (not shown). 
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Figure 7. a) Scheme of the hopping transport mechanism, showing the intra- and inter-
molecular electron mobility. b) Expected behavior for space-charge limited transport, with the 
schematic representation of the relevant effects observed in different voltage regions. The 
effects of exponentially-distributed (green) and localized-energy (red) traps are also shown. 
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Figure 8. Log-log plot of the I-V-characteristics of Fe10Ln10.The ohmic (blue) and SCL (red) 

regimes are fitted with i  or charge-limited (SCL) 
regions (see Table 2). The crossover voltage Vc, obtained from the intersection of the two 
regimes, is highlighted with vertical dashed lines. See Table 2 for the extracted nth values.  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



Submitted to 

28 

 

 
Figure 9. Examples of trapping effects, as observable in the I-V-characteristics. a) Schematic 
depiction of localized traps (left) and energetically-distributed traps (right) placed between the 
valence and conduction bands of the system. b) exponentially-distributed traps in Fe10Er10 
inducing a voltage dependence with an exponent larger than 2. Comparison between a trap-
free SCL (red line) and a field-dependent mobility model with the behavior predicted by 
equation 6 (green line) is provided. c) Localized electron traps in Fe10Er10 (top) and Fe10Dy10 
(bottom). The trapped-charge limited regime (solid red) and the trap-free SCL regime (dotted 
red) are shown, and the trap-filled limit VTFL, is highlighted with dashed vertical lines. The 
lines are fits according to equation (4). 
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Figure 10. Observed relations between intra and intermolecular processes. a) Relation 
between the escape rate from the valence and shallow states and the transport mobility. 
Kramers ions (Gd, Dy, Er) are in green, non-Kramers ions (Tb, Ho, Tm, Lu)  in blue, and the 
diamagnetic rare-earth Y in red; lines are guides to the eye. b) Dynamic/transport regions 
defined by Kramers and non-Kramers ions, showing also the absence of direct correlation 

1 and the carrier density at the crystal surface. 
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Table 1. Optical energy gaps (Eopt i) and corresponding relative amplitudes 
(rel. Ai) of Fe10Ln10 and Fe6 clusters. 
 

Compound Eopt [eV] 1 [fs] 2 [ps] 3 [ps] rel. A1 rel. A2 rel. A3 

Fe10Eu10 3.85±0.07 298 ± 31 2.9 ± 0.4 121 ± 19 0.88 0.07 0.05 

Fe10Gd10 3.79 ± 0.08 197 ± 18 1.9 ± 0.2 39 ± 6 0.79 0.15 0.06 

Fe10Tb10 3.7 ± 0.1 258 ± 22 4.8 ± 0.6 45 ± 5 0.75 0.17 0.08 

Fe10Dy10 3.71 ± 0.04 219 ± 19 2.7 ± 0.3 102 ± 13 0.77 0.14 0.09 

Fe10Ho10 3.77 ± 0.05 251 ± 26 4.4 ± 0.6 84 ± 12 0.78 0.12 0.10 

Fe10Er10 3.6 ± 0.1 196 ± 18 3.2 ± 0.6 58 ± 10 0.64 0.20 0.16 

Fe10Tm10 3.8 ± 0.15 305 ± 30 4.2 ± 0.7 150 ± 22 0.88 0.07 0.05 

Fe10Yb10 3.69 ± 0.07 198 ± 21 2.5 ± 0.2 74 ± 12 0.72 0.16 0.12 

Fe10Lu10 3.67 ± 0.06 293 ± 24 2.6 ± 0.3 67 ± 6 0.69 0.17 0.14 

Fe10Y10 3.51 ± 0.09 382 ± 27 6.7 ± 1.2 40 ± 14 0.52 0.24 0.24 

Fe6 3.48 ± 0.03 190 ± 15 5.2 ± 1.4 38 ± 11 0.61 0.23 0.16 

Fe7 N.A. 367 ± 16 4.8 ± 0.8 57 ± 8 0.61 0.22 0.17 

 
 
 
 
Table 2. Minimum mobility µmin, surface thermal carrier density nth, sheet resistance RS, 
crossover voltage Vc, Ohmic conductance G , fitting exponent  , and charge-limited 
parameters GSCL and SCL and low-field mobility µ0,  for the different rare-earth compounds.  

Compound min  
[cm2(Vs)-1] 

th (2D) 
[1013m-2] 

 
[T ] 

Vc 

[V] 
G   
[S]  

GSCL  
[S·V -1)] SCL 

0 

[cm2(Vs)-1] 

Fe10Y10 6±2·10-5 5±3 20±10 47 -15 1.1±0.1 -17 1.9±0.1 6·10-5 

Fe10Er10 3±1·10-5 8.5±2 57±9 112 -15 1.0±0.1 -17 1.8±0.1 1.5±0.5·10-5 

Fe10Dy10 7±3 10-6 3.7±0.9 72±5 49 -15 1.0±0.1 -16 1.5±0.1 2.4±0.9·10-5 

Fe10Gd10 3±1·10-6 6±2 280±40 112 -16 1.1±0.1 -18 1.9±0.1 4.5±2·10-6 

Fe10Lu10 1±0.5·10-6 6±3 115±4 110 -16 1.0±0.1 -17 1.7±0.2 10±4·10-6 

Fe10Ho10 6.3±0.1·10-7 9±2 620±80 170 -16 0.8±0.1 -18 1.8±0.1 1.2±0.2·10-6 
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Table of Contents entry: 
 
Inter- and intra-molecular electron-transport processes are studied for a family of lanthanide-
based molecular toruses using ultrafast-optical and electron-transport techniques. A 
relationship between trap efficiency and gaps is found, and charge-hopping and the dominant 
role of surface-limited transport is established. Comparison between intra- and inter-
molecular processes highlights the importance of excited electronic states, showing the 
influence of Kramers' parity on mobility. 
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