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ABSTRACT 

The appropriate choice of the transition metal complex and metal surface electronic structure opens 

the possibility to control the spin of the charge carriers through the resulting hybrid molecule/metal 

spinterface in a single-molecule electrical contact at room temperature. The single-molecule 

conductance of a Au/molecule/Ni junction can be switched by flipping the magnetization direction 

of the ferromagnetic electrode. The requirements of the molecule are not just the presence of 

unpaired electrons, the electronic configuration of the metal centre have to provide occupied or 

empty orbitals that strongly interact with the junction metal electrodes and that are close in energy 

to their Fermi levels for one of the electronic spins only. The key ingredient for the metal surface is 

to provide an efficient spin texture induced by the spin-orbit coupling in the topological surface 

states that results in an efficient spin-dependent interaction with the orbitals of the molecule. The 

strong magnetoresistance effect found in this kind of single-molecule wires opens a new approach 

for the design of room temperature nanoscale devices based on spin-polarized currents controlled at 

molecular level. 
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INTRODUCTION 

Many new transport properties have been recently found by combining the spin of magnetic 

materials with large spin-orbit coupling (SOC) effects.1 The control of the spin is one of the main 

challenges in the Spintronics field, and it has been already shown a large number of remarkably 

performing devices based mainly in multi-layered materials.2,3 Most of such devices have been 

built with a non-magnetic layer sandwiched between two magnetic electrodes showing, among 

others, magnetoresistance properties. The use of molecular entities in spintronic devices could add 

new dimensionalities thanks to their longer spin relaxation times, low cost and self-assembling 

capabilities.4 However, the use of molecules in this research field is relatively new and most of the 

reported experiments have been performed far from room conditions, such as ultrahigh vacuum and 

low temperatures. A wide fan of examples of molecular devices displaying spin-dependent 

functionalities have been proven at low dimensionality, ranging from the nano-scale down to the 

single-molecule level. For instance, the characterization of magnetoresistive molecular nanoscale 

devices based on terbiumIII complexes5,6 resulted in a number of spin-based properties such as spin 

valves,7 spin transistor8 or spin resonators.9 Also, slight changes in the magnetoresistance properties 

have been observed in single-molecule junctions built with diamagnetic molecules connected to Ni 

beads.10,11 All the above examples were typically conducted at cryogenic temperatures where the 

intrinsic molecular magnetic properties are preserved. To the best of our knowledge, there are only 

two reported molecular-based devices displaying room-temperature spin-dependent transport: (i) 

self-assembled monolayers (SAMs) of chiral structures such as DNA deposited on gold 

surfaces;12,13 here, the proposed mechanism, Chiral Induced Spin Selectivity (CISS), is a combined 

effect of spin–orbit interaction in the chiral molecular backbone14,15 and the induced Au-S bond 

magnetization at the molecule–metal interface.16,17 Recently, such systems have been reviewed by 

Naaman and coworkers18,19 Furthermore, this effect also has been investigated in the single-

molecule breakjuntion STM technique, consisting of individual peptide molecules of well-defined 

chirality bridged between a magnetized STM Ni tip and an Au.20 And (ii), single-molecule 
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junctions built by bridging individual small magnetic molecules such as spin-crossover FeII 

complexes [Fe(tzpy)2(NCX)2], (X = S or Se) in a high-spin S = 2 configuration.21 The observed 

room-temperature magnetoresistance in this case occurs when the electrons are injected from the 

gold (large spin-orbit effect) to a magnetic nickel electrode through the FeII complex that acts as 

spin filter.22-27 The single-molecule magnetoresistance effect disappears either employing low-spin 

S=0 FeII complexes (also by decreasing the temperature that switches the high-spin 

[Fe(tzpy)2(NCX)2] complex to the non-magnetic low-spin state) or by using a Cu substrate (small 

spin-orbit) instead of Au. In the last two examples, a fundamental difference from previous 

experiments is the likely requirement of a heavy diamagnetic electrode as one of the electrodes of 

the molecular device. 

 

In this contribution, we design, synthetize and characterize single-molecule spin-dependent 

transport of a series of metal complexes [M(tzpy)2(NCSe)2] (M = Mn, Co and Ni) with two axial –

SeCN anchoring groups (see Figure 1) that were proven to be a mechanically stable metal–

molecule attachment.21 The spin-dependent single-molecule transport study was conducted by 

trapping the metal complexes between a dielectric Au electrode (electron source) and a 

magnetically polarized Ni electrode (spin-polarized electron drain). We observed that the single-

molecule wire with the S=3/2 CoII-complex shows a conductance change of at least 100-fold under 

opposite Ni magnetizations along the main junction axis (Figure 1), similar to those reported for 

the homologous FeII complex.21 In contrast, the devices based on NiII and MnII complexes do not 

exhibit such magnetoresistance. Our theoretical calculations indicate that the presence of unpaired 

electrons in the molecule is mandatory, but that the metal electronic configuration is the key factor. 

The t2g
5eg

2 electronic configuration of the CoII-complex provides an efficient spin-selective channel 

due to the presence of one occupied and one empty β orbitals close to the Fermi level of the 

junction electrodes. Contrarily, for the t2g
6eg

2 electronic configuration of the S=1 NiII-complex, the 

proximal eg orbital to the electrodes Fermi energy lacks the appropriate symmetry to mix with the 
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π orbitals of the -SeCN ligands that interact with the electrodes. In the t2g
3eg

2 electronic 

configuration of the S=5/2 MnII-complex, the absence of the observed magnetoresistance is 

explained by the lack of MnII orbitals close to the electrodes Fermi levels. The differences in the 

molecule/Au spinterface between the two axial directions of the Ni magnetic polarization21 are 

indispensable to explain the observed magnetoresistance in the former (Figure 1). 

 
 

Figure 1. Schematic representation of the single-molecule devices studied under two opposite Ni tip 
magnetic polarizations (green arrows, labelled a and b). Among the paramagnetic [M(tzpy)2(NCSe)2] 

complexes (M = Mn, Co and Ni), only the CoII complex shows high tunneling magnetoresistance (red and 
blue arrows indicate currents for the two opposite magnetizations of the Ni tip), while transport in the MnII 
and NiII complexes remains invariable versus the Ni magnetization directions. 
 
 
RESULTS AND DISCUSSION 

Room-temperature single-molecule transport of the [M(tzpy)2(NCSe)2] complexes (M = Mn, 

Co and Ni). Single-molecule conductance experiments were performed at room temperature using 

a spin-polarized version of the STM break-junction approach.21,28,29 Briefly, an individual 

[M(tzpy)2(NCSe)2] complex (M = Mn, Co and Ni) was trapped between an Au and a ferromagnetic 

Ni electrode under opposite magnetic polarization directions along the axial molecular junction 

(Figure 1). For this purpose, a freshly mechanically cut Ni tip was magnetically polarized ex situ by 

placing it in close proximity to a 1 T NdFeB magnet for a period of 2 hours, and then placed into 
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the STM tip holder. To avoid Ni oxidation during the magnetization stage, the Ni tip was kept 

under anaerobic conditions (see detailed Ni tip preparation and characterization elsewhere21). The 

magnitude and direction of the magnetic polarization of the Ni tip were characterized before and 

after the STM break-junction experiment using SQUID magnetometry to check that they persisted 

over the entire timeframe of the experiments.21 The magnetized STM Ni probe was then driven 

toward the surface and pulled back again in successive cycles, using a 2-point feedback loop on the 

tunneling current flowing between the two electrodes under a constant bias voltage. Representative 

current traces during the pulling stage are shown in the insets of Figures 2a-c for the three 

[M(tzpy)2(NCSe)2] complexes (M = Mn, Co and Ni), respectively. When a molecule bridges 

between the two electrodes, a plateau appears in the current trace during the pulling stage at a 

specific molecular conductance.28,30 The absence of other exposed interacting groups in these 

compounds as well as the single plateau features in the decay curves suggests the axial SeCN 

ligand as the only anchoring points.21 Hundreds of these individual traces are then accumulated into 

the same conductance histogram where the average single-molecule conductance value is extracted 

from the Gaussian fitting of the peaks (Figures 2a-c).  The a and b labels correspond to the 

magnetic moment of the Ni electrode, pointing upward and downward respectively, along the main 

molecular junction axis (see Figure 1). 

 

The analysis of the histograms in Figure 2 reveals two markedly different charge transport 

behaviors: (i) the single-molecule junctions built with the MnII and NiII complexes display similar 

characteristic conductance values for both a-up and b-down directions of the Ni magnetization (see 

Figures 2a and c) and, consequently, no magnetoresistance. The [Mn(tzpy)2(NCSe)2] displays a 

conductance around 3.8·10-4 G0 (being G0=77.5 µS), ~5-fold higher that of the [Ni(tzpy)2(NCSe)2], 

8.2·10-5 G0. (ii) Contrarily, the single-molecule junctions built with the [Co(tzpy)2(NCSe)2] 

complex displays a measurable conductance value for the b-down polarized Ni electrode only 

(Figure 2b). This measured magnetoresistance for the CoII compound is comparable to that 
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previously reported for a homologous FeII complex while the obtained conductance value, 1.39·10-

3 G0, is ~3-fold larger than the previously reported for the equivalent [Fe(tzpy)2(NCSe)2]) complex, 

4.4·10-4 G0 for the same b-down Ni polarization direction.21 No current plateaus were then 

appreciable in the individual pulling traces for the [Co(tzpy)2(NCSe)2] complex in the single-

molecule experiments with a-up polarized Ni electrodes (gray traces in the Figure 2b inset). The 

single-molecule conductance is in this case below the detection limit of our current amplifiers (< 

10-6G0, see gray histogram in Figure 2b). 

 

Figure 2. Single-molecule conductance histogram for the metal complexes: (a) S=5/2 [Mn(tzpy)2(NCSe)2], 
(b) S=3/2 [Co(tzpy)2(NCSe)2] and (c) S=1 [Ni(tzpy)2(NCSe)2] bridging between Au and both a-up polarized 
(gray) and b-down (maroon) magnetically polarized Ni electrodes. The two histograms in (a) and (c) have 
been vertically offset for clarity. All conductance values have been extracted from Gaussian fits of the 
peaks. Insets show representative individual current versus pulling traces for the a-up polarized (left) and 
the b-down polarized (right) Ni electrodes used to build the conductance histograms. The applied bias was 
set to -15 mV in (c) and -25 mV in (a) and (b) as indicated in the figure. (d) Single-molecule junction yield 
(%) for the three compounds under the two Ni magnetic polarizations. Different points correspond to 
different employed bias voltages and the error bars denote the standard deviation from the average 
conductance results of different experiments. 
 



 

 7 

 

Figure 2d summarizes the experimental yield of the single-molecule transport experiments for the 

three studied compounds under the two Ni magnetic polarizations. As previously described,21 the 

single-molecule yield is expressed as the percentage of individual pulling traces showing plateau 

features. Typically, single-molecule experimental values of >10% are routinely obtained 

experimentally31,32 and allow the single-molecule conductance characterization. All three systems 

show yields above 10% for the formation of single-molecule junctions between the two metal 

electrodes for a b-down Ni polarization direction. When the Ni polarization is inverted, the yield 

drops down to values below 1% for the [Co(tzpy)2(NCSe)2] compound, whereas the yield remains 

constant for the other two. 

 

Effect of the metal substrate on the single-molecule magnetoresistance. In order to highlight 

the role of the metal substrate on the observed magnetoresistance for the single-molecule contact 

formed with the [Co(tzpy)2(NCSe)2] compound, we have performed single-molecule charge 

transport measurements on M/[Co(tzpy)2(NCSe)2]/Ni junctions (M= Au, Cu, Pt) under opposite 

magnetization directions of the Ni tips along the main molecular junction axis. Due to the poor 

mechanical ductility of the Ni-Pt junction, the length of the plateaus in the break-junction pulling 

traces resulting from the single-molecule bridge formation was almost unappreciable,33 fact that 

forced us to exploit a previously presented blinking approach to build and characterize the single-

molecule conductance (see a detailed description elsewhere34,35). Briefly, in the blinking approach, 

the Ni STM electrode is held at a nanometer distance from the metal surface. When a molecule 

spans the gap, a telegraphic signal is recorded in the current transient (see Figure 3 left panels) 

whose amplitude equals the conductance of the molecular junction. The existence of a molecular 

bridge is ascertained by performing pulling stages during the ON telegraphic signal to promote the 

molecular breakdown (see Supporting Information section 5). Up to a hundred of the individual 
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blinking traces are accumulated in a 2D blinking map without any selection by setting all of them 

to a common time origin and background tunneling current subtraction.  

 
 
Figure 3. Single-molecule charge transport of the [Co(tzpy)2(NCSe)2] compound on different metal 
surfaces. The horizontally expanded panels show, from left to right, a representative blinking event of the 
single-molecule bridge formation, and the two 2D blinking maps showing the average of several tens of 
individual blinking traces for the two opposite directions of the Ni electrode magnetization a-/b- 
respectively (see Figure 1) on (a) Au, (b) Pt and (c) Cu surfaces. The 2D-maps were normalized to a color 
scale versus the total number of counts, representing 100 counts the maximum and 0 counts the minimum. 
The applied bias was set to -10 mV. 
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Figure 3 shows a comparison of the three 2D blinking maps recorded for the [Co(tzpy)2(NCSe)2] 

single-molecule junctions formed between the magnetically polarized Ni STM electrode and an 

Au, Pt and Cu surfaces, respectively. The central and right panels correspond to the 2D blinking 

maps with the Ni electrode magnetically polarized upward and downward respectively. The results 

obtained using the Au substrate (Figure 3a) are essentially the same shown in Figure 2b employing 

the break-junction approach, i.e. the level of conductance and the magnetoresistance effect 

displaying suppression of the single-molecule conductance at the a-up Ni magnetization direction 

are equally equally observed. Contrarily, the molecular junctions built on either Pt or Cu surfaces 

are insensitive to the magnetic polarization direction of the top Ni electrode, showing essentially no 

magnetoresistance of the single-molecule wire conductance for the [Co(tzpy)2(NCSe)2] complex 

(Figures 3b and 3c respectively). The suppression of magnetoresistance observed in the single-

molecule wire built on Cu was also confirmed by characterizing the single-molecule transport of 

[Co(tzpy)2(NCSe)2] using the previous dynamic STM break-junction approach (see Supporting 

Information section 3). These results evidence the importance that molecule/metal interfacial 

effects have on the final observe device magnetoresistance as it will be discussed in the next 

section. 

Spin-dependent density of states and transmission calculation. To rationalize the origin of the 

observed differences in magnetoresistance in the studied single-molecule junctions, we first 

performed spin-polarized DFT-NEGF calculations.36-38 The structural model for the calculations 

consisted in two true semi-infinite Au surface electrodes with the molecule attached to both 

Au(111) surface by the Se atoms in a three-fold hollow configuration. The calculations were 

carried out using two equivalent gold surfaces in order to simplify the system and considering that 

the spin-filter effect arises from the mixing of the gold surface levels with the spin-polarized 

molecular orbitals.21 The nickel tip is not included in the calculation since it just controls the final 

device conductance because the transport of minority spin carriers is more efficient in the 

magnetically polarized Ni electrode.39 Furthermore, the magnetic effect of the nickel tip on the 



 

 10 

molecule is included using a spin-polarized single determinant to describe the electronic structure 

of the molecule. 

 
Figure 4. DFT calculated spin-resolved projected density of states (left) of the MnII, CoII and NiII complexes 
(filled curve corresponds to the transition metal levels and metal orbitals and their occupation are 
represented in the right side) and transmission spectra (right, between 0 and 2 for each spin) for a 2.5 Å 
constant gold-ligand bond distance. Red and blue colors correspond to the alpha and beta spin contributions, 
respectively. Transition metal d orbitals out of the energy range have been just placed without considering 
their orbital energy values. The highlighted t2g unpaired beta orbitals in the CoII complex correspond to the 
main spin-dependent electron channels. 
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The calculated density of states (DOS) and transmission curves for the three complexes (M = Mn, 

Co and Ni) adsorbed between two Au(111) surfaces are plotted in Figure 4. The main observed 

differences between the three studied cases can be summarized as follow for each metal system: 

(i) The MnII system has a t2g
3eg

2 electronic configuration, where either the highest occupied alpha 

eg orbital and the lowest unoccupied beta t2g orbitals are far from the Au Fermi level (around 0.5 

eV below and 1.8 eV above in the DOS, Figure 4 left and right panels, respectively). Hence, 

despite that it is the molecule with largest total spin S=5/2, the single-molecule device is unlikely to 

show magnetoresistance effects at low applied voltage biases as experimentally observed. Despite 

the lack of 3d orbitals close to the Fermi energy, there is a non-negligible contribution to T(E) 

starting from the Fermi level (Figure 4, central panel) that corresponds to narrow levels with a poor 

interaction with the electrodes. Furthermore, the states contributing to the T(E) in this range are 

highly delocalized unoccupied orbitals, which appear too close to the Fermi level due to the typical 

gap underestimation of the PBE functional. We expect these states to be further away from the 

Fermi level, having a much lower contribution to the electronic transmission. To check this 

assumption, we performed a model calculation of the MnII system coupled to two small gold 

clusters and obtained the transmission function for zero bias. We employed the B3LYP functional 

to incorporate an improved description of the HOMO-LUMO gap (see Computational Details 

section for further reference). We observe a notorious increase of the energy gap, where the main 

contributions to the electronic transport come from d-orbital levels that are far from the Fermi level 

(~1.5-2.0 eV apart, see Figure 5). This is in line with the relatively low single-molecule 

conductance of this system (~3.8·10-4 G0, see Figure 2a). 

 

(ii) The CoII case displays two t2g beta orbitals (highlighted in yellow in Figure 4 right) that are 

closer to the Au electrode Fermi level in comparison with the alpha channel orbitals that display 

the highest occupied orbitals appearing ~1.0 eV apart. The observed broadening of these two t2g 
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beta orbitals evidences its effective hybridization to the metal orbitals, which also results in a 

higher measured conductance of the single-molecule junction for this molecular system through the 

beta orbital channel (~1.4·10-3 G0, see Figure 2b). The analysis of such two orbitals shows 

correspondence to the π antibonding dxz and dyz t2g orbitals with strong interaction with the gold 

electrode through the π system of the axial ligands, while the third t2g orbital (non-bonding dxy) is 

located below -5 eV. B3LYP results for the corresponding model system support this picture, with 

relatively broad transmission peaks that are 1.0 to 1.5 eV apart from the Fermi level (see Figure 5) 

suggesting that the transport proceeds through the β LUMO. As a result, β spin-polarized orbital 

channels are responsible for the pronounced spin filtering of the current transmitted through the 

CoII-complex single-molecule junction. We have calculated the energy involved in the flipping of 

the molecular spin with the complex adsorbed on a hollow site of a spin-polarized Ni(111) surface. 

The value is 90 cm-1 favorable for the parallel spin alignment using the PBE functional (see 

Computational detail section). Considering the magnetically polarized Ni tip induces the same spin 

alignment at the molecule through magnetic exchange interactions,40 the observed single-molecule 

magnetoresistance is explained by an asymmetric hybridization of the molecular orbitals to the 

magnetically polarized molecule/Au interface (spinterface).41,42 This effect is similar to that 

presented in the previously reported FeII systems, which also displays DOS and transmission 

curves with two of the beta t2g orbitals close to the Fermi level.21,22 The role of the spinterface 

effect in the appearance of magnetoresistance in the single-molecule junction built with the CoII 

system is corroborated in the experimental results shown in Figure 3, where the interfacial 

magnetic polarization is suppressed by using other metal surfaces (e.g. Cu, Pt magnetoresistance 

for the CoII system vanishes in Figures 3b-c) with less tendency to be spin-polarized than Au. 

Hence, the gold surface is a key ingredient to produce the magnetoresistance behavior due to the 

existence of spin unbalanced topological surface states detected by angle-resolved photoemission 

spectroscopy (ARPES),43 wherein the spin-orbit effect results in spin texture on this surface. 

Although gold, copper and platinum exhibit the same qualitative structure with respect to their sp-
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band crossing,43 we observe that magnetoresistance effects are only observed when the CoII 

complex is deposited on gold. In the case of Cu, this behavior is related to the low spin-orbit 

coupling constant due to its lower atomic weight. In the case of Pt, despite a similar structure of 

gold, it has one valence electron less that yields a different mixing with the SeCN- ligands in 

comparison to Au. We will come back to this point in the next section. 

 

 (iii) The NiII system is similar to the MnII case, as it has delocalized orbitals close to the Fermi 

level for both beta and alpha electrons, with a higher beta contribution (Figure 4, right panel). In 

this case, the beta empty eg orbitals also appear relatively close to the Fermi level. The 

corresponding transmission peaks are narrow manifesting the very weak mixing of the frontier s eg 

orbitals of the NiII complex to the p nature of axial SeCN orbitals that interacts with the gold 

surface levels. This poor hybridization also explains the low conductance measured in this case 

(~8.6·10-5 G0, Figure 2c). The B3LYP calculation effectively corrects for the position of the 

delocalized empty orbitals, which appear now far from the Fermi level (see Figure 5). Furthermore, 

the transmission peaks corresponding to eg orbitals are extremely narrow, confirming the low 

mixing of these orbitals and the low experimental conductivity of the NiII derivative. Figure 5 

shows satisfactorily the relation between the measured conductance and the energy profile of the 

transmission function. The most conductive ion is CoII, in agreement with the experimental data, 

due to their highly coupled empty t2g levels that appear relatively close to the Fermi level (indicated 

with a blue arrow in Fig. 5) The less conducting cases are observed for the MnII and NiII complexes 

that only present poorly mixing of the eg type orbitals near the Fermi level. If we include the FeII 

derivative to this analysis, we observe that it presents lower conductivity than CoII, but higher than 

MnII and NiII. Similar to the case of CoII, this system presents significantly broadened beta t2g 

orbitals that appear further away from the Fermi level in comparison to CoII derivative, explaining 

its lower conductivity.21 On the other hand, the conductivity associated with t2g orbitals in FeII (the 

last occupied t2g orbital of CoII close to the Fermi level is empty for FeII
 and it is the main 
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responsible of transport for such complex) should be higher than the contributions from eg orbitals, 

which are dominant for MnII and NiII systems. The observed lack of magnetoresistance for the MnII 

and NiII single-molecule junctions is then explained by the non-effective spin filter behavior of the 

molecule due to the poor differences in the transmission efficiency between the alpha and beta 

channels. 

 

Figure 5. DFT transmission (between 0 and 2.5 for each spin) calculated with the hybrid B3LYP functional 
for the single [M(tzpy)2(NCSe)2] complexes (M = Co, Mn, Ni and Fe) sandwiched between two (red and 
blue are alpha and beta contributions, respectively). The FeII system is included for comparison (see text) 
and was investigated with periodic models elsewhere.21 The Fermi level was chosen to be -5 eV and set to 0 
eV in the plot (marked with a dashed line). The blue arrow indicates in the CoII case the crucial t2g orbital 
for the magnetoresistance effect. 

 

An important message is deduced from the above discussion; an appropriate electronic structure of 

the magnetic molecule is necessary to develop magnetoresistance in a single-molecule device, 

similarly to what is required to show large magnetic anisotropy effects, i.e. low-lying excitations 

and differentiated alpha-beta electronic configurations.44,45 The existence of low-lying excitations 

warranties the presence of occupied and empty orbitals in a narrow energy range that allows 

available channels for efficient transport if they lie close to the Fermi level of the electrodes. For 

instance, the [Co(tzpy)2(NCSe)2] complex has mononuclear single-molecule magnet behavior (see 

Supplementary section 4.3) with a calculated axial zero field-splitting D value at the NEVPT2 level 
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of +16.7 cm-1, achieving easy-plane anisotropy as expected for a pseudo-octahedral CoII complex.44 

Thus, single-molecule magnet complexes are in principle good candidates to show appealing 

transport properties, such as magnetoresistance effects in single-molecule devices.  

 

Spin texture of the gold surface. After establishing the relation between the electronic 

configuration of the molecule and the development of magnetoresistance in our devices, it is 

necessary to investigate why spin-dependent transport develops on the Au surface only, while 

platinum and copper junctions do not present such behavior. To this aim, we carried out an analysis 

of the electronic structure of one slab of the three materials to analyze their differences and, 

consequently, to explain the singular properties of the gold junctions. The goal will be to check if 

there are surface levels that can efficiently interact with the t2g molecular orbitals of the CoII (or FeII 

complexes) through the p orbitals of SeCN ligand in such way that the different alpha and beta 

occupancy in these two metal complexes could induce a different magnetic polarization of the 

metal surface. 

 

We highlight the main features of the Au(111) DFT band structure (Figure 6, PBE functional 

including spin-orbit effects, see Computational details section) related to the problem of molecule 

surface mixing: (i) the hybridization of the 6s and 6pz levels (red and green lines respectively in 

Figure 6a, L-band) shows the characteristic Rashba spin-dependent splitting due the SOC of the 

surface state of gold (see point A in Figure 6a), (ii) a sp-band inversion at an energy larger than the 

Fermi level (point B) is observed in the Γ → M path and (iii) a second band crossing involving p 

and d orbitals appears close to the Fermi level at the M point (C in Figure 6a). The k-dependent 

band diagram (Figures 6b and 6c) also shows the L-band splitting near Γ and, despite strong k-

dependent spin polarization of the d- and p-type orbitals (blue and green lines, respectively in 

Figure 6a under -2 eV), there is a null net spin contribution along the whole Brillouin zone. 
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Furthermore, point C presents a complex structure at the merging point of several bands with 

different spin polarization. 

 

 
Figure 6. (a) Calculated band structure of Au(111) surface along the Γ → M (p/a,0,0) path. Bands were 
obtained from an 18-atom slab calculation of a 1x1 surface. The color of the bands represents the 
contributions from s, p and d orbitals, coded in a RGB scheme. In this way, pure red, green and blue 
represent bands dominated by s, p and d contributions, respectively. Intermediate colors are weighted by 
each contribution. (b and c) Spin polarization (red and blue colors for the two spin orientations) along the x- 
(b) and y- (c) directions projected on one surface gold atom. There is no spin polarization along the z axis.  
 

Considering that the orbitals responsible for the interaction between molecule and metal surface are 

the π orbitals of the axial SeCN ligand, we must search for bands that can match this symmetry. 

We then performed spin polarized calculations (without SOC coupling) of a 2x2 Au(111) supercell 

(see details of the choice of the unit cell in Supporting Information section 7). Under this 

perspective, the L-band at Γ is not adequate for mixing, as it is composed by the hybridization of 

the 6s and 6pz gold orbitals (see Figure S12), and will form a σ-bond with respect to the molecule. 

The L-band at M point (π/a, 0,0) would offer a suitable orbital for mixing, as wavefunctions in 

neighbor atoms will present alternating signs of their wave function (a more detailed discussion of 
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this surface orbitals is included in section S7). The participation of such surface orbitals is 

corroborated with the analysis of the main transmission eigenfunctions obtained with the ATK 

code36 for the two transmission peaks corresponding to the two t2g orbitals (dxz and dyz) of the CoII 

complex close to the Fermi level (see Figure 4). In the case of the CoII complex, the transport 

mechanism is mainly due to the transmission peak corresponding to the transmission eigenstate 

depicted in the right panel of Figure 7 (associated to the empty t2g orbital), while for FeII, with one 

beta electron less, is that of the left panel of Figure 7. Thus, a similar magnetoresistance behavior 

should be expected for these two complexes while with the other studied transition metal atoms, 

the complexes do not have the appropriate electronic structure, only d1 and d2 complexes would be 

equivalent to the FeII and CoII cases but with opposite spin carriers. 

             

Figure 7. Main transmission eigenstates corresponding to the beta transmission peaks at -0.52 and +0.04 eV 
for the CoII complex (occupied and empty t2g orbitals, see Figure 4). The transmission eigenstates are 
obtained by diagonalizing the transmission matrix and the corresponding eigenvalues indicate the 
importance of each eigenstate in the transport. As it is a complex wavefunction, the color map indicating the 
phase of the function is represented from 0 to 2π by dark green to yellow colors. The isovalue employed for 
the isosurface is 0.2. 
 

Analogous calculations to analyze the surface states were performed for Pt(111) and Cu(111) 

surfaces were also performed (see Figure 8). In the case of Cu, we observe a band structure 

resembling the gold case (see Figure 8), with a surface band related to valence 4s1 electron and sp-
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band inversion in the Γ → M (π/a,0,0) path. As in the Au case, the d-based orbitals form a dense 

block of states that remain occupied along the Brillouin zone. This analogy is expected, as copper 

and gold belong to the same group of the periodic table and present the same valence configuration. 

We associate the lack of magnetoresistance effect on Cu surfaces to the low atomic number of 

copper, which prevents from the appearance of strong spin-orbit coupling effects in comparison to 

heavier elements, such as gold. Pt is just the opposite case: a heavy element with a different 

electronic configuration, as it has one electron less than gold. The Pt band structure shows the 

“surface band” associated with the 6s electron above the Fermi level (unoccupied orbital) in the 

complete Γ → M (π/a,0,0) path. In this way, the sp-band inversion does not cross the Fermi energy, 

preventing the rich spin texture observed in gold to appear.43 

 

Figure 8. Band diagram along the Γ → M path for the 18 layer Au(111) (left) Pt(111) (centre) and 
Cu(111) (right). (All surfaces are 1x1). The Fermi level is indicated by a black line. 
 
 

 

CONCLUSIONS 

The present work provides the main ingredients to achieve large magnetoresistance at room 

temperature in a single-molecule device by exploiting metal complexes. The magnetic nature of the 

molecule is not the unique requirement to observe the magnetoresistance effect and, in fact, the 

specific electronic configuration plays the key role. In addition to the top ferromagnetic Ni 

electrode in the junction, the Au/molecule spinterface is an essential ingredient in the manifestation 
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of the observed single-molecule magnetoresistance, as deduced from the study on the different 

metal surfaces, namely Au, Cu and Pt. The interplay of the surface potential and spin-orbit 

coupling at the metal surface is of uttermost importance to create the magnetoresistance. The 

studied spin-dependent transport on single-molecule devices with the metal complex series 

[M(tzpy)2(NCSe)2] (M = Mn, Co and Ni) shows that the CoII system is the only one presenting 

magnetoresistance effects in accord with the DFT+NEGF calculations that evidence Au/Co-

complex hybridized spin-polarized orbitals energetically close to the metal Fermi levels. Overall, 

these results demonstrate the crucial role of the spinterface42,47 defined by the molecule (its 

electronic structure as spin filter) and the gold surface (spin texture triggered by spin-orbit effects) 

to provide a rational design of single-molecule Spintronics. 

 

EXPERIMENTAL METHODS 

Sample preparation. An Au (111) single crystal substrate (10 mm x 1 mm) of 99.9999% purity 

and orientation accuracy < 0.1 degrees (Mateck, Germany) was surface-functionalized with the 

[M(tzpy)2(NCSe)2] complexes (M = Mn, Co and Ni) (basic information on the synthesis and 

characterization can be found in the Supporting Information section 1) by immersion in a µM 

ethanolic solution of the target compound for periods longer than 6 h. Pt (111) and Cu(111) single 

crystal substrates (10 mm x 1 mm) both of 99.999% purity and orientation accuracy < 0.1 degrees 

(Mateck, Germany) were surface-functionalized only with the [Co(tzpy)2(NCS)2] complex by 

immersion in a µM ethanolic solution of the target compound for periods longer than 6 h. (see SI 

section 1 for a more detailed preparation). All glassware and PTFE-STM cells were cleaned with 

piranha solution (3:1 H2SO4/H2O2 by volume) before usage, followed by rinsing with 18 MΩ 

cm−1 Milli-Q water (Millipore). 

Conductance measurements. An STM-BJ method was employed to build and characterize charge 

transport through single-molecule wires built with the different metal complexes studied in this 
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work (MnII, NiII and CoII). The two biased electrodes of the molecular junction, a Au(111) single 

crystal (99.9999% Mateck, Germany) and a mechanically cut polycrystalline Ni wire (99.99%, 

Godfellow, UK) were used as the support and the STM top electrodes, respectively. In a regular 

STM-BJ experiment (see manuscript), the Ni tip was repeatedly driven onto the Au surface while 

simultaneously monitoring the current flowing between them. Several thousands (~5000) retraction 

curves were then stored and used to build the conductance histogram of the single-molecule device. 

Because not every curve displayed plateau features corresponding to the molecular quantum 

conductance of the single-molecule bridge, we designed an automatic algorithm that identify and 

select curves containing such single-molecule features. The exact same selection criteria were 

applied throughout all measured series. To avoid the Ni wire oxidation under ambient conditions, 

the prepared Ni electrode was magnetically polarized and stored under in anaerobic conditions 

before use, as we report in previous works.21 All experiments were conducted in an organic solvent 

(mesitylene) with very low oxygen and water solubility.  

Technical details of the dynamic Break-Junction experiments. Details about the STM-break 

junction technique are published elsewhere.30 All experiments were carried out with a homemade 

PTFE-STM cell and a PicoSPM II microscope head controlled using a PicoScan 2500 electronics, 

all from Agilent (USA). The STM head was mechanically and electronically isolated. Data was 

acquired using a NI-DAQmx/BNC-2110 National Instruments (LabVIEW data acquisition System, 

USA) and analyzed with our own LabVIEW code. In a typical break-junction experiment, the 

STM tip is first brought to a tunneling distance over a flat clean metallic surface area. The STM 

feedback is then turned off and the tip is driven in and out of contact with the substrate at a 

speed of 1-2 V/s.  This 2-points feedback loop is used to collect thousands of current decays 

(5000-6000) during the tip pulling cycles. In order to minimize possible mechanical disruption of 

the tip and sample surfaces, the reached maximum current in the 2-points feedback loop was set to 

a low value well below saturation, which prevented the STM tip crashing against the substrate 

electrode.  10-15% of the collected current decays display steps or plateaus, and are used to 
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determine the single molecule conductance using the expression G=Istep/Ubias where G is the 

conductance, I the current and U is the potential difference between the tip and substrate 

electrodes. The current decays are accumulated to form linear conductance histograms. The 

observed peaks in the conductance histograms correspond to the observed plateaus in the current 

decays and provide averaged single-molecule conductance values. An automated selection process 

designed by own LabVIEW code was used to select the decays that showed plateaus from the 

ones that did not. The user defines the initial selection criteria that are fixed throughout all the 

experimental series. 

Technical details of the static blinking experiments. The blinking captures (tens of curves) were 

accumulated into 2D maps during a total time of 6h for each experiment.34,48 No selection 

procedures were applied at this time and so all blinking events are used to build the 2D histograms. 

In order to compare the lifetimes of the blinks in the 2D maps, all the samples were set into a 

common time origin and baseline. The final STM tip pulling after the blinking was performed by 

externally controlling the piezo Z-position (see Supporting Information section 5).  

Computational details. Electron transport calculations were carried out with the molecule 

sandwiched between five gold layers with a 4 x 3 surface unit cell using the ATK code36,37 (version 

2016.1)with the PBE functional,49 a numerical single-ζ basis set and 11e- pseudopotential for the 

gold atoms50 while double-ζ basis set with polarization for the other elements. The coherent 

transport properties were calculated using the Non-Equilibrium Green Function procedure 

combined with the Density Functionl Theory (DFT) calculations. NEVPT2 calculations with quasi-

degenerate perturbation theory to include spin-orbit effects51 were employed to determine the zero-

field splitting parameter D for the CoII complex using Orca 3.0.3 code52 and a def2-TZVPP basis 

set53 with an active space considering the seven d electrons of CoII centre and the five d orbitals. 

Zero bias transmission curves were calculated using the Artaios 1.9 code,54,55 while the Fock and 

Overlap matrices necessary for the transport calculations were obtained from unrestricted DFT 

calculations (B3LYP functional,56 D95V basis for H, C and N and LANL2DZ ECP basis set for 
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heavier atoms57-60  by means of the Gaussian09 package.61 Model systems were constructed from 

previously optimized molecules, attaching 3 gold atoms to each Se end with a Se-Au distance of 

2.5 Å (hollow position). Slab calculations including spin-orbit coupling for the Au(111), Cu(111) 

and Pt(111) surfaces where performed using the green code62 and its interface to the SIESTA 

package.38 The PBE functional49 was employed and all atoms were described by a double-ζ basis 

set with polarization. Bulk cell parameters were used to build the slabs, without further geometry 

relaxation. Cell parameters for 1x1 surfaces were: (2.8837, 0.0) Å and (-1.4419, 2.4974) Å for 

Au(111), (2.5562, 0.0) and (-1.2781, 2.2137) for Cu(111) and (2.7744, 0.0) and (-1.3872, 2.4027) 

for Pt(111). 
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