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ABSTRACT: Achieving highly spin-polarized current at the nanoscale is of paramount importance in molecular spintronics. Using a 

self-consistent ab initio approach that combines the non-equilibrium Green’s function formalism with spin density functional theory, we 

explore the spin transport properties of a set of 1,2,4,5-tetrahydroxybenzene (THB)-based molecular junctions with nickel electrodes. 

Our calculations show that the junction incorporating a dehydrogenated THB molecule exhibits remarkable spin-filtering effects as well 

as a high transmission for the spin-down (minority) electrons around the Fermi level. This is due to the favorable alignment of the frontier 

molecular orbitals relative to the electrode Fermi level and the orthogonality between these π-symmetry molecular states and the 4s 

conducting channels of the nickel electrodes. In addition, the Ni-O bonds at the molecule-electrode interfaces are very robust. The spin-

filtering efficiency can be further improved by introducing one more THB molecule and a central nickel atom into the tunneling path. 

Finally, the adsorption of CO over the central nickel atom significantly promotes the transport of spin-down electrons and reduces that 

of spin-up (majority) electrons, achieving a nearly 100% spin-polarization at finite bias voltages. Our findings demonstrate the great 

potentials of these classes of THB-based junctions for future high-performance molecular spintronic devices. 

1.Introduction 

Molecular spintronics, aiming at the active manipulation 
of both the charge and spin degrees of freedom at the single-
molecule level, represents one of the most exciting avenues 
for building next-generation nanoelectronic devices with 
high-speed and low-energy consumption capabilities.1 In 
particular, organic materials have emerged as promising 
candidates for spin transport media due to the weak spin-orbit 
and nuclear hyperfine interactions, which make it feasible to 
preserve spin-coherence over distances and times much 
longer than in other materials.2-3 Moreover, organic molecules 
have unique functions of chemical selectivity and provide 
versatility by tuning their electronic and magnetic properties 
via ligand modifications.4-6 In this field, one of the core issues 
concerns the generation of spin-polarized currents composed 
of electrons of a single spin type. This is the precondition for 
realizing spintronic devices with a high signal-to-noise ratio. 
Therefore, spin filters delivering metallic features for one spin 
channel and insulating for the other have attracted extensive 
and growing attention.7-9 An important evaluation criterion 
for the performance of spin-filter devices is the spin-
polarization, defined as 𝑆𝑃 = |𝑇↑ − 𝑇↓|/|𝑇↑ + 𝑇↓|, where 𝑇↑ 

and 𝑇↓ represent the transmission coefficients for the spin-
up (majority) and spin-down (minority) electrons, 
respectively. Nowadays, designing spin filters with a large SP 
as well as a high conductance is of considerably fundamental 
interest and represents a key step towards the development of 
molecular spintronic devices. 

Built with the help of mature break junction techniques, 
single-molecule junctions that consist of two ferromagnetic 
electrodes separated by a nonmagnetic spacer have become 
popular testbeds for the study of spin transport near the limit 
of spintronics miniaturization. Quite generally, the spin 
filtering efficiency of a molecular junction is tightly bound up 
with the electrode materials and the ferromagnetic-organic 
interfacial properties. As it can be easily shaped at the 
nanoscale while preserving useful magnetic properties, nickel 
is widely utilized in many theoretical and experimental 
investigations as an ideal ferromagnetic electrode material.10-

15 In Ni, although the spin-polarization of the 3d electrons is 
large due to the exchange interaction, that of the 4s states is 
small, resulting in currents with moderate spin polarization. 
For example, only partially spin-polarized current, with SP~ 
33%, was reported in Ni nanocontacts due to the fact that 4s 
electrons conduct almost perfectly.16-18 In order to circumvent 
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this limitation, Dappe et al proposed an s-blocking 
mechanism by joining two ferromagnetic electrodes with a π-
conjugated molecule.19 As a result, the electron transport was 
mainly associated to the spin-down 3d electrons while the 4s-
conducting channels were fully blocked, leading to an SP of 
81% at the Fermi level for a Ni-polythiophene-Ni junction. 
However, a fact that cannot be ignored in such proposed 
junctions is the presence of a spin-up transmission peak very 
close to the Fermi level. This means that the spin-filtering 
efficiency is likely to deteriorate when a finite bias voltage is 
applied. The feasibility of this symmetry-based mechanism in 
the design of high-performance spin filters has been widely 
tested in the past few years.20-24 Recently, Li et al. explored 
spin-polarized transport across single benzene derivatives 
attached to nickel electrodes via different anchoring groups.25 
Their calculations show that among all considered molecules 
the one with nitro (-NO2) terminations preforms best, with a 
simultaneously high value of SP (80%) and conductance 
(0.36 𝐺# ). Here G0=e2/h is the conductance quantum. 
However, experiments have uncovered that molecular 
junctions terminated with nitro anchors break at an inclined 
angle with respect to the surface normal before being fully 
extended.26 Hence, in order to fabricate high-performance, 
reliable and robust molecular spintronic devices, further 
studies are highly desirable. 

1,2,4,5-tetrahydroxybenzene (THB) is a planar benzene 
derivative, which can form by self-assembly metal-
coordinated networks on metal substrates, indicating unusual 
conductive, catalytic and magnetic properties.27-31 Inspired by 
the aforementioned s-blocking mechanism, we investigate the 
potential of THB molecules to be used as high-performance 
spin filters when sandwiched between two ferromagnetic 
nickel electrodes. Combining the non-equilibrium Green’s 
function (NEGF) formalism with density functional theory 
(DFT) (i.e., the NEGF+DFT approach),32-38 our calculations 
show that the spin-polarization at the Fermi level for the Ni-
THB-Ni junction is as high as 91%. The low-bias 
conductance of the spin-down channel is large and no evident 
peaks are found around the Fermi level in the transmission 
spectrum for spin-up electrons, resulting in reliable spin-
polarization at finite bias voltages. Moreover, the spin 

filtering efficiency can be further improved by introducing 
one more THB molecule and a central nickel atom between 
the electrodes. We also find that the adsorption of small 
gaseous molecules, such as CO, NO and NH3, on the central 
nickel atom significantly modifies the junction transport 
properties. In particular, adsorbing one CO molecule results 
in nearly 100% spin-polarized electron transport as well as a 
much larger low-bias conductance.  

2.Calculation method 

In this work, spin-dependent geometry optimization and 
electronic structure calculations have been performed with 
the SIESTA package,39-40 which is an efficient numerical 
implementation of DFT. We have used the generalized 
gradient approximation (GGA) within the Perdew-Burke-
Ernzerhof (PBE) formulation for the exchange and 
correlation energy and improved Troullier–Martins norm-
conserving pseudopotentials (PPs) to describe the atomic 
cores.41-42 The wave functions of the valence electrons are 
expanded over a finite-range numerical basis set and a user-
defined double-zeta plus polarization basis set is constructed 
for all elements, including hydrogen, carbon, nitrogen, 
oxygen and nickel. Geometry optimization is performed by 
standard conjugate gradient until all the atomic forces are less 
than 0.03 𝑒𝑉/𝐴̇. With our choice of PPs and basis set, an 
optimized lattice constant of 3.56 𝐴̇  is obtained for bulk 
nickel, which is in good agreement with the experimental 
value of 3.52 𝐴̇  and previous DFT calculation value of 
3.58 𝐴̇.43 To further confirm the appropriateness of the PPs 
and the basis functions for nickel, the electronic and magnetic 
properties of bulk nickel have also been investigated using the 
VASP code with the same functional.44 Our SIESTA 
calculation results agree reasonably well with those obtained 
with VASP (see Figure S1 in the Supplementary Information 
- SI).  

Spin-polarized transport calculations have been 
performed using the SMEAGOL code,45-47 which is a 
practical implementation of the NEGF+DFT approach. Since 
SMEAGOL uses SIESTA as the DFT platform, we employ 
the same PPs, basis sets and GGA functional, for both the 
geometry relaxation and the transport. The unit cell of the 



3 
 

extended molecule comprises the central molecule, some 
nickel atoms with low coordination, and ten Ni(111) atomic 
layers with a 4 × 4 in-plane supercell. The magnetic 
configurations of these two Ni electrodes are set to be parallel. 
Here the transport is assumed to be along the z-axis, and we 
always consider periodic boundary conditions in the plane 
transverse to the transport. An equivalent energy cutoff of 
200.0 Ry is taken for the real-space mesh and the Brillouin 
zone is sampled by 4 × 4 × 1 k-point mesh. The spin-polarized 
current-voltage (I-V) curves of the junction are calculated as 

,   (1) 

where 𝑇$(𝑉, 𝐸) is the bias-dependent transmission functions 
for the spin-up and spin-down electrons (𝜎 =	↑/↓), 𝑓(𝐸) is 
the Fermi-Dirac distribution function, and 𝜇%/' = 𝐸( ±
𝑒𝑉/2 is the local Fermi level of the left/right electrode with 
𝐸(  being the Fermi energy. The transmission functions 
𝑇$(𝑉, 𝐸) is obtained as 

,        (2) 

where 𝐺$
)/* is the retarded (advanced) Green’s function of 

the extended molecule and Γ%/',$ is the broadening function 
matrix describing the interaction of the extended molecule 
with the left (right)-hand side electrode. 

3. Results and discussion 

We start our studies from the investigation of the spin-
polarized electronic transport properties of a THB molecule 
sandwiched between two bulk nickel electrodes. Figure 1a 
shows the optimized atomic structure of the Ni-THB-Ni 
junction. The THB molecule is connected to the two 
electrodes via a four-atom pyramidal cluster at each side in a 
symmetric geometry, while a complete dehydrogenation of 
the four hydroxyl groups is considered. By definition, the 
dehydrogenated THB molecule was placed in the y-z plane. 
Let us stress that the rotation of the central molecule around 
the z-axis has an insignificant impact on the transport 
properties. In order to find the equilibrium structure, we 
systematically vary the separation between the two nickel 
electrodes and optimize the positions of the THB molecule, 
the nickel atoms in the two pyramidal clusters and those at the 

electrode surfaces until the total energy reaches a local 
minimum. The Ni-O bond lengths are optimized to be about 
1.97 𝐴̇. The corresponding equilibrium transmission function 
Ts(E) is then calculated and plotted in Figure 1b. For clarity 
the Fermi level is set to zero, and the blue and red lines are 
respectively for the spin-up and spin-down transmission 
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Figure 1. (a) The optimized atomic structure of the Ni-THB-Ni 

junction; (b) the spin-polarized equilibrium transmission spectra for 

the spin-up and spin-down electrons, together with the 

eigenchannels of selected transmission peaks; (c) the PDOS of the 

3𝑑!" and 3𝑑!# orbitals of the Ni apex atom and the 2𝑝! orbital of 

the O atom [pointed by black arrows in Figure 1a]. 
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spectra. As we can see, the transmission spectra display 
remarkably spin-polarized features, with the red curve 
exceeding the blue one over a broad energy range, going 
roughly from -0.60 eV to 0.50 eV. Clearly all the prominent 
transmission peaks for the spin-up electrons lie far away from 
Ef and decay rapidly towards it, resulting in a tiny low-bias 
majority-spin conductance. On the contrary, for the spin-
down electrons, there is one significantly broad and high 
transmission peak located at around 0.20 eV, whose tail 
extends below Ef and provides a much higher transmission at 
Ef. In order to quantify the remarkable difference in 
transmission of the two spin channels, 𝑇↑(𝐸() and 𝑇↓(𝐸() 
are respectively calculated to be 0.024 and 0.47, and the 
corresponding spin-polarization is obtained as 91%. As a 
result, the Ni-THB-Ni junction exhibits excellent spin-
filtering effects as well as a large equilibrium transmission 
around the Fermi level. In addition, one more important issue 
we want to address here concerns the strength of the 
electrode-molecule bond, which is crucial for the formation 
of practical molecular junctions. The Ni-O bonding energy in 
the Ni-THB-Ni junction is evaluated to be -1.64 eV, 
suggesting a stable interface coupling. Here, the bonding 
energy is defined as (Ejun-ENi-Emol+2EH2)/4, where Ejun, ENi, 
Emol and EH2 denote the total energy of the Ni-THB-Ni 
junction, the bare nickel electrodes, the isolated THB 
molecule, and the isolated hydrogen molecule, respectively; 
the unit cells of these subsystems are kept the same as that of 
the junction. In reference [25] spin-polarized transport across 
a single benzene derivative attached to the Ni(111) electrodes 
with the nitro groups was suggested. However, in that case, 
the Ni-O bonding energy was only -0.91 eV [calculated as 
(Ejun-ENi-Emol)/4]. Therefore, when compared to previous 
studies, the junctions constructed with THB molecules 
investigated here appear more promising for the fabrication 
of high-performance, reliable and robust molecular spintronic 
devices.  

Next, we move to reveal the origin of the dramatically 
different transport properties of the two spin channels. The 
conductance of a molecular junction is determined by two 
fundamental factors: firstly, the alignment of the frontier 
molecular orbitals (FMOs) relative to the Fermi level of the 

electrodes, and secondly the coupling between the FMOs and 
the electronic states of the electrodes. Here, we briefly 
introduce the electronic properties of the isolated THB 
molecule as a prequel to the analysis of the junction transport. 
In Figure S2a of the SI we show the FMOs of THB in the gas 
phase. When the THB molecule is placed in the y-z plane, the 
LUMO+1, LUMO, HOMO, and HOMO-1 are dominated by 
the 2𝑝, atomic orbitals of carbon and oxygen; in contrast, 
the hydrogen atoms of the hydroxyl groups provide a minor 
contribution. Here, HOMO and LUMO are respectively the 
acronyms for the highest occupied molecular orbital and the 
lowest unoccupied molecular orbital. Different from these 𝜋-
type orbitals, the HOMO-2 and HOMO-3 states are both 𝜎-
type, mainly composed of the 2𝑝- and 2𝑝.	atomic orbitals 
of carbon and oxygen. 

In order to provide an intuitive understanding of the 
coupling between the FMOs and the electrode states, the 
transmission eigenchannels48-49 for selected resonance peaks 
are calculated and depicted in Figure 1b. From these we can 
visually determine the dominating molecular orbitals 
responsible for the electron transport. Clearly, for spin-up 
electrons, the transmission peaks centered at 0.56 eV, -0.50 
eV and -0.70 eV are dominated by the HOMO, HOMO-3 and 
HOMO-1 of THB, respectively. As for the spin-down 
electrons, the transmission peaks above Ef originate 
completely from the HOMO, while the dual-peak structure 
around -0.50 eV can be ascribed to the HOMO-1. Taken all 
together, we confirm that the junction transport properties 
around Ef are mainly determined by the THB HOMO and 
HOMO-1. Since the hydroxyl groups are assumed to undergo 
complete dehydrogenation when connected to nickel apexes, 
the central molecule will lose four electrons. At the same time, 
charge transfer also happens between the electrodes and the 
central molecule due to the different electronegativity of 
nickel and oxygen. The overall effect is that the original THB 
HOMO is found unoccupied and located above Ef. We now 
turn our attention to the apex nickel atoms at the electrode-
molecule interfaces. According to the Mulliken population 
analysis, the magnetic moment of the nickel apex atoms is 
predicted to be roughly 1.0 𝜇/, significantly larger than that 
obtained for bulk (≈ 0.6	𝜇/) and surface (≈ 0.7	𝜇/) nickel 
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atoms. This enhancement can be understood from the 
exchange splitting of 3𝑑 orbitals, which is increased by the 
lower coordination of the Ni apex atoms and by the bonding 
to O (the magnetic moment of NiO is approximately 2	𝜇/). 
50-52 The magnetic moment of the Ni apexes is mainly 
contributed by the highly spin-polarized 3𝑑  states but not 
from the 4s ones, since the projected density of states (PDOS) 
for the latter are found comparable for the two spin channels 
(see Figure S4). As we have discussed above, the molecular 
orbitals dominating transport are both of 𝜋-symmetry, edged 
with the O 2𝑝, atomic orbitals. These would definitely have 
zero overlap with the 4s orbitals of the Ni apexes since the 4s 
and 2𝑝, orbitals do not share the same angular momentum 
about the bond axis. Hence, in an ideal bonding geometry, 
injecting spin-unpolarized 4s electrons in both spin channels 
would be completely blocked at the molecule-electrode 
interface. In contrast, the 𝜋-type HOMO and HOMO-1 states 
can strongly interact with the 3d orbitals of the Ni apexes. 
More specifically, the THB HOMO, where the O atoms at the 
ortho-positions have the same orbital phase, interacts with the 
3𝑑,-  and 3𝑑,.  states of Ni apex, as shown in Figure 1c. 
Furthermore, the HOMO-1 state, where the O atoms at the 
ortho-positions have the reverse orbital phases, selectively 
couples with 3𝑑,- ones. It should be noted that the σ-type 
HOMO-3 orbital interacts strongly with the 3𝑑-. state of the 
Ni apex contributing to the transmission peak at -0.51 eV for 
the spin-up channel. Based on the above analysis, the origin 
of the pronounced spin-polarized transport properties can 
now be summarized as follows: (1) the nickel electrodes 
could provide highly spin-polarized incoming d electrons 
through the apex atoms of the pyramidal clusters, which is an 
essential prerequisite; (2) the 𝜋 -type frontier molecular 
orbitals play a leading role for the transport around the Fermi 
level, since they primarily interact with the 3𝑑,- and 3𝑑,. 
states of the apex Ni atoms but are orthogonal to the spin-
unpolarized 4s states; (3) the resonance peaks for spin-up 
electrons are located far away from the Fermi level. 

Now we investigate the spin-filtering effciency of the 
Ni-THB-Ni junction at finite bias voltages, which is 
calculated up to 0.5 V with an interval of 0.1 V. Figure 2 
shows the bias-dependent transmission spectra and the spin-

polarized electric currents. We observe that the applied bias 
voltages only modify the transmission around the Fermi level 
slightly for the spin-up electrons. In contrast, the transmission 
function for the spin-down electrons changes substantially 
following the increase of the applied bias while maintaining 
high values for the transmission coefficients within the bias 
window. As a result, highly spin-polarized currents are 
obtained at finite bias voltages; for instance, 𝐼↓ is 5.7 µA at 
0.3 V, roughly 19 times larger than 𝐼↑ (0.3 µA) . 

A deeper insight into the s-forbidden mechanism can be 
obtained by comparing our results with calculations of a 
nickel nanocontact without the THB molecule. This model is 
simply formed by connecting the two electrodes directly 
through the pyramidal clusters, as depicted in Figure S3 (see 

Figure 2. The bias-dependent transmission spectra (a) and the 

corresponding spin-polarized I-V curves (b) of the Ni-THB-Ni 

junction calculated from 0.1 V to 0.5 V 
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SI). The transmission coefficient at Ef is obtained as 3.4, of 
which 1.1 comes from the spin-up channel and 2.3 from the 
spin-down one, leading to a spin-polarization of only 35%. 
The PDOS spectra of the atomic orbitals of the Ni apexes 
show similar features to that of the Ni-THB-Ni junction. 
Nevertheless, in this nanocontact the 4s and 3𝑑.! orbitals of 
one Ni apex can overlap with those of the opposite one, 
forming an open conducting channel for both spin-up and 
spin-down electrons (see details in SI). In other words, the 
unpolarized 4s electrons are able to contribute to the junction 
transport equally for both spins. Hence, despite the fewer d 
states around the Fermi level compared with those of the spin-
down channel, the spin-up conductance is still considerable 
and thus the spin-filtering effect of the nickel nanocontact is 
poor. 

As we have illustrated, the injection of 4s states may be 
completely blocked at the electrode-molecule interface, due 
to the orthogonality of the 4s orbital of Ni apex atoms and the 
O 2𝑝, atomic orbital, as schematically shown in Figure S6a. 
However, realistic molecular junctions may deviate from this 
ideal situation. For example, if the Ni-O bond axis is not 
strictly aligned in the THB molecule plane, the 4s electrons 
could leak out and decrease the spin filtering efficiency [see 
Figure S5b-c in the SI]. A straightforward strategy to make 
up for such loss is to introduce additional s-forbidden 
interfaces along the transport channel. Based on this 
assumption, we construct the junction model displayed in 
Figure 3a, where one more dehydrogenated THB molecule 
and a central nickel atom (pointed by a black arrow) are 
included, while the rest of the electrode-molecule interface 
remains unchanged. As expected, 𝑇↑(𝐸()  and 𝑇↓(𝐸()  are 
respectively calculated to be 3.6´10-3 and 0.14, resulting in 
an improved spin-polarization of 95%. The corresponding 
transmission spectra are shown in Figure 3b. As we can see, 
in the interval [-0.50, 0.25] eV there are absolutely no peaks 
appearing for the spin-up electrons and the transmission is 
negligible. Compared to that of the Ni-THB-Ni junction, the 
transmission coefficients around 𝐸𝑓 now drop for both the 
spin-up and spin-down channels. One apparent reason for this 
change is the exponential decay of the tunneling probability 
with increasing the tunneling barrier length.53 As a matter of 

fact, what we mostly concern is whether the injecting 4s 
electrons are effectively blocked when flowing across the 
central molecule. Inspection of the FMOs of THB-Ni-THB 
[see Figure S2b in the SI] suggests that these are composed of 
two kinds of orbitals, namely the molecular orbitals of THB 
and the Ni 3𝑑 atomic orbitals, while the Ni 4s states are not 
involved. Notably, the magnetic moment of the central nickel 

Figure 3. (a) The optimized atomic structure of the Ni-THB-Ni-

THB-Ni junction, (b) the spin-polarized equilibrium transmission 

spectra for the spin-up and spin-down electrons, (c) the PDOS of 

the 3d orbitals of the central Ni atom [pointed by black arrow in 

(a)]. 
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atom is zero in both the isolated THB-Ni-THB molecule and 
the Ni-THB-Ni-THB-Ni molecular junction. The PDOS 
spectra of the central nickel atom demonstrate that the 
transmission peaks around Ef for spin-down electrons are 
associated with the 3𝑑,-  and 3𝑑,.  orbitals, as shown in 
Figure 3c. Other 3d orbitals appear as narrow peaks (3𝑑.!, 
3𝑑,!1-!) or located far away from Ef (3𝑑-.), thus make little 
contribution to the transport around Ef. More importantly, the 
4s orbitals show a negligible value near 𝐸( , an order of 
magnitude lower than that of the Ni apex. Therefore, we 
believe that when tunneling occurs through the central 
molecule, the 4s electrons could also be filtered, thus further 
promote the spin-filtering efficiency. Moreover, the high 
spin-filtering efficiency is retained when a finite bias voltage 
is applied across the junction or a moderate change occurs to 
the junction geometry [see Figures S6 and S7]. 

The introduction of the central Ni atom in the Ni-THB-
Ni-THB-Ni junction not only enhances the spin-filtering 
effects but also provides additional possibility of controlling 
the spin transport properties via an external stimulus. 
Recently, many experimental and theoretical studies have 
demonstrated that chemical adsorption of small molecules 
offers an efficient tool to manipulate the transport properties 
of single-molecule junctions.54-56 Considering the unsaturated 
coordination of the central Ni atom, we expect that adsorption 
of small gaseous molecules like CO, NO and NH3 could alter 
the electronic and magnetic properties of the central molecule 
and thus further tune the junction transport. Herein, we first 
discuss the ligand effects on the atomic and electronic 
structures of the isolated THB-Ni-THB molecule, with Figure 
4a-c showing the most stable adsorption configurations. The 
key adsorption parameters, namely the adsorption distances, 
the Ni-O bond lengths, and the adsorption energies are 
summarized in Table 1. Structural relaxation demonstrates 
that the central Ni atom forms an axial coordination bond with 
the carbon atom of CO in a linear binding geometry. In 
contrast, NO prefers to be stabilized in a bent conformation 
(∠Ni − N − O = 122.95∘). The adsorption distances from the 
central Ni atom to CO, NO and NH3 are optimized to be 
1.82 𝐴̇, 1.80 𝐴̇ and 2.17 𝐴̇, respectively. In the cases of CO 
and NO adsorption, the central Ni atom is dragged out of the 

Figure 4. Side views and top views of the optimized atomic 

structures of the isolated THB-Ni-THB molecule adsorbed with 

CO (a), NO (b), and NH3 (c) on the central Ni atom, and the spin-

polarized equilibrium transmission spectra (d) of the gas-

adsorbed Ni-THB-Ni-THB-Ni molecular junctions. 

Table 1. Adsorption parameters including the adsorption distance 

(𝐻), the Ni-O bond length (𝐿), the adsorption energy (𝐸$%&), and 

the magnetic moment (𝑀) of the central Ni atom. 

 Pristine CO NO NH3 

𝐻/𝐴̇  1.82 1.80 2.17 

𝐿/𝐴̇ 1.85 2.04 2.04 1.90 

𝐸$%&/𝑒𝑉  -0.98 -1.00 -0.59 

𝑀/𝜇' 0 1.04 0.91 0.57 
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original molecular plane distinctly, whereas for NH3 it 
remains in plane. The out-of-plane shift of the Ni atom also 
reduces the in-plane interaction, with the Ni-O bond lengths 
stretched to different extent. For a quantitative description of 
the gas adsorption strength, we calculate the adsorption 
energy 𝐸*34  that is defined as 𝐸*34 = 𝐸56789*4 − 𝐸567 −
𝐸9*4 , where 𝐸56789*4 , 𝐸567 , and 𝐸9*4  denote the total 
energy of the gas-adsorbed THB-Ni-THB molecule, the 
pristine THB-Ni-THB molecule, and the isolated gas 
molecule, respectively. As listed in Table 1, NO has the most 
negative adsorption energy (-1.00 eV), comparable to that of 
CO (-0.98 eV), while NH3 has the weakest adsorption 
strength (-0.59 eV). This reveals that all these adsorption 
configurations are energetically favorable. Notably, the 
adsorption of CO, NO and NH3 induces a significant magnetic 
moment at the central Ni atom (see Table 1). More details 
about the electronic and magnetic properties of the gas-
adsorbed THB-Ni-THB molecules can be found in the SI (see 
Figures S2c-S2e). 

Finally, we investigate how the electron transport gets 
modified with the gas adsorption when THB-Ni-THB is 
sandwiched between the two nickel electrodes. The optimized 
atomic structures of Ni-THB-Ni-THB-Ni junctions adsorbed 
with gas molecules are presented in Figure S8. The spin-
polarized transmission spectra, displayed in Figure 4d, prove 
that gas adsorptions considerably alter the junction transport 
properties. For CO adsorption, a prominent dual-peak 
structure appears slightly above Ef for spin-down electrons, 
leading to a transmission coefficient of 0.61 at Ef, roughly 3 
times larger than that of the pristine junction (0.14). In 
contrast, the transmission coefficients for spin-up electrons 
are negligible in the energy interval [-0.40, 0.70] eV; for 
example, it is 8.0 x 10-5 at Ef. CO adsorption results in a nearly 
perfect spin-filtering with a spin-polarization value 
approaching 100%. Our calculations suggest that the CO-
adsorbed Ni-THB-Ni-THB-Ni junction is able to generate 
fully spin-polarized currents at finite bias voltages. Upon NO 
adsorption, the transport of spin-down electrons around Ef are 
hugely inhibited. Clearly, the transmission coefficients are 
very small over a broad energy window around Ef for both 
spin channels, indicating a poor low-bias conductance as well 

as a poor spin-filtering efficiency. NH3 adsorption only 
introduces moderate changes to the electron transport as 
compared to those of CO and NO ligands. The reason can be 
related to the fact that NH3 has a much weaker adsorption 
strength than the latter two, so that it modifies only marginally 
the electronic structure of the junction. It has been widely 
accepted that the metal-ligand bonding interaction can be 
described by two components. The first component is the 
charge donation from the ligand’s lone pair into empty metal 
d orbitals. This electron donation makes the metal atom more 

Figure 5. (a) The PDOS of the CO HOMO and the 3𝑑#!  and 

3𝑑!!("! orbitals of the central nickel atom, (b) the PDOS of the 

CO LUMO and the 3𝑑!" and 3𝑑!# orbitals of the central nickel 

atom. The inserts are provided to demonstrate the right symmetry 

between the CO HOMO/LUMO and the corresponding 3d orbitals 

of the central Ni atom, but are not intended to show their bonding 

or anti-bonding nature. 
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electron rich, and thus filled d orbitals may interact with the 
empty orbitals of the ligand to relieve the increased electron 
density. This is called back-donation (the second component). 
In the following section, we demonstrate that the 
abovementioned remarkable changes of the transport 
properties induced by the adsorption of gas molecules can be 
associated to the metal-ligand bonding interaction. 

Please note that the ligand CO is along the x-axis, 
perpendicular to the THB plane. In this situation, only the 
3𝑑.! and 3𝑑,!1-! orbitals of the central Ni atom have the 
right symmetry to interact with the CO HOMO, which is 
primarily derived from the C 2𝑝, orbital. In the pristine Ni-
THB-Ni-THB-Ni junction, the 3𝑑.!  and 3𝑑,!1-!  orbitals 
of the central Ni atom appear as narrow peaks in the PDOS 
spectra below Ef [see Figure 3c]. This indicates that such 
states are fully occupied and highly decoupled from the two 
THB molecules. With the CO ligand approaching, electrons 
are repelled and removed from the 3𝑑.!  and 3𝑑,!1-! 
states in order to make room for the electron donation from 
the carbon atom, in other words, from the CO HOMO. As a 
consequence, the sharp PDOS peaks are found markedly 
broadened and shifted upwards after CO adsorption, as 
displayed in Figure 5a. The PDOS curves show the same 
qualitative shape for the CO HOMO and the Ni 
3𝑑.! / 3𝑑,!1-!  atomic orbitals, further confirming the 
intimate interaction between them. Moreover, the adsorption 
of CO brings distinct influences to spin-up and spin-down 
electrons and makes the 3𝑑.!/3𝑑,!1-! states spin-polarized. 
Due to the non-coplanar configuration of the CO-adsorbed 
THB-Ni-THB molecule, the 3𝑑.! /3𝑑,!1-!  orbitals of the 
central nickel atom can now overlap with the π-type orbitals 
of THB. As we can see, the significant PDOS peaks centered 
at 0.05 eV and 0.27 eV for the spin-down channel are in good 
agreement with the locations of the transmission peaks [see 
Figure 4d]. In contrast, the values of PDOS for the spin-up 
channel are extremely small around Ef. Furthermore, the 
back-donation of electrons from the central Ni atom to the CO 
ligand is also found, although it makes minor contributions to 
the transmission around Ef. By symmetry, the Ni 3𝑑,- and 
3𝑑,.  atomic orbitals are able to overlap with the doubly 
degenerate π -type LUMO of CO. The PDOS spectra in 

Figure 5b suggest that the 3𝑑,-  and 3𝑑,.  orbitals of the 
central Ni atom share some electrons with the CO LUMO, 
making the latter partially occupied. Clearly the boost of the 
low-bias transport upon CO adsorption for spin-down 
electrons is a direct consequence of the redistribution of the 
3𝑑.!/3𝑑,!1-! electrons of the central Ni atom.  

Despite the fact that the NO HOMOs are π-type and σ-
type respectively for spin-up and spin-down electrons, they 
both donate electrons to the Ni 3𝑑.! and 3𝑑,!1-! atomic 
orbitals due to the bent ligand bonding, as shown in Figure 
S9a of the SI. For the spin-up channel, the NO LUMO is 
degenerate in energy with the HOMO and overlaps with the 
Ni 3𝑑,.  orbital forming 𝑑: − 𝑝:∗ 	back-bonding molecular 
states [Figure S9b of the SI]. As for the spin-down channel, 
the degenerate LUMOs are both π -type, one of which 
overlaps with the Ni 3𝑑,.  orbital [Figure S9b], while the 
other with the Ni 3𝑑.! and 3𝑑,!1-! orbitals [Figure S9c]. 
The PDOS values of the Ni 3d orbitals are very small around 
the Fermi level, resulting in a much lower transmission. 
Turning to the NH3 adsorption, the NH3 HOMO interacts with 
the Ni 3𝑑.!  and 3𝑑,!1-!  orbitals [see Figure S9d], 
similarly to the cases of CO and NO adsorption. However, the 
back-donation is almost absent, a fact that should be at the 
root of the lower adsorption strength. 

4.Conclusion 

By employing the NEGF+DFT approach, we have 
investigated the spin-polarized transport properties of a set of 
THB-based single-molecule junctions with bulk nickel 
electrodes, which show great potentials as high-performance 
and structurally reliable spin filters. When THB is connected 
to the nickel electrodes via pyramidal clusters, the dominating 
molecular orbitals for transport are π -type. Hence, they 
strongly interact with the 3𝑑,- and 3𝑑,. states of Ni apex 
atoms but have zero overlap with the 4s states, contributing 
to high spin-filtering effects as well as a large conductance of 
the spin-down channel. The favorable alignment of these p-
type molecular orbitals makes the transmission peaks for 
spin-up electrons locate far away from the Fermi level, 
demonstrating that the Ni-THB-Ni junction will act as a good 
spin filter even at finite bias voltages. The spin-filtering 
efficiency is promoted in the Ni-THB-Ni-THB-Ni junction, 
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in which the 4s electrons can be further blocked when 
crossing the central nickel atom. Furthermore, the adsorption 
of ligand gas molecules such as CO, NO, and NH3 on the 
central nickel atom significantly modifies the junction 
transport properties. In particular, the adsorption of one CO 
molecule induces a nearly 100% spin-polarized transport. 
This can be attributed to the redistribution of 3𝑑.!/3𝑑,!1-! 
electrons of the central nickel atom. Our findings can be 
extended to the design of molecular spintronic devices with 
other ferromagnetic electrodes like Fe and Co.  
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