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Abstract

Here, in this work we have designed a molecular bridge structure which can be used as a
spin filter where the prototypical highly ferromagnetic m-phenylene connected bis(aminoxyl)
diradical is used as a bridging fragment between two semi-infinitely widened gold (Au)
electrodes along the [100] direction. A state-of-the-art non-equilibrium Green function’s (NEGF)
method coupled with the density functional theory (DFT) was carried out on this two-probe
molecular bridge system to understand its electrical spin transport characteristics. The spin
current at various bias voltages from 0.00 V to 4.00 V at intervals of 0.20 V for this Au-
diradical-Au molecular junction is evaluated. We also quantify the bias-dependent spin injection
coefficients (BDSIC) at different bias voltages and also the spin-filter efficiency at equilibrium,
i.e., at zero bias voltage. Also plots of BDSIC vs. voltage, the up- and down-spin current vs.

voltage (/-V) curves, density of states (DOS) at zero bias voltage are evaluated.

Key Words: Spintronics, spin filters, molecular junctions, electrical transport, BDSIC, DOS.

1. Introduction

The manipulation of electron spin as well as charge in order to carry information is
described in a branch of science commonly called “spintronics”. Two and half decades ago with
the discovery of the giant magneto-resistance (GMR) effect, wherein the electrical resistance
depends critically on the magnetic ordering of different layers in a multilayer material, this very
special field started its journey. The GMR effect gave the initial realistic recognition of a simple

device namely a spin valve.” The GMR also has had a large impact on magnetic data-storage
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devices. On the otherhand, the organic spintronics which is a blend of organic electronics’ and
spin electronics is a new field of promising research. The use of organic substances as spintronic
materials gives hope for low-weight, flexible and bottom-up formulated devices. Molecular
electronics has allied with spintronics® either incorporating non-magnetic molecule between two
high-spin electrodes or by putting magnetic probes’ (metal atoms at the beginning and
subsequently organic radicals® took the position of metals as a bridging substance) in between

two non-magnetic electrodes.

After Rajca and coworkers’ developed the synthetic route to make the stable branched
chain high-spin organic polymeric and diradical molecules, these magnetic organic di- and poly-
radicals have been studied widely as they are assumed® to be the good candidates for the organic
molecular magnets along with their spintronic transports. For the spintronic applications
mentioned above Tagami and Tsukada® have used the popular molecular bridge structure in
which the poly-(4-phenoxyl-1,2-phenylenevinylene) radical molecule bridges between the two
gold electrodes. Bis-aminoxyl based diradicals where m-phenylene is used as spacers having S=1
ground state have been synthesized and characterized by Rajca and coworkers in the recent past.’
In this work, we have taken a m-phenylene coupled bis(aminoxyl) diradical synthesized by Rajca
et al.” which is essentially analogous to the 1,3-phenylene-based bis(aminoxyl) diradical
synthesized and characterized by Rassat er al.,'® although its magnetic characteristics were only
later investigated by Rajca er al.’ This aminoxyl diradical has an exchange coupling constant
value of around 70 cm™ in solution, whereas in solid state the said value is higher than 104 cm™.
Nonetheless, Ali et al.'' have evaluated the exchange interaction of this diradical with ten
different functionals in the gas phase, and they also have investigated the solvation effect on the
nature of magnetism of this diradical. However, a direct comparison of these computed magnetic
interaction values of this diradical with that of the experimental findings is not possible as the
exact exchange value is not reported elsewhere. It is also to be noted that owing to the cyclic
closed ring arrangement of these nitroxide based diradicals’ the spin centers are restricted for
rotational conformation. As a result, these sterically hindered and conformationally constrained

diradicals are stable and show high-spin exchange with potential biomedical applications.
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Although at the theoretical and experimental level there are several examples, molecular
spintronics is still in its developmental stage. There are several examples of molecular spintronic
devices such as memory storage, preparing next generation high speed quantum computing
devices, magnetic sensors and so on. Nonetheless, one can find several aspects of molecular
spintronic devices. Among them the organic molecular spin filter material is one where
electronic current becomes spin polarized, i.e., either spin-up or spin-down electrons are
responsible for the transport of spin. The spin filter action in the metal based quantum wire
adsorbed on boron nitride nanotubes has been advocated by Min et al.'* The organic radical
systems acting as a molecular spintronic materials are reported by Herrmann and coworkers.*®
Multidecker organo-metallic sandwich systems have also been investigated by some
researchers.”” Recently, the spin filter efficiency of some simple 7 and o-type radical systems
have also been investigated.'* A very small size Co-based ferromagnetically coupled molecular
spin filter with unprecedented spin injection coefficient has been studied by Sen and
Chakrabarti.”” These stable organic radicals are well known and due to the breaking of the
degeneracy of a and S orbitals they become useful as spin filters. This phenomena breaks to the
degeneracy of molecular orbital (MO) levels so that a particular spin remains closer to the Fermi
level of the electrodes and as a consequence the transmission of one particular spin over the other
is manifested i.e., a spin filtering effect occurs.

115 e have designed the molecular bridge

Inspired by these works mentioned above,
setup where aminoxyl diradical is used as bridging molecule connected with the two Au (100)
electrodes. On this system we have applied spin polarized quantum transport calculations to
quantify the bias-dependent spin-injection coefficients (BDSIC) and also the spin-filter
efficiency. We also have plotted the [BDSIC| vs. voltage, density of states (DOS) plot, current vs.
voltage (/-V) curve and the transmission spectra of the diradical at various bias voltage and the
spin current to theoretically elucidate the actual spin transport nature of this synthesized high-

spin diradical.
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2. Model and Method

Figure 1 represents the structure of the molecular bridge where the nitroxide based organic
high-spin molecule is connected between two gold electrodes via Au-S bonds. A discussion of
the atomic configuration of the electrode-diradical-electrode is due here. We at first have
optimized the molecular diradical system including two S-H bonds situated at the molecule-
electrode junctions in both ends using a UB3LYP/6-311++G(d,p) level in the Gaussian 09W
quantum chemical package.'® The electrodes are modelled as nano-wires with 3x3 cross-section
in the (100) direction. A notable point is that in the molecular region (Figure 1) we have taken
only ten gold atoms out of 46 gold atoms from the total Au lead in both sides of the molecular
setup.'® In making contact with the gold electrodes it is supposed that the hydrogen atoms from
the two thiol groups are removed and the replaced by S-Au bonds. The S atom is situated in the
close proximity with the pinnacle Au atoms of the Au electrodes on both the sides.® The
electrodes are extended into quasi-one-dimensional leads by adding Au atoms at their suitable
bulk lattice position in a 3x3 wire extending in the (100) direction which leads to the structure
shown in Figure 1. It consists of three parts, namely, a left lead, a molecular region, and a right
lead (Figure 1). The leads are assumed semi-infinite and extending infinitely in the z direction of
the whole system. On the otherhand, the molecular region contains a portion of each lead as
mentioned earlier and the whole diradical molecule. This is the actual structure on which the
transport calculations have been carried out. The eager readership may note that the bases to
choose Au-model viz. number of gold atoms in the electrodes, the direction of cross section of
gold electrodes which have taken here are clearly depicted in refs. 14 (a-b). Here, we have
applied non-equilibrium Green’s function (NEGF) technique along with density functional
theory (DFT) to study the spin dependent electron transport of this high-spin organic diradical."*
The non-equilibrium Green’s function in combination with the DFT was first used by Derosa and
co-workers'” to study molecular spin transport properties. We have used the PBE functional'®
and SZP basis set for the transmission calculation for all the elements. The transmission
calculation has been done using the Transiesta program package.'” We have performed the
transport calculation between 0.00 V to 4.00 V at 0.20 V intervals. In materials having

mesoscopic dimensions Landauer®® has described the quantum transport properties by relating
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the transport probabilities of an electron with the respective associated currents. Moreover, this
theory was further extended by Biittiker.”! Here, by the application of the proper finite voltage a
system deviates from the equilibrium and consequently this non-equilibrium condition is

described semiemperically. The transmission is function at energy (&) obtained from the

equation

T(&)=Tr[T,(6)G ()T 4(£)G(&)] . (1)

where T, (&) and T, (¢) are the self-energies of left and right electrodes, G'(¢) and G(¢) are
the retarded and advanced Green’s functions. The Green functions are calculated from the
Hamiltonian and the respective self energies of the central part of the molecular junction. The
transmission function 7'(¢) stands for the probability of an electron having the energy (&) to be

transmitted from one lead to another through the molecular region. Note that, the electric current

1s then obtained from the transmission co-efficient.

In the non-equilibrium Green’s function formalism the relevant current (/) equation is
associated with the majority and minority spins. This current (/) can be derived by the Landauer-

Biittiker’? formula-

1) =G, [ de[np(e =) =np (e = )] T(E), 2)

where, the quantum of conductance, G, =2¢° / h, while g, and u, are the chemical potentials
of left and right electrodes, and n,(¢—,)is the Fermi-Dirac distribution function at two

electrodes. Evidently the current (/) is directly proportional to the respective transmission
coefficients.

Furthermore, we have quantified spin polarization at finite bias in terms of spin-resolved
14
currents

. _ ] up - 1 down 3
lAspin - ;] +17 ’ ( )
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where I and /

down TEPTEsENt up and down spin currents respectively and i, is only a relative
current, or spin-filter efficiency co-efficient. A point to be mentioned here is that band structure
calculations of gold shows significant variation when its valence p orbitals are also included
along with its valence s orbitals, as they mix substantially leading to avoid crossings. The
justification of the fact of ignoring the valence p orbital during the process of calculation since
the frontier bands having substantial sp character” is due here. It is shown that the orbital
ordering changes substantially when p orbitals and relativistic effects are included. Hence, it is
better to perform DFT calculations that include spin-orbit coupling and inclusion of p orbitals is
necessary for the reliable prediction. However, due to computational cost the relativistic effects

are not considered in our calculation as also found in other works.'*"

J
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Figure 1: The structure of the two probe molecular device designed primarily for this first
principles transport calculation with gold electrodes and a prototype m-phenylene based
bis(aminoxyl) diradical. The red color represents oxygen atoms, whereas gray, white, blue,
yellow and green colors represent carbon, hydrogen, nitrogen, gold and sulfur atoms

respectively.

3. Results and Discussion

To comprehend and manage the charge transport throughout a single molecule is the
main eventual goal of molecular electronics. Here, in this work, first principles transport
calculations have been done on the stable high-spin coupled organic aminoxyl diradical

synthesized and characterized by Rajca and coworkers’ to assess its characters as a potential spin
filter, where either spin-up (a) or spin-down ( p ) electrons are responsible for the electrical
transport. Readership might be interested to note that the main reason to choose this aminoxyl

diradical as a probe is that it is a highly stable high-spin species,”'® even stable in solvents,"

6
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whose synthesis and functionalization are very straightforward. Here, we have used unrestricted
density functional theory in combination with non-equilibrium Green’s functions to categorically
study the m-benzene mediated nitroxide-based high-spin diradical having spin filter efficacy. In
the optimized structure we have found that the C-S bond length is 1.78 A, whereas the length of
the S-Au bonds is set to 2.35 A. To prove the non-magnetic character of the bulk gold moiety is
due here. Although bulk gold is non-magnetic, there are several recent reports on gold
nanoparticles that indicate that gold has definite intrinsic spin polarization.* This is primarily
attributed to increased number of gold atoms on the surface of the nanoparticles compared to the
bulk, due to the reduced coordination numbers of the surface gold atoms. Considering the gold
electrodes taken in this work having maximum number of gold atoms on the surface, assuming
non-spin polarized nature in the calculations may lead to significant errors. Hence, one needs to
justify that the nano-structure chosen for the gold electrodes are spin inactive. For this purpose it
is easiest to inspect the wave functions at the frontier orbitals of gold electrodes for possible
absence of anti-bonding character.”> And we found that the frontier orbitals of the gold
electrodes show bonding interaction when inspecting their frontier MOs (Figure 1S in supporting

information).

The variation of voltage against the respective spin-polarized current is depicted in the
Figure 2 for this aminoxyl diradical system whose two ends are connected separately with the
two Au electrodes. Note that the transport calculations are made from 0.0 to 4.0 volts with a
regular 0.20 volt interval as already mentioned in the last section. We choose 0.2 V interval in
transport calculation as we find that our results did not vary much in between this limit. For
justification of the above statement, as Figure 2 shows spike like peaks from 2.0 V to 2.8 V for
the up-spin current, we have just reported another additional 4 points in between this range viz.
2.1V,2.3V,2.5V and 2.7 V including the previously calculated regular 5 points (viz. 2.0 V, 2.2
V,2.4V,2.6V,2.8YV). And we find that the respective up- and down-spin current flows are not
changed in a noticeable manner with the incorporation of the new 4 additional points. Hence,
from the transport calculation between 2.0 V to 2.8 V, where ultimately 0.1 V interval is taken,
shows the justification to choose 0.2 V interval throughout the entire range. In Figure 2 it is clear

that the up-spin current is relatively higher than that of its counter down-spin current. Moreover,
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the down-spin current does not show any significant change over the entire range of its path and

this phenomenon makes the potentiality of this diradical to act as an efficient spin filter.
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Figure 2. Current vs voltage (/-V) curve of the high-spin aminoxyl diradical placed between two
gold electrodes. The magenta and blue colors represent the up- and down-spin current

respectively.

The effectiveness of the spin filter efficiency (SFE)" at the equilibrium, i.e., at zero bias,

1s calculated from the transmission characteristics of this diradical via

— T;p (EF) _Tdown (EF)
];p (EF)+]:10wn (EF)

SFE x100% . (4)

(E)represent the up-spin and down-spin

own

In the above equation the 7, (E.) and T,

channels at Fermi energy E,. (which in turn scales with the bias voltage). Nonetheless, to make a

unanimous result on the spin filter efficiencies at zero bias, we also have calculated the bias-

dependent spin injection coefficients (BDSICs)," following the formula-
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BDSIC — Ispin—up_lspin—down (5)

Ispin—uptIspin-down
In this equation, Zin-up and Lgin-down are the majority and minority spin currents, respectively. The
significance of BDSIC is that it actually explicitly settles the efficiency of a spin polarized
system to work as a spin filter at zero bias which might not be achieved in finite bias. The
variation of [BDSIC| against the applied finite bias voltage is presented in Figure 3. Nonetheless,
we have taken |BDSIC| instead of BDSIC as in two points negative values of BDSIC (Table 1S
in supporting information) are obtained, which are indicated in Figure 3 with two hollow circles.
Here, we find that the nature of variation of |IBDSIC| values at 0 bias voltage follow the same
trend. The highest [BDSIC| value is a phenomenal 0.999 at 0.60 V (supporting information). At
the middle of Figure 3 with relatively higher voltage (2.4 V) we get a sudden big drop of
IBDSIC]| value to 0.131, although there are other equally lower BDSIC drops due to closer values
of up- and down-spin currents in those particular voltages, which subsequently affects the
BDSIC plot. From 0 to 1 voltages little deviation of very high [BDSIC| values is observed, there

being but very slightly (perhaps “unnoticeable”) conduction of down-spins.

104 g-%-0-g \ﬁ‘ °
_0.8< A
=
) 0.6
=)
A 0.4

0.0 T T T T T T T T 1
00 05 10 15 20 25 3.0 35 40 45
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Figure 3. The absolute bias dependent spin-injection coefficient (BDSIC|) vs. the bias voltage of
the high-spin aminoxyl diradical placed between two Au electrodes in the S =1 ground state.

The hollow points indicate the negative value of BDSIC only in two different bias voltages.

We contend that organic radicals are capable aspirants for the construction of spintronic
devices like a spin valve or spin filter.®® Other molecules with magnetic characteristics already

have extensive applications in the field of spintronics.*® Therefore, one can presume that organic
9
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magnetic molecules are likely to have interesting applicability in this field. Efficient spin filters
have appreciably different transmission near the Fermi level.*® We have plotted the
transmission spectra for the diradical bridge at different voltages, that is at 0.00, 1.00, 2.00, 3.00,
and 4.00 V so as to elucidate the spin-filtering ability of this high-spin aminoxyl diradical

(Figure 4). The separation between o — and £ —spin transmissions also suggests notable spin

filtering ability of this molecule. A close look at Figure 4 reveals that there is a huge difference
between the up- and down-spin transmissions. At zero bias voltage no up-spin transmission is
found, while down-spin transmission is eminent. Nonetheless, with the regular increase of the
bias voltage, the consistent augmentation of the up-spin transmission is observed, whereas a slow
decrease of down-spin transmission is found from 0 V to 3.0 V bias voltages but the situation is
reversed when it takes an abrupt change from 3.0 V bias voltage onwards. One may note that, the
electrode Fermi energy for this organic molecular artifact is found to be 3.813 eV. If one
considers the Fermi level transmission of this molecular set up, it is found that at 4.0 V bias
voltage the up-spin transmission is observed near the Fermi level (one below and one above),
whereas for the same bias voltage the down-spin transmission is very weak. Hence, by seeing the
up- and down-spin transmissions at the Fermi level one can come to the point that this very
molecular organic set up can act as an efficient spin filter of this reverse kind. That is, the
dramatic efficiency of spin filtering is favorable both below and above the Fermi energy level,

but of reverse spin types.
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Figure 4. The up- and down-spin transmission spectra at 0.00, 1.00, 2.00, 3.00, and 4.00 volts
for the diradical situated between the two Au electrodes. The black and the red color curve

represents the up- and the down-spin transmission respectively.

Electrical conduction through molecules essentially requires ‘‘promoting’’ an electron
to the next virtual, unoccupied molecular orbitals (UMOs) from the occupied one. Therefore, it is
also interesting to study the molecular orbitals of the concerned diradical as it is ultimately
responsible for the electronic transport. This also may allow possible explanation for the
observed spin filter effect. The coefficients of MOs of a molecule with and without electrode
have similar characteristics as already advocated by Choi et al.”” Therefore, in this case for the
ease of calculation we have studied only the MOs of the diradical without any electrode in its
both ends. The MOs of the diradical are presented in Figure 5, with their respective energies.

Here, the HOMO is actually a singly occupied MO (SOMO). The HOMO and LUMO have

11
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different spatial positions which is a prerequisite for a molecule to be a unimolecular rectifier,”

and/or spin filter.”’

SOMO 1¢ SOMO 2¢
-5.34 eV -5.0eV -0.35 eV

Figure 5. Pictures of frontier molecular orbitals of the concerned diradical with their respective

energies at UB3LYP/6-31G(d,p) level of theory.

We have also computed the total density of states (DOS) at zero-bias voltage for all the
atoms (electrode-molecule-electrode) which constitute this molecular set up. From those results
plotted in Figure 6, it is clear that the highest peak is observed very near to the HOMO energy of
the diradical (—5.0 eV). The DOS spectra has a strong correlation with the transmission
characteristics of organic molecular setup.® On the otherhand, if we consider the I-V curve
(Figure 2), we find that the flow of up-spin current which is higher near the Fermi level, is in
good consonant with the DOS (Figure 5) and transmisssion characteristics (Figure 4) of this

organic molecular set up.
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Figure 6. The total density of states (DOS) plot at zero bias voltage of the prototype diradical

positioned between the two Au electrodes.
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4. Conclusion

The quantum transport properties of a high-spin aminoxyl diradical connected to the two
Au electrodes are investigated by a combination of non-equilibrium Green’s-function and
density functional theory. The main focus of this work is to craft, assess and manipulate electron
transport through the Au-diradical-Au junction. We have plotted (Figures 4) the up- and down-
spin transmission spectra at 0.00, 1.00, 2.00, 3.00, and 4.00 V at different energy values, and find
that with the increase of bias voltage the transmission probabilities generally increase. Near the
Fermi level at 4.00 bias voltage this curve shows that the up-spin current transmission peak
suddenly switches to upward, while the corresponding peak for the down-spin current does not
significantly change much. It is also evident from this transmission plot is that with the increase
of positive bias voltage starting from 0.00 V to 4.00 V having a regular interval of 0.20 V the
transmission peak progressively increases. We find two transmission peaks one above and one
below the Fermi level. That means that this molecular junction has the potential to act as a spin-
filter device. Further, a close inspection of the up- and down-current vs. voltage (I-V) curves
shows that near the Fermi level the up-spin current suddenly switches to upward, while the
down-spin current does not significantly change much. The current also gradually increases with
the increase of bias voltages. Hence, from the /-J curve one can also find easily that this two-
probe system has the potentiality to act as a spin filter. The very high BDSIC value 0.999 is
observed and the DOS plot at zero-bias voltage also suggests novel conduction features for this
molecular junction. Nevertheless, the spatial arrangements of HOMO, LUMO show that the
molecule should be used as unimolecular rectifier, and/or spin filter. We conclude that this
proposed spintronic nano-device has the potential to endow a range of exciting applications
which could trigger experimentalists to synthesize and characterize spin-filter devices based on

high-spin organic polyradicals.
Supporting information available

Optimized XYZ coordinates of the diradical in the gas phase, the mother molecule with the
S-H bonds and the actual molecular setup i.e., the Au-diradical-Au molecular junction. The
complete reference of 16. The values (Table 1S) of BDSIC vs. voltage from which the Figure 3

is made. Figure 1S shows the boding nature of gold atoms in gold electrode.
13
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