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We design a Blatter radical-based molecular spintronic device, and investigate its spin-polarized transport proper-
ties using density functional theory and non-equilibrium Green’s function technique. High-performance spin-rectifying
and spin-filtering effects are realized. The physical mechanism is explained by the spin-resolved bias voltage-dependent
transmission spectra, the energy levels of the corresponding molecular projected self-consistent Hamiltonian orbitals, and
their spatial distributions. The results demonstrate that the Blatter radical has great potential in the development of high-

performance multifunctional molecular spintronic devices.

Keywords: spin-filtering, spin-rectifying, molecular spintronic device, Blatter radical

PACS: 72.25.-b, 85.65.+h, 85.75.—d

1. Introduction

Due to the technical and physical limitations of traditional
silicon-based electronic technology, molecular devices have
become one of the best inheritors of silicon-based devices. Up
to now, researchers have proposed and constructed many na-
noelectronic devices based on single molecules with specific
functions, such as rectifying,["?! sensing,>*! switching,!>-¢]
negative differential resistance (NDR),[”8 and so on. Among
them, molecular rectifier has attracted much attention because
it is the core component of molecular logic circuit. In fact, the
concept of molecular rectifier can be dated back to 1974 with
Aviram and Ratner’s ground-breaking theoretical work of real-
izing molecular rectifying effect in an asymmetric molecule.”!
Since then, much effort has been devoted to the study of
molecular rectifiers. In general, in order to achieve the molec-
ular rectifying effect, the molecular orbitals (MOs) near Fermi
level (Er) should have different coupling strengths with the
left and right electrodes, and respond differently to the forward
and backward bias voltages. At present, one of the important
tasks in the research of molecular rectifier is to search for ap-
propriate molecular materials which can realize large rectify-
ing ratio.

At the same time, it is well known that compared with
traditional electronic devices, the use of electron spin to carry
information can greatly improve data processing speed, en-
hance integration density, reduce energy consumption, and
thus significantly improve devices’ performance. Therefore,
molecular spintronic devices (MSDs) have become the re-
search hotspot of next-generation electronic devices in recent
years.!1%-13] The key to the development of MSDs is to search
for suitable magnetic molecular materials which can generate
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highly spin-polarized current with long spin coherence length
(SCL). Organic radicals of light elements, with unpaired va-
lence electrons or an open electron shell, are particularly suited
to this requirement. On the one hand, the spin-polarized MOs
of organic radicals around the Er are markedly split, result-
ing in the energy level of one spin orientation closer to the Ef
and higher transmission, which may result in a highly spin-
On the other hand, the weak spin—orbit
coupling and hyperfine interactions in organic radicals can

polarized current.

give rise to long SCL. Based on these facts, Herrmann et al.
first discussed how simple 7-type organic radicals may func-
tion as spin filters and how they may be adjusted by adding
appropriate substituents to filter either spin-up or spin-down
electrons.'*! Smeu et al. further studied the spin-filtering per-
formance of various - and 7-type organic radicals.!!>) Shil ez
al. showed that a high-spin organic diradical can also act as a
spin filter.['%] Bajaj et al. reported anomalous quantum inter-
ference effect in spin filters based on organic radicals.!'”! Re-
cently, Smeu ef al. demonstrated that two kinds of phenalenyl-
based radicals can preserve a high spin-filtering performance
up to 0.4 V.18 Very recently, we found that a highly spin-
polarized current can be achieved in 1,3,5-triphenylverdazyl
(TPV) radical by linkage mode modulation. !

The 1,2,4-benzotriazinyl radical, also known as Blatter
radical, was developed by Blatter in 1968.29 In contrast to the
instability of most free radicals, Blatter radical is so stable that

[21-23] Over

it can be stored in ambient conditions for months.
the last years, Blatter radical and its derivatives have attracted
more and more attention as molecular magnet, polymerization
mediator or potential quantum bit in quantum computer.?4-28]

In the present work, we design a Blatter radical-based MSD
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and investigate its spin-polarized transport properties using a
first-principles method based on the density functional the-
ory (DFT) combined with the non-equilibrium Green’s func-
tion (NEGF) technique. Our results show that the designed
MSD can exhibit high-performance spin-filtering and spin-
rectifying effects. In the following parts of this article, theo-
retical model and computational details are given in Section 2.
Numerical results and discussion are presented in Section 3.
Finally, a conclusion is given in Section 4.

2. Theoretical model and computational details

Figure 1 depicts the model structure of the designed
MSD, in which a Blatter radical is coupled covalently to two
gold electrodes in the (111) direction via sulfur atom on the

[29-311 Our model is divided into three regions: the

hollow site.
left electrode (LE), the central scattering region (CSR), and
the right electrode (RE). Each layer of LE and RE is mod-
eled by a transverse (5 x 5) supercell with periodic boundary
conditions to ensure that it can simulate bulk metal structures.
The CSR contains the Blatter radical, two anchoring sulfur
atoms and part of gold electrodes. The distance between LE
and RE is obtained by the total energy optimization of a series
of different fixed electrode—electrode spacing using the Lim-
ited memory Broyden—Fletcher—Goldfarb—Shanno (LBFGS)
method. During the optimization process, the geometries of
the Blatter radical and two anchoring sulfur atoms are relaxed
to a force tolerance of 0.04 eV/A, while keeping the gold elec-
trodes fixed. Then the spin-polarized current through the MSD
is calculated in the framework of the Landauer—Biittiker ap-
proximation according to the following equation: %]

Iy = %/TG(E,V)[f(E—lJL) —f(E—pr)ldE, ()

here spin index ¢ = up/dn represents the spin-up/spin-down.
e and h are the electron charge and Planck constant, respec-
tively. f(E — g ) is the Fermi-Dirac distribution function of
LE/RE. y = Er —eV /2 and ur = Ep + ¢V /2 are the chemi-
cal potential of LE and RE, where EF is the Fermi level, and it
has been set to the energy origin in the simulations for clarity.
Ts(E,V) is the bias voltage-dependent spin-resolved transmis-
sion coefficient related to energy and bias voltage. Obviously,
Is depends on the integral of T5(E,V) in the energy range
[—eV/2,eV /2]. This energy range is called the bias voltage
window (BVW).

All of the above calculations are done by the Atom-
istix Toolkit (ATK) package,>3-3¢! which is based on the
DFT + NEGF method. The exchange and correlation ener-
gies are dealt with the spin generalized gradient approxima-
tion (SGGA) according to the Perdew, Burke, and Ernzerhof
(PBE) parameterization.Bﬂ The valence electron wavefunc-
tions of all atoms are expanded by a double-{ plus polarization

(DZP) basis set. The electron—ion interaction is modeled by
the Troullier—-Martins norm-conserving pseudopotentials. 38!
A density mesh cutoff energy of 100 Hartree (1 Hartree =
4.3597 x 107! J) is adopted, while the k-point grids used
for structural optimization and spin-polarized transport calcu-

lations are 5 x 5 x 21 and 5 x 5 x 100, respectively.
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Fig. 1. The model structure of the designed molecular spintronic de-
vice (MSD), in which a Blatter radical is coupled covalently to two gold
electrodes via sulfur atom. The gray, blue, white, yellow, and golden
spheres represent carbon, nitrogen, hydrogen, sulfur, and gold atoms, re-
spectively. The model is divided into three regions: the left electrode
(LE), the central scattering region (CSR), and the right electrode (RE).

3. Results and discussion

Figure 2 plots the calculated spin-resolved current—
voltage (I-V) curves in the bias voltage range from —1.2 V to
1.2 V. As one can see, the spin-up current Iy always increases
rapidly at forward bias voltage, while it increases rapidly (be-
fore —0.4 V) and then stabilizes to about 840 nA at backward
bias voltage. Due to the obvious Iy, flowing through the de-
vice at both forward and backward bias voltages, it is difficult
for the Iy, to present good spin-rectifying effect. In contrast
to the case of Iy, the spin-down current g, is strongly sup-
pressed in the whole backward bias voltage range and the for-
ward bias voltage range before 0.2 V, making it difficult to pass
through the device. When the forward bias voltage is higher
than 0.2 V, the I, begins to increase rapidly. At 0.3 V, its
magnitude is almost equal to that of the I ,. With the further
increase of forward bias voltage, the Iy, is larger than the Ip.
When the forward bias voltage exceeds 0.9 V, the magnitude
of Iy, is exactly equal to that of the I,. Obviously, the Iy,
exhibits good spin-rectifying effect since its magnitude at for-
ward bias voltage is much larger than that at backward bias
voltage. Meantime, because the Iyp is much higher than Iy, at
backward bias voltage, the designed device exhibits excellent
spin-filtering effect at backward bias voltage.

To quantify the observed spin-rectifying effect, we define
the spin-rectifying ratio (SRR) as follows: SRR =I5 /I5 —.
Here, I+ and I _ are the spin-resolved (o = up/dn repre-
sents the spin-up/spin-down) forward and backward currents,
respectively. Figure 3(a) plots the SRR as a function of the
applied bias voltage. Obviously, the rectifying performance
of Iy, is very low, with a maximum SRR of no more than
3.5. On the contrary, the Iy, exhibits excellent rectifying

performance. In particular, between 0.4 V and 0.8 V, the
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SRR of Iy, is greater than 109, with a maximum of 116 oc-
curring at 0.6 V. To quantify the observed spin-filtering ef-
fect, we define the spin-filtering efficiency (SFE) as follows:
SFE = [(fup — Ian)/ (Iup + 1an)] x 100%. Especially, we calcu-
late the zero-bias voltage SFE using the corresponding spin-
resolved zero-bias voltage transmission coefficient at the Ep
since all currents disappear at zero bias voltage. Figure 3(b)
plots the SFE as a function of the applied bias voltage. It can
be seen that the designed MSD has high performance of spin-
filtering in the whole backward bias voltage range. In partic-
ular, between —0.8 V and 0 V, the SFE is greater than 95% ,
with a maximum of 97.7% occurring at —0.2 V. With the in-
crease of backward bias voltage, the SFE decreases slowly, but
still reaches about 87.7% at —1.2 V. In contrast, with the in-
crease of forward bias voltage, the SFE first decreases sharply.
At 0.3 V it has fallen to about 4.4%.
voltage increases further, the SFE increases to about —30% at

As the forward bias

0.4V, and then decreases again. When the forward bias volt-
age exceeds 0.9 V, the SFE drops to zero and the spin-filtering
behavior vanishes.
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Fig. 2. Calculated spin-resolved current—voltage (/-V') curves. The black
curve with squares is for the spin-up (Up) electrons and the red curve with
circles is for the spin-down (Dn) electrons.
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Fig. 3. (a) Calculated spin-rectifying ratio (SRR) as a function of the
applied bias voltage. The black curve with squares is for the spin-up
electrons and the red curve with circles is for the spin-down electrons.
(b) Calculated spin-filtering efficiency (SFE)) as a function of the applied
bias voltage.

According to the Eq. (1), the spin-resolved current
through the device is determined by the integral of T5(E,V)
in the BVW. To elucidate the observed spin-rectifying and
spin-filtering effects, figures 4(a) and 4(b) plot the spin-up
and spin-down bias voltage-dependent transmission spectra,
respectively. Here, the two dashed white lines indicate the up,

and U, respectively, and the energy range between them is
the BVW. It can be seen that there is a weak spin-up trans-
mission peak at —0.07 eV just below the Er (Fig. 4(a)), and
a weak spin-down transmission peak at 0.37 eV above the Ef
(Fig. 4(b)) in equilibrium state. Meantime, one can see that in
non-equilibrium state, the two transmission peaks move with
the shift of y, regardless of whether the forward or back-
ward bias voltage is applied. For the spin-up case, as shown
in Fig. 3(a), when the forward bias voltage is applied, the
tail of spin-up transmission peak just below the Ef in equilib-
rium state rapidly enters the forward BVW (FBVW), and then
this spin-up transmission peak completely enters the FBVW
with the increase of forward bias voltage. During this pro-
cess, the strength of this spin-up transmission peak increases
continuously, leading the I, to increase continuously at for-
ward bias voltage. When the backward bias voltage is applied,
the spin-up transmission peak just below the Ef in equilib-
rium state quickly enters the backward BVW (BBVW), and
its strength decreases slightly at first and then remains basi-
cally unchanged after —0.4 V. This causes the I, to increase
rapidly at first and then stabilize to about 840 nA at backward
bias voltage. Because there is obvious I, at both forward and
backward bias voltages, the spin-rectifying performance of Iy
is very weak. For the spin-down case, as shown in Fig. 4(b),
when the forward bias voltage is applied, the spin-down trans-
mission peak at 0.37 eV above the EF in equilibrium state can-
not enter the FBVW at first since it is far away from the Ef.
Therefore, the Iy, at this stage is very weak, much less than
the I,p. Therefore, the device at this stage exhibits very high
positive SFEs. With the increase of forward bias voltage, this
spin-down transmission peak moves toward the FBVW fol-
lowing the pp , and begins to enter the FBVW at 0.3 V. At this
point, the magnitude of I, has almost caught up with the mag-
nitude of the I, resulting in a rapid reduction of SFE to 4.4%.
After 0.3 V, this spin-down transmission peak completely en-
ters the FBVW. Between 0.3 V and 0.9 V, the magnitude of
the Iy, exceeds the magnitude of the Iy, resulting in nega-
tive SFEs in this forward bias voltage range. Meantime, with
the increase of forward bias voltage, the strength of this spin-
down transmission peak increases continuously. Comparing
Figs. 4(b) and 4(a), one can see that when the forward bias
voltage exceeds 0.9 V, the spin-down transmission peak be-
comes exactly the same as the spin-up transmission peak, re-
sulting in a reduction of SFE to zero, and the device no longer
has any spin filtering performance. When the backward bias
voltage is applied, the spin-down transmission peak at 0.37 eV
above the Ef in equilibrium state never enters the FBVW, re-
sulting in a strong suppression of the Iy, in the whole back-
ward bias voltage range. As a result, the I3, shows excellent
spin-rectifying performance and the designed device exhibits
high-performance spin-filtering effect at backward bias volt-
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age.

In general, the position of the transmission peak is de-
termined by the position of the energy level of the molecular
projected self-consistent Hamiltonian (MPSH)[**! orbital, and
the strength of the transmission peak is determined by the de-
localization extent of the MPSH orbital. Figure 5 plots the
spin-polarized MPSH levels as a function of the applied bias
voltage. Here, the two dashed blue lines indicate the yp and
UR, respectively, and the energy range between them is the
BVW. Obviously, there is a spin-up MPSH MO at —0.08 eV
and a spin-down MPSH MO at 0.35 eV in equilibrium state.
As shown by their spatial distribution in Fig. 6, the electronic
states of these two MPSH MOs cannot spread to the anchoring
sulfur atom on the right at 0 V (For clarity, the electron state
on the right anchoring sulfur atom is amplified and displayed
in the cirlcle.). Therefore, these two MPSH MOs can only
cause two weak spin-polarized transmission peaks at the cor-
responding energy positions around the Ep. At the same time,
in contrast to the absence of electron state on the right anchor-
ing sulfur atom, the left anchoring sulfur atom has significant
electron state, indicating that the left sulfur atom has a stronger
coupling with the LE than the right sulfur atom with the RE.
Thus, when a bias voltage is applied, as shown in Fig. 5, these
two MPSH MOs move with the shift of ;. And as shown
in Figs. 3(a) and 3(b), the spin-polarized transmission peaks
originating from these two MPSH MOs also move with the
shift of yp. Also, as shown by the spatial distribution of two
MPSH MOs in Fig. 6, when the forward bias voltage (1.2 V) is
applied, a small number of electron states appear on the right
sulfur atom, implying an increased delocalization of the two
MPSH MOs.
ing transmission peaks increases gradually with the increase

This results in the strength of the correspond-

of applied forward bias voltage. In contrast, when the back-
ward bias voltage (—1.2 V) is applied, the electronic states of
two MPSH MOs still cannot spread to the right sulfur atom,
that is, the delocalization of the two MPSH MOs at backward
bias voltage is not enhanced. Therefore, compared with the
equilibrium state, the strength of transmission peaks originat-
ing from these two MPSH MOs at backward bias voltage has
little change.

g i 06700

0.5025
0.3350

(ErEF) (eV)

~1.2 —0.4 0.4 1.2 ~1.2 —0.4 0.4 1.2
Voltage (V) Voltage (V)

Fig. 4. (a) Calculated the spin-up bias voltage-dependent transmission
spectra. (b) Calculated the spin-down bias voltage-dependent transmis-
sion spectra. Here, the two dashed white lines indicate the py, and ug,
respectively, and the energy range between them is the bias voltage win-
dow (BVW).
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Fig. 5. Calculated spin-polarized molecular projected self-consistent
Hamiltonian (MPSH) orbital levels as a function of the applied bias volt-
age. Here, the two dashed blue lines indicate the p, and uR, respectively,
and the energy range between them is the BVW.
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Fig. 6. Calculated spatial distribution of two spin-resolved MPSH orbitals
around the Fermi level at —1.2 V, 0V, and 1.2 V. For clarity, the electron
state on the right anchoring sulfur atom is amplified and displayed in the

cirlcle. The isosurface level is 0.05 |e\/A3.

4. Conclusion

In conclusion, we have designed a Blatter radical-based
MSD and investigated its spin-polarized transport properties
using the density functional theory combined with the non-
equilibrium Green’s function technique. The spin-polarized
transport calculations demonstrate that the spin-down cur-
rent has high-performance spin-rectifying behavior, and the
designed device exhibits excellent spin-filtering effect at
backward bias voltage. The results are explained by the
spin-resolved bias voltage-dependent transmission spectra,
the energy levels of corresponding molecular projected self-
consistent Hamiltonian orbitals, and their spatial distributions.
The results show that the Blatter radical has great application
prospects in molecular spintronics.
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