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The idea of replacing traditional silicon-based electronic components with the ones assembled by organic molecules
to further scale down the electric circuits has been attracting extensive research focuses. Among the molecularly assembled
components, the design of molecular logic gates with simple structure and high Boolean computing speed remains a great
challenge. Here, by using the state-of-the-art nonequilibrium Green’s function theory in conjugation with first-principles
method, the spin transport properties of single-molecule junctions comprised of two serially connected transition metal
dibenzotetraaza[ 14]annulenes (TM(DBTAA), TM = Fe, Co) sandwiched between two single-walled carbon nanotube elec-
trodes are theoretically investigated. The numerical results show a close dependence of the spin-resolved current-voltage
characteristics on spin configurations between the left and right molecular kernels and the kind of TM atom in TM(DBTAA)
molecule. By taking advantage of spin degree of freedom of electrons, NOR or XNOR Boolean logic gates can be realized
in Fe(DBTAA) and Co(DBTAA) junctions depending on the definitions of input and output signals. This work proposes a
new kind of molecular logic gates and hence is helpful for further miniaturization of the electric circuits.

Keywords: single-molecule junction, molecular logic gate, spin transport, nonequilibrium Green’s function

method
PACS: 72.25.-b, 85.65.+h, 85.75.—d

1. Introduction

Logic gates, which can take single- or two-input sig-
nals and then generate a binary output signal, are elementary
blocks of extensively used digital integrated circuits. Enhanc-
ing the circuit integration by scaling down the electronic com-
ponents can effectively improve the performance of integrated
circuits. On the other hand, as the traditional electronic com-
ponents are continually approaching to nano or even sub-nano
scale, further miniaturization of silicon-based electronic com-
ponents faces extremely formidable challenges due to limita-
tions in current processing technology and prominent influ-
ence of quantum effect. As one of promising solutions, uti-
lizing molecules as building blocks to design functional elec-
tronic devices, which are potential candidates to substitute tra-
ditional silicon-based components, has been drawing a great
deal of research attention.!"=# So far, as a result of advances in
experimental approaches and theoretical methods,>~®! a large
number of functional molecular devices have been success-

fully designed and synthesized, such as molecular wires, %10l

[11-13 (14,14

1 molecular transistors, 1 molec-

18-21

molecular rectifiers,

(16,17

ular sensors, I and molecular switches.! I However, as-

sembly of logic gates from these molecular device still en-
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counters huge difficulties since there is lack of mature integra-
tion approaches in the field of molecular electronics. On the
contrary, the idea of directly using a single molecule or a set
of combined molecules to design logic gates has been put for-
ward and lots of works have demonstrated its feasibility.?>~26]
For example, using a dithienylethene molecule as the func-
tional kernel, Meng et al. have realized two-input OR
and three-input AND-OR single-molecule logic gates, which
take optical and electrochemical stimuli as input signals.??!
Zhang et al. have fabricated an AND single-molecule logic
gate by two serially connected molecular kernels, of which
the conductance can be controlled by illumination and pH,
respectively.[>3] Nevertheless, a common issue for the above
synthesized molecular logic gates is that the Boolean com-
puting relies on changes of geometric structures of functional
molecular kernels induced by the switch of input signals. This
will take considerable time and thus cause delayed response of
output signals.

Spin degree of freedom is an important intrinsic property
for electrons. The ability of controlling transport behavior
of electron spin provides a significant way to develop high-

[27-34

performance electronic components. 1 Naturally, electron
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spin can also be utilized in designing molecular logic gates.
Specifically, input/output signals of a logic gate can be car-
ried by electron spin (i.e., spin-up and spin-down). In this
case, fast switch of the spin of electrons under external fields
(e.g., magnetic field) enables high-speed Boolean computing.
Taking advantage of this concept, a few single-molecule logic
gates based on spin degree of freedom of electrons have been
designed.>>=37] Recently, by connecting manganese phthalo-
cyanine molecules to carbon nanotube electrodes with differ-
ent connection manners, Zhao et al. have put forward three
molecular logic gates, where NOT, AND, and OR Boolean
operations can be realized.®] Meanwhile, Zeng ef al. have
proposed an easy approach to achieve AND molecular logic
gates by covalently merging magnetic transition metal por-
phyrin molecules into the edges of a graphene nanoribbon. [36]
Differently, by defining the thermal-induced spin-down cur-
rent as the output signal, Gao et al. have also demon-
strated that an AND logic gate can be achieved in manganese-
oligoporphyrin based molecular junction, which is driven by
temperature difference instead of bias voltage on the left and
right electrodes.?”]

As another intriguing organic macrocyclic compound,
dibenzotetraaza[ 14]annulene (denoted DBTAA) is now at-
tracting more and more focuses. Similar to porphyrin
molecule, a series of transition metal atoms (TMs) can
be accommodated in the cavity of DBTAA molecules,
endowing this tetradentate compound with different mag-
netic properties.[*331 In 2015, Wu et al.  built single-
molecule junctions composed of TM(DBTAA) molecules
sandwiched between two zigzag graphene nanoribbons and
investigated the corresponding spin-dependent transport prop-
erties. Perfect spin-filtering effect can be observed for junc-
tions with Fe(DBTAA) molecules.[*”! More recently, using
carbon atomic chains (CACs) to connect two Fe(DBTAA)
molecules, Zeng et al. have found spin-filtering efficiency
and magnetoresistance fluctuate against odd and even num-
ber of carbon atoms in the CACs.!*!l These works demon-
strate that TM(DBTAA) molecules can effectively generate
spin polarized current in a single-molecule device and are
promising candidates for designing molecular logic gates.
In this work, we have constructed single-molecule junc-
tions by sandwiching two serially connected TM(DBTAA)
(TM = Fe, Co) molecules between (4,4) single-walled car-
bon nanotube (SWCNT) electrodes via CACs. Spin-resolved
electron transport properties of these single-molecule junc-
tions under parallel- and antiparallel-spin polarizations for the
two TM(DBTAA) molecular kernels are theoretically investi-
gated. Based on calculated spin-resolved current—voltage (I-
V) curves, it is revealed that Fe(DBTAA) and Co(DBTAA)
junctions can act as NOR or XNOR molecular logic gates re-
lying on the definitions of the output signal. In the following

parts of this article, theoretical model and computational de-
tails 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

Schematic illustration of the studied single-molecule
junctions is depicted in Fig. 1. The junction can be di-
vided into three parts: the left electrode (marked by red rect-
angle), the right electrode (marked by blue rectangle), and
the central region. Nonmagnetic metallic (4,4) SWCNTs are
adopted as electrodes.*>> Dangling bonds at the open end of
each SWCNT electrode are passivated by hydrogen atoms.
The central region is comprised of two serially connected
magnetic TM(DBTAA) molecules sandwiched between two
SWCNTs through CACs, which have been recently fabri-

cated experimentally[4?]

and widely used to bridge organic
molecules and electrodes in theoretical works.[*3*1 All the
CAC:s used in our study are in the form of polyyne with al-
ternating single and triple bonds (see Table S1 and Fig. S1 in
the Supporting Information), which is in agreement with the

3846471 A5 each junction studied here con-

previous studies. !
tains two TM(DBTAA) molecules, there are two spin config-
urations for the two TM atoms. That is, for one case, the left
and right TM atoms are parallel-spin polarized (denoted as P
spin configuration). For the other case, the right TM atom is
antiparallel-spin polarized with respected to the left one (de-
noted as AP spin configuration). In our study, two kinds of
TM atoms, i.e., Fe and Co atoms, are considered. Therefore,
there are four junctions in total in our investigation, which are
respectively named as TM(DBTAA)-P/AP with TM = Fe and
Co.

left central region
electrode g 0Q

right
electrode

oeN O ™™ (Fe, Co)

Fig. 1. Schematic of investigated single-molecule junctions consisting
of two serially connected TM(DBTAA) (TM = Fe, Co) molecules em-
bedded between two (4,4) SWCNT electrodes by CACs. The left and
right electrodes are indicated by red and blue rectangles, respectively.
P (AP) represents parallel-spin (antiparallel-spin) polarization of TM
atoms under some external stimulations (e.g., magnetic field).

Y H ocC

The geometric structures of the constructed molecular
junctions are first optimized in Atomistix ToolKit package
(ATK).[49501 A 15 A vacuum is applied along the x, y, and
z directions of the central region to eliminate spurious inter-
action from neighboring images during optimization stage.

Each atom is not relaxed until the residual force is less
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than 0.05 eV/A. The subsequent calculations of spin trans-
port properties of each junction are also implemented in ATK
by using the state-of-the-art nonequilibrium Green’s function
(NEGF) method in combination with density functional the-
ory (DFT).®! In our calculations, the spin-polarized general-
ized gradient approximation (SGGA) with the Perdew—Burke—
Ernzerhof (PBE) parameterization is used for the exchange-
correlation functional. A 200 Ryd energy cutoff is employed
to determine real space grids and a double-{ polarized (DZP)
basis set is chosen to expand valence-electron wavefunctions.
A 1 x1x 100 k-point sampling in the Brillouin zone is uti-
lized for the electrode calculations. The spin-resolved current
is calculated according to the Landauer—Biittiker formulal®!!

k:%/&aEyHﬂE*MJ*ﬂE*uwNE )

where ¢ represents spin-up (1) or spin-down (|) electrons;
f(E — pr) is the Fermi-Dirac distribution function for elec-
trons at energy E in the left/right electrode and piy g = Er F %
is chemical potential of the left/right electrode when a bias
voltage V is applied to two electrodes. Herein, Fermi energy
Er is set to be zero. T5(E,V) is spin-resolved transmission
spectrum for spin-o electrons, which is defined as

To(E,V) =Tt[l5L(E,V)Go(E,V)I5Rr(E,V)GS(E,V)], (2)

where G (E,V) is the retarded Green’s function of the central
region, and I'; 1 g (E,V) indicates coupling strength between

the left/right electrode and the central region.

3. Results and discussion

The Mulliken population of spin-up and spin-down elec-
trons for the left and right TM atoms and total energies of
TM(DBTAA)-P/AP junctions are shown in Table 1. For each
TM(DBTAA)-P junction, both the left and right TM atoms
have nearly the same population for either of two spin com-
ponents. While for each TM(DBTAA)-AP junction, the pop-
ulation of spin-up and spin-down electrons for the right TM
atom reverses compared to that in TM(DBTAA)-P junction.
Therefore, spin population (the difference between population
of spin-up and spin-down electrons) for the left and right TM
atom is nearly the same for P spin configuration, but it has an
opposite sign for AP spin configuration. In addition, the ener-
gies of the TM(DBTAA) junction are almost the same for the
P and AP spin configurations. This suggests that the coupling
between the left and right TM atoms is very weak. The cou-
pling strength between the left and right TM atoms is evaluated
to be about 0.028 eV for Fe(DBTAA) while about 0.024 eV
for Co(DBTAA) according to the PDOS peak split at around
0.53 eV for Fe(DBTAA)-P junction and that at around 0.30 eV
for Co(DBTAA)-P junction (see Fig. S2 in the Supporting In-

formation).

Table 1. The Mulliken population of spin-up (1) and spin-down ({) electrons for the left and right TM atoms (respectively denoted TM}, and
TMR) and total energies (in units of eV) of TM(DBTAA)-P/AP junctions, where TM = Fe, Co.

™,

TMg

Total energy
1 ! T 1 1 T
P 4.939 2.831 2.108 4.940 2.831 2.109 —36739.17202
Fe(DBTAA)
AP 4.939 2.832 2.107 2.831 4.940 —2.109 —36739.17280
P 4.864 3.979 0.885 4.863 3.981 0.882 —37084.57563
Co(DBTAA)
4.864 3.979 0.885 3.981 4.863 —0.882 —37084.57554

The spin-resolved current—voltage (/-V) curves for
TM(DBTAA) molecular junctions under P and AP spin con-
figurations are investigated in the bias region of [—0.5 V,
0.5 V] and are displayed in Fig. 2. For Fe(DBTAA)-P as
shown in Fig. 2(al), one can hardly see any spin-up current
within the bias range, while spin-down current rises up first,
reaching 32.6 nA at 0.4 V and then goes down slightly. Ob-
viously, only spin-down electrons are allowed to flow through
the Fe(DBTAA)-P junction. When it turns to AP spin con-
figuration, as presented in Fig. 2(a2), both the spin-up and
spin-down currents are blocked in the whole studied bias
range. This suggests that the change of spin configurations in
Fe(DBTAA) junction effectively switches spin-down conduct-
ing state between ON and OFF. For the Co(DBTAA) junction,
effect of changing spin configurations on the spin-resolved /-

V curves (see Fig. 2(b)) is similar to the case of Fe(DBTAA)
junctions. As shown in Fig. 2(bl), for P spin configuration,
spin-up current can be completely ignored while spin-down
current increases slowly from 0.0 V to 0.3 V and then rapidly
soars up after 0.3 V, reaching a maximum value of about
1.9 pA at 0.5 V. For I-V curves of the Co(DBTAA)-AP junc-
tion shown in Fig. 2(b2), neither spin-up nor spin-down elec-
trons can tunnel through the junction. Therefore, the junction
switches to OFF conducting state for any spin electrons. One
can note that in addition to the different profiles of the spin-
down I-V curves for Co(DBTAA)-P and Fe(DBTAA)-P, the
spin-down current for Co(DBTAA)-P is much larger than that
for Fe(DBTAA)-P. This indicates that the features of the spin-
resolved I-V curve (especially for the spin-down current under
P spin configuration) is closely related to the TM atoms.
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Fig. 2. Spin-dependent /-V curves for (a) Fe(DBTAA) and (b) Co(DBTAA) molecular junctions under P and AP spin configurations.

From the above discussion, it is easy to find that spin-
down current of the investigated TM(DBTAA) junctions can
be switched between ON and OFF states by manipulating the
spin configurations of the two TM atoms. Such response of
spin current to spin configurations in the junctions has a po-
tential for realizing logic operations. From this viewpoint, it is
worthy to inspect if the designed TM(DBTAA) junctions can
act as logic gates. For this, we assume the spin polarization
of the left and right TM(DBTAA) molecules in the junction
as input signal, where spin-down and spin-up polarizations of
the TM atom are defined as 0 and 1, respectively. Meanwhile,
the low and high levels of spin-up current at 0.5 V are respec-
tively used to represent output signals 0 and 1. According to
the above definition for the input and output signals, the truth
table for Fe(DBTAA) and Co(DBTAA) junctions is conse-
quently obtained and presented in Table 2. Specifically, when
Fe(DBTAA) junction is under P spin configuration, the corre-
sponding input signals are [1,1], and then low spin-up current
in I-V curves (see Fig. 2(al)) indicates the output signal is 0.
When it goes to AP configuration, Fig. 2(a2) shows two input
signals are [1,0] and the output signal is also 0. When spin
polarization of the left and right Fe atom is simultaneously
reversed, owing to geometric symmetry of the junction, spin-
up and spin-down /-V curves in Fig. 2 will exchange their
roles. Therefore, for Fe(DBTAA) junction, the output signal
will change to be 1 for a combination of input signals [0,0]
(i.e., both the left and right TM atoms are spin-down polar-
ized) while it will be still O for input signals [0,1] (i.e., the left
TM atom is spin-down polarized but the right one is spin-up

polarized). Finally, only input signals [0,0] generate an output
signal of 1 in Fe(DBTAA) junction, which suggests a NOR
Boolean logic function. Similarly, Co(DBTAA) junction also
works as a NOR logic gate as shown in Table 2.

Table 2. Truth table for TM(DBTAA) (TM = Fe, Co) junctions as

logic gates, where input signals are defined by spin polarization of the
left and right TM atoms and output signals are defined by the spin-up

current.
Input: 0 =TM ({); | = TM (1)
Output: 0 = low I;; 1 = high I;
Input 1 Input 2 Output Logic gate
1 1 0
Fe(DBTAA) ! 0 0 NOR
0 1 0
0 0 1
1 1 0
Co(DBTAA) ! 0 0 NOR
0 1 0
0 0 1

In fact, one junction may realize different Boolean logic
functions by adopting different definitions of input and output
signals. Table 3 exhibits the truth table for the investigated
junctions when total current instead of spin-up current is taken
as output signal. Here, for a specified bias voltage, e.g., 0.5V,
a low total current represents output signal O while a high one
indicates output signal 1. For Fe(DBTAA) and Co(DBTAA)
junctions, the plots of total current versus voltage (see Fig. S3
in the Supporting Information) show that high total current can
always be observed for both [1,1] and [0,0] input signals (i.e.
the spin polarization of the left and right TM atoms is paral-
lel), which indicates output signal is 1. For [1,0] and [0,1]
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input signals (i.e., the spin polarization of the left and right
TM atoms is antiparallel), the total current is severely blocked
resulting in output signal 0. Therefore, both Fe(DBTAA) and
Co(DBTAA) junctions can work as XNOR logic gate.

Table 3. Truth table for TM(DBTAA) (TM = Fe, Co) junctions as
logic gates, where input signals are defined by spin polarization of the
left and right TM atoms and output signals are defined by the total cur-
rent.

Input: 0 =TM ({); 1 = TM (1)
Output: 0 = low liprar; 1 = high Joral

Input 1 Input 2 Output Logic gate
1 1 1
0 0
Fe(DBTAA) XNOR
0 1 0
0 0 1
1 1 1
1
Co(DBTAA) 0 0 XNOR
0 1 0
0 0 1

The above discussion suggests that the spin-dependent
electron transport properties of the investigated junctions are
closely related to the kinds of embedded TM atoms and their
spin configurations. In order to relate the spin-resolved -V
curves of the TM(DBTAA) junctions to TM atoms and their
spin configurations, spin-dependent transmission spectra for
each junction have been explored, as shown in Fig. 3. As

(al) 0.04 p— spin up
0.02 [— spin down

T

—0.02
—0.04
0.04
0.02
-04 -0.2 0 02 04 0.6

0
—a02¢—”/A—7
E—EF/ eV

Fe(DBTAA)-P
Y%

0.5V

Transmission

—0.04
—-0.6

(b1) 1.0 f— spin up

1 Co(DBTAA)-P
0.5 [ — spin down

ov
0

o W

—1.0

1.0}
0.5F

0.5V
0
—0.5F

x:

—-06 —-04 —-0.2 0 0.2
E—EF/ eV

Transmission

0.4 0.6

shown in Fig. 3(al), transmission spectra for the Fe(DBTAA)-
P junction show no observable spin-up transmission coeffi-
cient in the energy range of [—0.6 eV, 0.6 eV] at 0 V, which
leads to the block of spin-up current in the whole studied bias
voltage range. On the contrary, a broad spin-down transmis-
sion peak can be found at —0.25 eV under zero bias volt-
age. Meanwhile, a bimodal spin-down transmission peak is
found above Ep with the energy-lower peak at 0.51 eV and
the energy-higher one at 0.56 eV. When the bias is applied
to the junction, the energy-higher peak moves away from Ep
while the energy-lower one approaches to Er (the detailed evo-
lution of this bimodal transmission peak under bias voltage is
given in Fig. S4 in the Supporting Information). However,
the energy-lower transmission peak is yet not included in the
bias window under 0.5 V. Although the spin-down transmis-
sion peak at —0.25 eV under 0.0 V shifts downwards away
from Ef and the intensity of this transmission peak is low-
ered, the tail of this transmission peak can be included in the
bias window as the bias voltage increases, contributing a clear
spin-down non-resonant tunneling current. For Fe(DBTAA)-
AP junction displayed in Fig. 3(a2), all the transmission peaks
at 0.0 V observed in Fe(DBTAA)-P junction nearly vanish.
Thus, transport channels for both spin-up and spin-down elec-
trons are completely prohibited.

(a2) 0.04 F — spin up Fe(DBTAA)-AP
0.02 F — spin down oV
0 <
—0.02 f
—0.04

0.04
0.02}F
0
—0.02}
—004f . v
-0.6 —-0.4 -02 0 0.2
E—EF/ eV

0.5V

Transmission

T

0.4 0.6

(b2) 1.0f — spin up  Co(DBTAA)-AP
0.5F— spin down oV

0

—0.5F

~1oF

1.0p

0.5F

0

—0.5F

—1.0p . ! ! ! !

-06 —-04 -0.2 0 0.2 04 0.6
E—EF/ eV

0.5V

Transmission

Fig. 3. Spin-dependent transmission spectra for (a) Fe(DBTAA)-P/AP and (b) Co(DBTAA)-P/AP junctions at 0 V and 0.5 V. The dashed lines

denote the bias window.

When it turns to Co(DBTAA) junctions, as shown in
Fig. 3(b), one can find the profiles of transmission spec-
tra for Co(DBTAA)-P (Co(DBTAA)-AP) junction are pretty
similar to those for Fe(DBTAA)-P (Fe(DBTAA)-AP) junc-

tion at 0.0 V. Specifically, as shown in Fig. 3(bl), there
are also a spin-down transmission peak at around —0.25 eV
and a bimodal spin-down transmission peak above Ep for
Co(DBTAA)-P junction. At the same time, there is also no
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visible transmission peak for both spin-up and spin-down elec-
trons for Co(DBTAA)-AP junction as displayed in Fig. 3(b2).
Differently, the bimodal spin-down transmission peak for
Co(DBTAA)-P at 0.0 V is about 0.22 eV closer to Ef in com-
parison to the counterpart for Fe(DBTAA)-P. This leads to
the energy-lower peak of the bimodal transmission peak be
included in the bias window under a moderate bias voltage
(the detailed evolution of this bimodal transmission peak under
bias voltage is given in Fig. S5 in the Supporting Information),
which is the dominated contribution to the spin-down current
of Co(DBTAA)-P. Therefore, different charge transport mech-
anisms in Fe(DBTAA)-P and Co(DBTAA)-P junctions have
been revealed. That is to say, the electronic transport for
Fe(DBTAA)-P junction is in the non-resonant regime and is
dominated by spin-down holes while the electronic transport
for Co(DBTAA)-P junction is in the resonant regime and is
contributed from spin-down electrons. That is why spin-down
current through Co(DBTAA)-P junction is much larger than
that through Fe(DBTAA)-P junction.

Origins of the spin-resolved transmission peaks around
EF are further rationalized by the spin-resolved PDOS, where
the contributions of the left and right TM(BDTAA) molecules
to the total DOS under zero bias voltage are analyzed. Also,
spin-resolved frontier molecular orbitals obtained by molecu-
lar projected self-consistent Hamiltonian (MPSH) analysis are
inspected to understand the contributions of spin electronic
states to electron tunneling channels. From Fig. 4, one can
find that for each spin component, the profiles of PDOS for
the left and right molecular kernels in TM(DBTAA)-P are
identical, which come from the degenerated electronic states
dominated respectively by the left and right TM(DBTAA)
molecules. Hybrid between the degenerated electronic states
is in favor of forming electron tunneling channels. This can
be inspected by exploring the spatial distributions of MPSH
states around Ef for each TM(DBTAA) junction, which are

(al) 4l Y
L Fe(DBTAA)-P
n
- E— —
A r - L-u Y
—2r — L-down i li“I
L - - R-u |
4} R-d |
4 1 W 1 OYVH. Y:i'
(1) , [ =
n 2k Co(DBTAA)-P
2
oF———7 -
o —
|
—4r Y I l 11

1 1 n 1 1 1 1 1
—0.6 —04 —02 0 0.2 0.4 0.6
E—Eg/eV

shown in Fig. 5. For example, for Fe(DBTAA)-P junction
in Fig. 4(al), the spin-up electronic states at about 0.17 eV
originate from spin-up LUMO (at 0.037 eV) and LUMO+1 (at
0.048 eV), which are respectively only localized on the right
and left Fe(DBTAA) molecules as shown in Fig. 5(al), imped-
ing the formation of any tunneling channel for spin-up elec-
trons around this energy. On the other hand, the spin-down
electronic states at around —0.23 eV are contributed by spin-
down HOMO (at —0.260 ¢V) and HOMO-1 (at —0.284 eV).
Delocalized spatial distributions of spin-down HOMO and
HOMO-1 (see Fig. 5(al)) connect the left and right parts of
the junction, contributing to a broad spin-down transmission
peak at —0.25 eV as seen in Fig. 3(al). Similarly, by the
MPSH and PDOS analyses, one can also easily understand
why the sharp spin-down PDOS at around 0.38 eV (dominated
by spin-down LUMO and LUMO+1) contributes no trans-
mission peaks while the bimodal spin-down PDOS at around
0.5 eV (contributed by spin-down LUMO+2 and LUMO+3)
gives a bimodal transmission peak. For Co(DBTAA)-P junc-
tion, as seen in Figs. 4(b1) and 5(bl), the spin-down PDOS
peaks below Ef are the superposition of delocalized states at
around —0.23 eV (originating from spin-down HOMO-2 and
HOMO-3) and localized ones at around —0.2 eV (originating
from spin-down HOMO and HOMO-1). Therefore, one can
conclude that the spin-down transmission peak at —0.23 eV
in Fig. 3(bl) is from the spin-down HOMO-2 and HOMO-3.
Meanwhile, by inspecting the spatial distributions of the wave-
functions shown in Fig. 5(bl), one can find that the bimodal
spin-down PDOS at around 0.30 eV originates from the spin-
down LUMO and LUMO+1 and these two electronic states
contribute a bimodal transmission peak as seen in Fig. 3(b1).
However, the spin-up LUMO and LUMO+1, which give rise
to the PDOS peak at around 0.16 eV, hardly contribute the
transmission peak due to their localized spatial distributions.

-4 Ly, 2N /
(b2)4 [ 7YY a 'Y
Co(DBTAA)-AP,
n 2F " M
o L P A \
a
o
—4 PR E 4 L 1Y, Wy
—0.6 —04 —-0.2 O 0.2 04 0.6
E—Eyp/eV

Fig. 4. Spin-resolved PDOS of the left (labeled as L) and right (labeled as R) TM(BDTAA) molecules for (a) Fe(DBTAA) and (b) Co(DBTAA)
junctions under P and AP spin configurations at zero bias voltage. The black triangles denote the spin-resolved eigenvalues of frontier molecular

orbitals obtained by MPSH analysis.
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Fig. 5. Spatial distributions of frontier molecular orbitals for each TM(BDTAA) junction with P and AP spin configurations.

When the spin polarization of the right TM atom reverses
and spin configuration turns to be antiparallel, it is clearly
seen from Figs. 4(a2) and 4(b2) that the degeneracy between
electronic states of the left and right TM(DBTAA) molecules
for each spin component is eliminated and the spin-up (spin-
down) PDOS of the right TM(DBTAA) molecule under P spin
configuration reverses to spin-down (spin-up) branch under
AP spin configuration. It means that, at a given energy, if
PDOS is completely spin-polarized under P spin configura-
tion, it would turn to be totally spin non-polarized under AP
spin configuration since a spin-up electronic state and a coun-
terpart spin-down one with the same energy respectively lo-
calize on the left and right TM(DBTAA) molecules. In this
case, tunneling across the junction for either spin-up or spin-
down electrons at this energy is entirely forbidden. This can
also be verified by spatial distributions of frontier molecular
orbitals (see Figs. 5(a2) and 5(b2)) of Fe(DBTAA)-AP and
Co(DBTAA)-AP junctions.

4. Conclusions

In summary, by using the DFT based NEGF method, spin
transport properties of single-molecule junctions, which are
comprised of two serially connected magnetic TM(DBTAA)
(TM = Fe, Co) molecules embedded between two SWCNT
electrodes, have been investigated for both P and AP spin
configurations. The calculated results reveal that spin con-
figurations and the kind of TM atoms play important roles
in determining the /-V characteristics of TM(DBTAA) junc-
tions. Specifically, the spin polarizations of the /-V curves for
Fe(DBTAA) and Co(DBTAA) junctions are very similar for
both P and AP configurations. That is, for P spin configura-
tion, only spin-down electrons are allowed to flow through the
junctions while spin-up ones are prohibited. For AP spin con-
figuration, both spin-up and spin-down currents are blocked.
Large spin-down current under P spin configuration stems
from the delocalization of spin-down electronic states among
two molecular kernels and the bridging CAC. However, when
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it turns to AP spin configuration, both the spin-up and spin-
down electronic states around Ef are localized due to the com-
plete mismatch between electronic states of the left and right
molecular kernels for each spin component. It is found that,
under P spin configuration, when the TM atom changes from
Fe to Co, the charge transport mechanism of the junction is
transformed from non-resonant to resonant tunneling regime,
therefore resulting in a much larger spin-down current for
Co(DBTAA)-P than Fe(DBTAA)-P. This can be ascribed to
the fact that the conducting channel above Ef is much more
closer to Er for Co(DBTAA)-P than for Fe(DBTAA)-P. More
interestingly, by defining different input and output signal cri-
teria, it is found that Fe(DBTAA) and Co(DBTAA) junctions
can work as NOR or XNOR molecular logic gate. Our work
here proposes a new kind of molecular logic gates by taking
advantage of the spin degree of freedom of electrons, which is
helpful for further miniaturizing the electric circuits.

Supplementary data related to this article can be found in
the Supporting Information.
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