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Based on the density functional theory combined with the nonequilibrium Green function methodology, we have
studied the thermally-driven spin-dependent transport properties of a combinational molecular junction consisting of a pla-
nar four-coordinate Fe molecule and a 15,16-dinitrile dihydropyrene/cyclophanediene molecule, with single-walled carbon
nanotube bridge and electrode. Our results show that the magnetic field and light can effectively regulate the thermally-
driven spin-dependent currents. Perfect thermal spin-filtering effect and good thermal switching effect are realized. The
results are explained by the Fermi—Dirac distribution function, the spin-resolved transmission spectra, the spatial distribu-
tion of molecular projected self-consistent Hamiltonian orbitals, and the spin-resolved current spectra. On the basis of these
thermally-driven spin-dependent transport properties, we have further designed three basic thermal spin molecular AND,

OR, and NOT gates.

Keywords: thermal molecular logic gate, thermally-driven spin-dependent transport, combinational molecular

junction, nonequilibrium Green’s function

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

1. Introduction

Digital electronic devices are ubiquitous in today’s in-
formation world. Meanwhile, logic gates are basic building
blocks in any modern digital electronic devices. They are de-
vices having one or more than one input and only one out-
put. And the input and the output satisfy a certain logical rela-
tionship. Among different kinds of logic gates, the AND, OR
and NOT gates are three most essential and elementary logic
gates. The AND gate is a logical multiplication device, which
only yields an output logic 1 when all of its inputs are logic
1. In Boolean algebra terms the output of an AND gate will
be true only when all of its inputs are true. The OR gate is a
logical addition device, whose output is logic 1 once any of its
inputs are logic 1. In Boolean algebra terms the output of an
OR gate will be true once any of its inputs are true. The NOT
gate is simply a single input inverter that changes the input of
a logic 1 to an output of logic 0 and vice versa. In Boolean
algebra terms the output of a NOT gate will be false when its
input is true.

In recent years, the design and manufacturing of spin
molecular devices being able to perform specific logical func-
tions has attracted ever-increasing attention owing to the
rapid development of molecular spintronics.!!*! In these so-
called spin molecular logic gates, magnetic molecular ma-
terials can switch among different states under the action
of one or more input signals, and such transition leads to
a single logical output signal. Evidently, selection of ap-
propriate magnetic molecular materials becomes a key fac-
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tor to construct spin molecular logic gates. So far, many
research groups have paid intensive attention to finding the
suitable magnetic molecular materials. For example, tak-
ing the magnetic field in different directions as input sig-
nals and the produced spin-polarized current or total current
as output signal, different research groups proposed zigzag
graphene nanoribbon-, zigzag silicene nanoribbon- and Mn-
phthalocyanie nanoribbon-based spin molecular AND, OR
and NOT gates in the early studies.>8 Recently, we also
conceived and designed planar four-coordinate Fe (PFCF)
molecule-based spin molecular AND, OR, NOT gates, etc.[’!
Nevertheless, since the proposed PFCF-based spin molecular
gates are very tiny, it is difficult to modulate experimentally
the direction of external magnetic field in an adjacent Fe atom
region at the moment. Very recently, with an attempt to settle
this problem, we have further proposed a novel combinational
molecular junction (CMJ), which contains a PFCF molecule
and a photochromic molecule (15,16-dinitrile dihydropyrene
(DDP)/cyclophanediene (CPD)) linked together in series by
a finite single-walled armchair carbon nanotube (SWACNT)
bridge.['% Here, the photochromic molecule is respectively in
the DDP/CPD form with rapid response time upon the ultra-
violet (UV)/visible (VIS) photo-excitation.!!!=13! By utilizing
the magnetic field in different directions, the light of different
wavelengths as input signals and the produced spin-polarized
current or total current as an output signal, the spin molecular
AND, OR and NOT gates are realized. (o1

In the meantime, with the continuous miniaturization
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of the electronic devices, the problems resulting from the
waste heat become more and more serious. Fortunately, spin
caloritronics provides a favorable approach to convert un-

14-16] which increases the en-

tapped waste heat to electricity,
ergy utilizing efficiency to a large extent. In the present work,
we further investigate the thermally-driven spin-dependent
transport properties of the PFCF+DDP/CPD-based CMJ. The
results demonstrate that the magnetic field and light can effec-
tively regulate the thermally-driven spin-dependent currents.
And with that, we can design three elementary thermal spin
molecular AND, OR and NOT gates. In the following parts
of this article, theoretical model and computational details are
given in Section 2. Numerical results and discussion are pre-
sented in Section 3. Finally, a conclusion is given in Section 4.

2. Theoretical model and computational details

The studied PFCF+DDP/CPD-based CMJ is schemati-
cally depicted in Fig. 1, consisting of the central scattering re-
gion (CSR), the hot semi-infinite left and the cold semi-infinite
right electrodes (LE and RE, marked by red and green rectan-
gles, respectively). Nonmagnetic metallic (4,4) SWACNTs are
adopted as electrodes due to their high electrical conductivity.
The CSR includes a PECF molecule and a DDP/CPD molecule
linked in series by a finite (4,4) SWACNT bridge, as well as

S1 PFCF(T) DDP (UV)
1 - wI: 7 :‘ 0000090 90 %0 10 00
z‘z‘z”z”ig. ’::E_A DD RIS 959595 95 95 15 5
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Fig. 1. Schematic of the studied PFCF+DDP/CPD-based combinational
molecular junction (CMJ) consisting of a PFCF molecule and a DDP/CPD
molecule linked in series by a finite (4,4) SWACNT bridge sandwiched be-
tween two (4,4) SWACNT electrodes. The orange, yellow, gray, white and
blue spheres stand for the Fe, S, C, H and N atoms, respectively. The CMJ is
divided into three regions in simulations: the central scattering region (CSR),
the hot semi-infinite left electrode (LE), and the cold semi-infinite right elec-
trode (RE). By tuning the direction of magnetic field (1= up and |= down)
and the wavelength of light (UV = ultraviolet and VIS = visible), the CMJ
can interconvert among four states, (a) state 1 (S1: the direction of magnetic
field is 1 and the light is UV), (b) state 2 (S2: the direction of magnetic field
is | and the light is UV), (c) state 3 (S3: the direction of magnetic field is 1
and the light is VIS), and (d) state 4 (S4: the direction of magnetic field is |
and the light is VIS). A temperature gradient is applied along the CMJ from
left to right. 7i, and Tr represent the temperature of LE and RE (71, > Tr),
respectively, while AT indicates the temperature difference between them.

portions of two electrodes to screen out the effect of molecular
kernels on bulk electrodes. All the dangling bonds at the open
ends of SWACNT electrode and bridge are saturated by H
atoms. A thickness of 16 A in the vacuum interlayer is used in
the non-periodic direction to isolate the CMJ from its periodic
images. As shown in Figs. 1(a)-1(d), the PFCF+DDP/CPD-
based CMJ can interconvert among four states under the action
of magnetic field and light, referred to as S1, S2, S3 and S4 in
sequence. To be specific, in S1 state (see Fig. 1(a)), the direc-
tion of magnetic field is up (1) and the light is UV. Compared
with S1 state, the direction of magnetic field in S2 is changed
to down ({) while the light is still UV (see Fig. 1(b)). In S3
state (see Fig. 1(c)), the direction of magnetic field is 1 and
the light is VIS. Compared with S3 state, the magnetic field is
changed to | while the light is still VIS (see Fig. 1(d)). Before
the spin caloritronic transport calculations, the CSR is fully
relaxed until the force tolerance of 0.02 eV/A is met.

All the calculation are carried out by using the density
functional theory (DFT) combined with the non-equilibrium
Green function (NEGF) methodology, as implemented in
the software package of Atomistix Toolkit (ATK).[!7-20]
This methodology has been widely adopted to deal with
the thermally-driven spin-dependent transport properties in

molecular junctions.!?1-23)

The exchange—correlation en-
ergy is treated by the spin generalized gradient approxi-
mation (SGGA) with the Perdew—Burke—Ernzerhof (PBE)
functional.”?®! To ensure the computational accuracy, the
wavefunction of valence electrons are expanded by the double-
¢ plus polarization (DZP) basis set, while the electron-
ion interactions are modeled by the Troullier—Martins norm-
conserving pseudopotentials.!?’! Also, a k-mesh of 1 x 1 x 21
and 1 x 1 x 100 according to the Monkhorst—Pack scheme!?®!
is employed in the geometry relaxation and thermally-driven
spin-dependent transport calculations, respectively, while the
cutoff energy for the electrostatic potentials is set to be 200 Ry.
A temperature gradient is applied along the CMJ from the left
to the right, and then the thermally-driven spin-polarized cur-
rent flowing through the CMJ under the temperature differ-
ence (AT = Ty, — Tr) between the temperature of LE (71,) and
the temperature of RE (7R) can be obtained via the Landauer—

Biittiker formulal?*!

e [T
= ﬁ/,m Ts(E)[fL(E,TL) — fL(E,TR)|dE, (1)

where T5(E) is the spin-resolved transmission function with
the spin index o (up or down indicating spin-up and spin-
down), and f g
electrons in LE (RE). Here, E is the carrier (electron or hole)

) is the Fermi—Dirac distribution function of

energy. Moreover, a positive (negative) current represents the
flow of current from the LE (RE) to RE (LE). Meantime, we
must point out that in ATK code one can set the initial rela-
tive spin for every atom in a molecular junction to simulate
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the effect of the magnetic field. To be specific, when the ini-
tial relative spin of iron atom in the PFCF molecule is set to
be 1, it indicates the magnetic field is up; whereas, when the
initial relative spin of iron atom in the PFCF molecule is set
to be —1, it indicates the magnetic field is down. Then, after a
self-consistent DFT+NEGEF calculation, one can get the con-
verged spin densities. Furthermore, we calculate the transport
properties of CMJ with closed-ring state DDP and open-ring
state CPD, respectively, to simulate the cases under UV or VIS
action. This method has been widely adopted to study the pho-
tochromic molecule-based photoswitches. [30-321

3. Results and discussion
3.1. Thermally-driven spin transport properties

Figures 2(a)-2(d) present the thermally-driven spin-
dependent currents as a function of AT with 71, = 300 K for
the CMJ in S1, S2, S3 and S4 states, respectively. The cases
with 71, = 350 and 400 K are also tested, which give similar
results. It can be seen clearly from Figs. 2(a)-2(d), the mag-
netic field and light modulations have significant effects on the
thermally-driven currents. In S1 state as shown in Fig. 2(a),
obvious negative spin-up current (Iyp) can go through the CMJ,
while the spin-down current (I4,) is forbidden. On the con-
trary, in S2 state as shown in Fig. 2(b), the I, is blocked, and
obvious negative Iy, can pass through the CMJ due to the re-
versal in the direction of magnetic field. Clearly, only one
spin channel is open while the other one is closed in S1 and
S2 states, giving rise to a significant thermal spin filtering ef-
fect. Unlike S1 and S2 states, in S3 and S4 states as shown in
Figs. 2(c) and 2(d), both two channels are shut down, and there
is almost no observable I, and Iy, flowing through the CMJ
due to the photochromic molecule is in the CPD form under
the action of VIS light regardless of the direction of the mag-
netic field. This will undoubtedly cause the total thermally-
driven current (Iyym = lup + lgn) in S1/S2 state to be much
larger than that in S3/S4 state. And a good thermal switch-
ing effect can be achieved when the CMJ converts between S1
and S3 (S2 and S4) states upon photo-excitation.

The observed thermal spin-filtering and thermal switch-
ing effects can be quantified by two parameters, namely,
the spin-filtering efficiency (SFE) and switching ratio (SR).
The former is the relative ratio of current with a par-
ticular spin index over the other and defined as SFE =
[(lop — Ian)/(Iup + Ian)] x 100%.  The latter is the ab-
solute ratio of total current between different states and
defined as SR = (Iym in S1)/(fsum in S3) x 100% and
(Isum in S2)/(Isum in S4) x 100%, respectively. Figure 3(a)
plots the SFE as a function of AT for the CMJ in S1 and
S2 states. It is evident that both S1 and S2 states exhibit
perfect spin-filtering performance with the SFEs approaching
to £100% efficiency, respectively, indicating the CMJ in S1

and S2 states can behave as perfect spin-filters. Figure 3(b)
plots the SR as a function of AT for the CMJ in S1/S3 and
S2/S4 states. It can be seen that both the two cases exhibit
good switching performance with the SRs up to 10%%, indi-
cating the CMJ can behave as a good molecular switch when
it converts between S1 and S3 (S2 and S4) states upon photo-

excitation.
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Fig. 2. Calculated thermally-driven spin-dependent currents as a func-
tion of AT with Ty, = 300 K for the CM1J in (a) S1, (b) S2, (¢) S3 and
(d) S4 states, respectively.
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Fig. 3. (a) Calculated spin filtering efficiency (SFE) as a function of AT
for the CMJ in S1 and S2 states. (b) Calculated switching ratio (SR) as
a function of AT for the CMJ in S1/S3 and S2/S4 states.

Based on Eq. (1), we know that the thermally-driven spin-
dependent currents are essentially determined by the prod-
uct of two factors, namely, T (E) and the difference between
the Fermi—Dirac distribution function of two electrodes, i.e.,
(f. — fr)- Figure 4(a) plots the fi and fr with different
temperature (7, = 300 K and 7g = 240 K) as a function of
(E — Ef), respectively. Here, the Ef is the Fermi energy. It
can be seen clearly that the carrier (hole when E < Ef and
electron when E > EF) concentration in the hot LE is always
higher than that in the cold RE. Therefore, both the holes and
electrons flow from the hot LE to the cold RE. And thus the
former results in a positive current I, while the latter leads to a
negative current /. due to the holes are positively charged and
the electrons are negatively charged. Moreover, as shown in
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the insert of Fig. 4(a), (fL — fr) is a strictly symmetric func-
tion with respect to Ef, and also presents a typical exponen-
tial decaying feature. This indicates that only 75 (E) in the
energy region near Ep contributes to the thermally-driven cur-
rents, while the contribution from 75(E) in other energy re-
gions can be actually ignored. Meantime, in order to avoid
the cancelation between the positive /;, and negative /. and
obtain observable thermally-driven currents, 75 (E) in the en-
ergy region near Er should be anti-symmetric about Eg. Tak-
ing S1 and S3 states as examples, in Fig. 4(b), we plot their
spin-resolved transmission spectra. Clearly, an obvious and
a very faint spin-up transmission peak just above the Er ap-
pears in S1 and S3 states, respectively, while we cannot ob-
serve any spin-down transmission peak near Er. Those dis-
tinct transmission characteristics can be elucidated by the spa-
tial distribution of molecular projected self-consistent Hamil-
tonian (MPSH) orbitals*3 around Eg. As shown in Fig. 4(b),
there is only one spin-up MPSH orbital (185) just above Ef
at 0.018 eV and 0.026 eV for S1 and S3 states, respectively.
As shown by the spatial distribution in the insert of Fig. 4(b),
the spin-up MPSH 185 is a relatively extended and completely
localized orbital in S1 and S3 sates, respectively. As further
shown by the spin-resolved projected density of states (PDOS)
in Fig. S1(a) in the supporting information, for S1 state, there
is a strong spin-up PDOS from the PFCF molecule, a weak
spin-up PDOS from the SWACNT bridge and an observable
spin-up PDOS from the DDP molecule at 0.018 eV. Hybrid be-
tween them leads to the relatively extended spin-up MPSH 185
orbital and the obvious spin-up transmission peak in S1 state at

corresponding energy region. As shown by the spin-resolved
projected density of states (PDOS) in Fig. S1(b) in the sup-
porting information, for S3 state, there is still a strong spin-up
PDOS from the PFCF molecule, a weak spin-up PDOS from
the SWACNT bridge at 0.026 eV, but the spin-up PDOS from
the CPD molecule vanishes, resulting in the completely local-
ized spin-up MPSH 185 orbital and the very faint transmission
peak in S3 state at corresponding energy region. In stark con-
trast, no any spin-down MPSH orbital can be found near Ef in
two states (see Figs. S1(a) and S1(b) in the supporting infor-
mation, no any spin-down PDOS hybrid near Ef), bringing out
the disappearance of spin-down transmission peak in the vicin-
ity of Ep. Figures 4(c) and 4(d) then plot the spin-resolved
current spectra, J5(E) = T5(E) X (fi, — fr), as a function of
(E — Ep) for S1 and S3 states with AT = 60 K. Clearly, the
size of the integral area of J5(E) below and above the Er de-
termines the magnitude of the positive /;, and negative I, re-
spectively. In S1 state, as shown in Fig. 4(c), one can observe
an obvious Jy, peak just above and below Ef, respectively.
The integral area of Jyp peak above EF is much larger than that
below Eg. As aresult, the negative spin-up /. overruns the pos-
itive spin-up /I, giving rise to an obvious nonzero net negative
Iyp. Meantime, no any Jq, peak can be found due to the disap-
pearance of spin-down transmission peak near EF, resulting in
the vanishing of Iy,. In S3 state, as shown in Fig. 4(d), there
is no any Jg, peak around Ef, meanwhile the J, peak around
EF is also reduced significantly. Therefore, both 1., and Iy, are
strongly suppressed in S3 state.
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Fig. 4. (a) Calculated Fermi—Dirac distribution function of electrons in LE with 71, = 300 K and in RE with 7g = 240 K. The insert presents
the difference between them. (b) Calculated spin-resolved transmission spectra for S1 and S3 states. The positions of molecular projected
self-consistent Hamiltonian (MPSH) eigenvalues are marked with squares for S1 state and with triangle for S3 state, respectively. The inserts
show the spatial distributions of corresponding MPSH orbitals. (c) Calculated spin-resolved current spectra for S1 state with AT = 60 K. (d)

Calculated spin-resolved current spectra for S3 state.
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3.2. Thermal spin molecular AND, OR and NOT gates

Based on these thermally-driven spin-dependent transport
properties of the PFCF+DDP/CPD-based CMJ, we can de-
sign three elementary thermal spin molecular logic gates, tak-
ing the magnetic field in different directions and the light with
different wavelengths as input signals and the produced spin-
polarized current or total current as output signal. Those ther-
mal spin molecular gates utilize two different types of external
stimuli as input signals, and then avoid the problem of mod-
ulating the direction of the external magnetic field on a very

small scale.

AND gate
Truth table

(a)
1 1

Circuit symbol

A 1
1 B:D——Y
0 1 0 0 1
1 0 o0 Y=A-B 10
0 0 o0 0 0

A = Magnetic field is up: logic 1
Magnetic field is down: logic 0
B =Light is UV: logic 1
Light is VIS: logic 0
Y= I, is high: logic 1
Iy is low: logic 0

Truth table

o)
1 1

A = Magnetic field is up: logic 0
Magnetic field is down: logic 1
B = Light is UV: logic 0
Light is VIS: logic 1
Y= 1, is high: logic 0
I,y is low: logic 1

3.2.1. The design of AND gate

As shown in Fig. 5(a), the magnetic field and light are the
input signals A and B, respectively, and the produced I, is the
output signal Y. For A and B, the upward/downward magnetic
field and the UV/VIS light are defined as logic 1/0, respec-
tively. For Y, the high/low Iy, is taken as logic 1/0. As one can
see from Figs. 2(a)-2(d), the Iyp is only high in S1 state, and
it is extremely low in S2, S3 and S4 states. Clearly, the CMJ
only produces logic 1 (Y = 1) when the magnetic field is up
(A =1) and the light is UV (B = 1), namely, Y is the logical
product of A and B (see the truth table in Fig. 5(a)), indicating
the AND logical relationship is established.

OR gate

NOT gate

Circuit symbol (c) Truth table
y - Circuit bol
gi>_y ircuit symbo
1 0 A—{>0—Y
Y= A+B _
L v=A

A =Light is UV: logic 1
Light is VIS: logic 0

Y = Isum is high: logic 0
Tsum is low: logic 1

Fig. 5. The inputs, output, truth table and circuit symbol for thermal spin molecular logic (a) AND, (b) OR and (c) NOT gates.

3.2.2. The design of OR gate

As opposed to the AND gate, for A and B in the OR gate,
the downward/upward magnetic field and the VIS/UV light
are defined as logic 1/0, respectively. For Y, the low/high I,
is taken as logic 1/0. It can been seen from Figs. 2(a)-2(d)
that the I, is only high in S1 state, and it is extremely low in
S2, S3 and S4 states. Clearly, the CMJ only produces logic 0
(Y = 0) when the magnetic field is up (A = 0) and the light is
UV (B = 0), otherwise it produces logic 1 (Y = 1) when the
magnetic field is down (A = 1) or the light is VIS (B = 1). That
is to say that Y is the logical sum of A and B (see the truth table
in Fig. 5(b)), and thus the OR logical function is achieved.

3.2.3. The design of NOT gate

The magnetic field is always up. The input signal A and
the output signal Y correspond to the light and the produced
total current Iy,n,, respectively. For A, the UV/VIS light is de-
fined as logic 1/0. For Y, the high/low Iy, is defined as logic
0/1. From Figs. 2(a) and 2(c), it can be seen that the Iy, is
high and extremely low in S1 (i.e., Y =0,A = 1) and S3 (i.e.,
Y =1, A = 0) states, respectively. Clearly, Y is the logic inver-
sion of A (see the truth table in Fig. 5(b)), indicating the NOT

logical operation is realized.

4. Conclusion

We have studied theoretically the thermally-driven spin-
dependent transport properties of the PFCF+DDP/CPD-
based combinational molecular junction consisting of a PFCF
molecule and a DDP/CPD molecule with SWACNT bridge
and electrodes by using the DFT+NEGF methodology. The
results demonstrate that the magnetic field and light can ef-
fectively regulate the thermally-driven spin-dependent cur-
rents. Perfect thermal spin-filtering effect and good thermal
switching effect are achieved. The results are analyzed from
four aspects, i.e., the Fermi—Dirac distribution function, the
spin-resolved transmission spectra, the spatial distribution of
MPSH orbitals, and the spin-resolved current spectra. On
the basis of these intriguing thermally-driven spin-dependent
transport properties, we have designed three elementary ther-
mal spin molecular AND, OR and NOT gates. To summa-
rize, our studies provide a route to realize thermal spin molec-
ular logic gates avoiding the problem of modulating the di-
rection of the external magnetic field on a very small scale
by constructing the combinational molecular junction, which
may have a great development prospect in the fields of spin

caloritronics and digital electronics.
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