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We investigate the influence of the distance between the buffer layer and the central molecule on the
electrical transport, spin-filter transport, magnetoresistance effects and thermoelectric properties of
a bilayer CuPc molecular device with V-shaped zigzag-edged graphene nanoribbon (VZGNR) electrodes
by combining density functional theory and the non-equilibrium Green's function. The results show that
the spin-dependent total conductance and spin filter efficiency of the bilayer CuPc molecular device
reach a maximum with a parallel spin configuration (PC) when the carbon atom at the edge of the
electrode is in the center of the carbon atom at the edge of the bilayer molecules due to the stronger
coupling interaction between the double-layer molecules and the leads. Moreover, the spin polarization
of the bilayer CuPc molecular device is reversed at certain distances; there is a minimum spin filter
efficiency (SFE) of —99.93448% and a maximum SFE of 97.91% observed in the anti-parallel spin
configuration (APC) of the device and there is a minimum SFE of —26.03175% and a maximum SFE of
99.99996% observed with the PC at zero bias. The SFE oscillates with increasing considered bias voltage
in the PC and APC when the distances are d = 0 A and d = —1.06 A, and a negative differential
resistance (NDR) effect was observed. For the PC and APC, there is a giant magnetoresistance (MR)
effect and the MR ratio exceeds 5.21 x 107% (99.9996%), and the MR ratio oscillates with increasing
considered bias voltage when d = 0 A. The MR ratio could be reserved by applying a certain bias voltage.
These transport behaviors can be well understood by analyzing the transmission spectra, projected
density of states and scattering states. There are pure spin Seebeck coefficients and pure charge
Seebeck coefficients at certain temperatures when the distances are certain values, which means that
the corresponding temperature differences could produce pure spin current and pure charge current,

Received 3rd October 2021
Accepted 8th January 2022

DOI: 10.1035/d1ra07360e respectively. Our results provide new ideas for designing ultrahigh-performance spintronic molecular

rsc.li/rsc-advances devices.

can be prominently affected by tuning carbon chains with
different connection positions.” A study of matching styles
between CuPc and the electrode indicated that a symmetrical

1. Introduction

Molecular spintronics is a promising approach in downsizing

spintronic devices, storing high-density data and quantum
computing™” to achieve the negative differential resistance
(NDR) effect,® spin filtering effect* and giant magnetoresistance
(GMR) effect® studied in molecular spintronic devices. One of
the important characteristics of molecular spintronic devices is
that they are able to generate a large spin-filter efficiency (SFE)
by adopting a magnetic molecule sandwiched between the two
nonmagnetic electrodes.*® The SFE in FePc with gold electrodes
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matching interaction will enhance electron transport.* Inject-
ing holes into the molecular orbitals or resonance electrons of
the SnPc molecule can realize the conversion between spin-up
filtering and spin-down filtering."** Single-molecule magnets
can be connected to gold electrodes through sulfur atoms'**
and connected to carbon nanotube electrodes or graphene
nanoribbon electrodes through carbon atoms.''® Different
magnetic structures cause a resistance change, which could be
quantitatively described by the MR ratio.”” MR ratios of 27% and
~2 x 10"% were found in a Ni-bezenedithiol-Ni molecular
junction' and ZGNR-based molecular junctions,' respectively.
The spin-dependent hybridization of the electrode and molec-
ular orbitals could cause a large MR.® Perfect SFE and GMR
effects were observed in an MnPc molecular device."” Bipolar
SFE, NDR and spin rectifying effect were found in an all-carbon
multifunctional spintronic device.>* Metal (Co, Cr, Fe and Mo)-
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salophen molecular chains exhibited almost ideal SFE, and
there was a GMR of over 10° for the Co-salophen molecular
chain.** In our previous work, we investigated the quantum
transport properties of a twisted bilayer CuPc molecular device
and found that the twist angle could effectively modulate the
conductance and SFE of the CuPc molecular device.”* For
a topological insulator quantum dot, its conductance could be
adjusted by changing the quantum well bandgap, the width of
the topological insulator constrictions and the Fermi energy.>

In this paper, we studied the spin transport and thermoelec-
tric properties of a bilayer CuPc molecular device with two
VZGNR electrodes by non-equilibrium Green's function in
combination with density functional theory*** for two condi-
tions: a parallel spin configuration (PC) and an anti-parallel spin
configuration (APC). We found that bilayer CuPc molecular
devices show ultrahigh spin filter efficiency at zero bias when the
distances between the buffer layer and CuPc molecule are certain
values, which exceed 99.99996% and 97.91% for PC and APC,
respectively. Meanwhile, we observed that the SFE decreases and
the spin-polarized current shows an increasing trend with a bias
for the PC. Interestingly, the spin polarization of the bilayer CuPc
molecular device could be reversed when the distance was
a certain value and the MR could also be reserved by applying
a specific bias voltage. Particularly, there are reserved SFEs for PC
and APC when the distances are certain values and the reserved
SFEs exceed —26.03175% and —99.93448%, respectively. The MR
ratio exceeds 5.21 x 10”% (99.9996%). When the distances are at
certain values, there are pure spin Seebeck coefficients and pure
charge Seebeck coefficients at certain temperatures.

2. Computational details

We investigated the spin transport properties of a bilayer CuPc
molecular device with different distances between the buffer
layer linked with the lead and the central position of the atoms at
the edge of the bilayer CuPc molecules by combining density
functional theory and the non-equilibrium Green's function
approach, as implemented by the Nanodcal transport package.*®
The device is formed by three parts: right and left electrodes
(which extend to +«) and a central scattering region, which
contains two CuPc molecules, as well as left and right buffer
layers. The energy cutoff is set to 150 Rydberg, the k-point grid is
chosen to be 100 x 1 x 1 and the electrode temperature is set to
300 K. We introduced a vacuum layer of about 15 A in the y and z
directions to eliminate interaction between GNRs in neighboring
cells and the edge atoms, both electrodes and the central region
are saturated with hydrogen atoms to remove dangling bonds.*>*”
The exchange-correlation function is described by the local
density approximation proposed by Perdew and Zunger. We
defined the distance as zero when the edge atoms of the buffer
layer linked with the lead are at the central position of the atoms
at the adjacent edge of the bilayer CuPc molecules, as shown in
Fig. 1. When the buffer layer is kept away from the two CuPc
molecules, the distance is positive; otherwise, it is negative. The
quantum transport phenomena with the bilayer CuPc molecular
device are further understood by analyzing the transmission
spectrum, density of states and the scattering states.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

The spin-polarized current through the central scattering
region is calculated by the Landauer-Buttiker formula as
follows?®

() = § [ Toles Valfte =) ~fe— mllde (@

where e is the electron charge, % is Planck's constant, T, (¢, V3,) is
the electron transmission coefficient for the spin-up (1) and
spin-down (|) electrons (¢ = 1/]), fle — wuyr) is the Fermi
distribution function, and u; and uy represent the electro-
chemical potentials of the left and right electrode, respectively.
Vp is the bias voltage and I, is the total charge current. For every
spin state, T, (¢, V) is given by'”**

Tole, Vi) = Tr{I'L(e, V)GR(e)Tr(e, Vi)GA(e)] (2)

The spin-polarized conductance at zero bias is given by the
Landauer-Buttiker formula*® and is derived from the current
with respect to the voltage,* as follows

€2
Gc - ZTG(EF) (3)
where Ey is the Fermi level. The spin-polarized conductance
unit is G, = e’/h. For each spin state, T (Eg) is given by'’

To(Eg) = Tt[I' . GR TR G Moo (4)

where I';, and I'r represent the contact broadening functions
associated with the left and right electrode, and G® and G* stand
for the retarded and advanced Green's functions of the central
region, respectively.

At zero bias, SFE is defined as

T,(Er) — Ty (Er)

SFE= ——+ & ———~
T;(Er) + T, (Er)

x 100% (5)
where T4(Er) and T (Er) stand for the transmission coefficient
of the spin-up (SU) and spin-down (SD) states at the Fermi level,
respectively.
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Fig. 1 The structure of the bilayer CuPc molecular device. The red,
blue, black, and grey balls represent Cu, N, C, and H atoms, respec-
tively. The molecule in the scattering region is CuPc and the electrode
is a V-shaped zigzag-edged GNR electrode. (a) and (b) are the top and
side view of the molecular device, respectively.
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Considering the spin direction of the lead, there is a giant
magnetoresistance (MR) effect, and the MR ratios for the device
for PC and APC are defined by the following two formulae*

TPC - TAPC

MRI1 = x 100% (6)
APC
Toc — Tapc
MR2 = ——————— x 100% 7
Tvoc + Tarc ! @)

where Tpc = Tpc(Er); + Tec(Er), and Tapc = Tapc(Er); +
Tapc(Er),-

The spin-filter efficiency (SFE) with different bias voltages is
defined as

BSFE = x 100%

1+T

(8)

wherel; (o =1, |, spinup: T;spin down: |) is the spin-resolved
current.

The magnetoresistance ratios at different bias voltages are
defined by the following two formulae'”**

Iec — I,
BMRI1 = <A 5 100% 9)
APC
BMR2 — e = 1w 000, (10)
Irc + Inpc

where Ipc and Iypc are the total currents in the PC and the APC,
respectively.

At zero bias, the charge and spin Seebeck coefficient are
defined as S¢ = (S +S,)/2 and Ss = (S — §,)/2, where S; and S
are the spin-up and spin-down Seebeck coefficients,
respectively.*®
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3. Results and discussion

Fig. 2(a) and (b) show the SU and SD conductance versus the
distance in an oscillating manner; when the distance is nega-
tive, the SU and SD conductance first increase, then decrease
and then increase; the SU conductance increases and SD
conductance decreases with the distance when the distance is
positive in the PC. The SD conductance in the PC is larger than
the one in the APC. When the distance is in the special range
about —1.194 A to —1.109 A, the SU G is larger than the SD G
(Fig. 2(c)), and when the distance is something else, the SD G is
greater than the SU G. The SD and total conductance (the sum of
the SU and SD conductance) reach their maximum when the
distance is zero for the PC. The SU and SD conductance versus
the distance in an oscillating manner are shown in Fig. 2(a) and
(d).

Fig. 3(a) demonstrates the transmission at the Fermi level of
the CuPc molecular device versus the distance, which is exactly
the same as the change rule of the conductance. According to
eqn (5), there are negative SFEs, as shown in Fig. 3(b), when the
SU transmission is larger than the SD transmission in the PC
and APC, and the maximum and minimum SFEs are about
—26.03175% and 99.99996% for the PC, and —99.93448% and
97.91% for the APC. At zero bias, the SFE also exhibits oscilla-
tion. Fig. 3(c) and (d) show the MR ratio versus the distance in an
oscillating manner, and the maximum MR1 and MR2 are 5.21 x
10’% and 99.9996%, respectively. The SD G, total G and SFE of
the bilayer CuPc molecular device for the PC are the greatest
when the distance is zero, and the SD and total conductance for
the APC are smaller than the ones for the PC. In other words, the
electrical and spin properties of the bilayer CuPc molecular
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Fig.2 At zero bias, (a and b) the SU and SD conductance G in the PC and APC and the detail in the range of —1.215 to —1.079 A at the Fermi level
of the CuPc molecular device versus the distance with logarithmic ordinate; (c) the SU and SD G in the PC and APC versus the distance with linear
ordinate; (d) the SU and SD G in the APC versus the distance with linear ordinate.
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Fig. 3 (a) The spin-polarized transmission, (b) SFE and (c and d) MR ratio of the CuPc molecular device versus the distance.

device are optimal with d = 0 A. To understand the underlying
physical mechanism, we calculated the transmission spectrum,
spin polarized projected (projected onto orbitals and consid-
ering the angular momentum quantum number) density of
states and the scattering states, as shown in Fig. 4 and Fig. 5.
Fig. 4 demonstrates the transmission and scattering states of
the CuPc molecular device in the PC with d = 0 A (a—e¢) and d =
—1.16584 A (f-j). For the bilayer CuPc molecular device at zero
bias, the transmission at the Fermi level in the SU channel is

smaller than the one in the SD channel (a) and the scattering
states in the SD channel are stronger than the one in the SU
channel (b-e) with d = 0 A (SFE = 99.99996%). However, there
is a diametrically opposite law of change for the transmission (f)
and scattering states (g-j) of the device with d = —1.16584 A
(SFE = —26.03175%).

Fig. 5 shows the transmission spectrum and the spin
polarized projected (projected onto orbitals and considering the
angular momentum quantum number) density of states (PDOS)

1.0 .

(a) —SU,doPC
- 08k ---SD,d0,PC
o
@ 06t
§ 04}

s
©
= o2}

1.0 T T
(f) —SUu,d1,PC
o 08fom ---SD,d1,PC
o
7] L
,ﬂ 0.6 | ]
E 04}
c A
'|_' 0.2 %% 0.0

S1L.1,SD,d0,PC (e) $11.2,SD,d0,PC

coles
2006° %00’
V00, 00,

* L)
#0060 % BN .
o %¢° e’

'Y

1.0

Fig. 4 The transmission and scattering states of the CuPc molecular device in the PC with d = 0 A (d0) (a—e) and d = —1.16584 A (d1) (f—j).
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Fig. 5 The transmission spectrum and the spin polarized projected (projected onto orbitals and considering the angular momentum quantum
number) density of states (PDOS) of the CuPc molecular device in the PC and APC with Vi, =0V andd = 0 A.

of the CuPc molecular device in the PC and APC with V,, =0V
and d = 0 A. The transmission spectrum for the PC is generally
larger than the one for the APC. At the Fermi level, the SD
transmission in the PC is clearly higher than the SU trans-
mission and the transmission in the APC. As a whole, the PDOS
in the PC is greater than the one in the APC.

The above results drove us to investigate the effect of bias
voltage on the spin filtering efficiency. Fig. 6 shows the influ-
ence of bias voltage on the electrical properties of the bilayer
CuPc molecular device with the distances d =0 A and d = —1.06
A for the PC and APC. There is an increasing trend for the SU
and SD currents when the bias increases and the bias is larger
than certain values. The SD current in the PC and APC for d =
0 A and the SU current in the PC and SD current in APC for d =
—1.06 A show a NDR effect with an onset bias of about 0.5 V. The
SU current for d = 0 A and SD current for d = —1.06 A show
a NDR effect with an onset bias of about 0.05 V and 0.2 V,
respectively. The bias-dependent spin filtering efficiency (BSFE)
first increases and then decreases with the PC, and first

increases, then decreases and then increases with the APC with
increasing considered bias voltage when d = 0 A and the BSFE
for d = —1.06 A oscillates with increasing bias, as shown in
Fig. 6(b). The largest BSFEs for d = 0 A and d = —1.06 A in the
PC are about 99.9986% and 99.69%, and are about 99.9988%
and 99.999% in the APC, respectively. The largest reversal BSFEs
for d = —1.06 A are about —97.08% in the PC and —85.75% in
the APC. For the PC and APC, there is a giant magnetoresistance
effect, and the bias-dependent magnetoresistance ratios BMR1
and BMR2 change with increasing considered bias voltage in an
oscillating manner when d = 0 A and d = —1.06 A, as shown in
Fig. 6(c) and (d). The highest MR1 values are about 1.39 x 10°%
and 1.97 x 10%% for d = 0 A and d = —1.06 A, respectively. As
shown in eqn (9) and (10), the SFE and MR are determined by
the SU and SD currents (Fig. 6(a)).

Fig. 7 shows the transmission in the SU and SD channel of
the CuPc molecular device for the PC and APC with a distance of
0AatV,=0.01Vand V;, = 0.5V.
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(a) The spin-polarized current, (b) SFE, and (c and d) MR ratio of the CuPc molecular device versus the bias voltage.
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Fig. 7 The transmission spectrum of the CuPc molecular device in the PC and APC with V,, = 0.01V and V,, = 0.5 V.
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Fig. 8 The transmission spectrum and the spin polarized projected (projected onto orbitals and considering the angular momentum quantum
number) density of states (PDOS) of the CuPc molecular devices in the PC and APC with V,, = 0.01Vin (a) and (b), and in the PC and APC V,, = 0.5V

in (c and d).

The SU and SD transmission for the PC at V;, = 0.01 V are
greater than the ones for the APC (Fig. 7(a) and (b)). At V;, = 0.5V,
there is a little difference in the SU transmission in the PC and
APC, and the SD transmission in the PC is lower than the one in
the APC, as shown in Fig. 7(a) and (b), respectively. The change
values of the SU and SD transmission at V;, = 0.01 V and V}, =
0.5 V correspond to the change of the spin-polarized current.

Fig. 8 shows the transmission (7) and PDOS (P) of the s, p,
and d orbitals in the SU and SD channels of the CuPc molecular
device for the PC and APC with a distance of 0 A at V;, = 0.01 V
and V3, = 0.5 V, which correspond to the changing rule of the
spin-polarized current at bias = 0.01 V and 0.5 V.

At bias = 0.01 V, as shown in Fig. 8(a), there are two main
transmission peaks from —1 eV to 1 eV: about —0.59 eV and
—0.025 eV for SD, and about —0.61 eV and —0.31 eV for SU for
the PC. There is one main transmission peak for the SU and SD
channel (Fig. 8(b)) at about —0.61 eV and —0.59 eV, respectively.
At bias = 0.5V, as shown in Fig. 8(c) and (d), there are two main
transmission peaks of about 0.7 eV and 0.8 eV for the SU
channel and three main transmission peaks of about —0.49 eV,
0.71 eV and 0.81 eV for the SD channel for the PC. For APC, there

© 2022 The Author(s). Published by the Royal Society of Chemistry

are two main transmission peaks of about 0.7 eV and 0.8 eV for
the SU channel and four main transmission peaks of —0.49 eV,
—0.36 eV, 0.71 eV and 0.82 eV for the SD channel (Fig. 8(d)). The
origin of the transmission peaks could be figured out by

— . . . .
400 + A *A v ]
~ 200" = an Y v
< 4—.%—”.—.—.13:&
2 200} \ y ]
< D,
ww -400 | v [ | pureSs,PC )
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'5 -800 v A pureS_APC| |
[« 1000 v v pure S APC| ]
20 15 -1.0 -0.5 0.0 0.5 1.0
Distance(A)

Fig. 9 The pure spin Seebeck coefficient and charge Seebeck coef-
ficient of the CuPc molecular device in the PC and APC versus the
distance.
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(c) and (d).

projected density of states (PDOS);** therefore, we demonstrated
the PDOS of the s, p, d orbitals in the SU and SD channels of the
CuPc molecular device with the PC and APC (Fig. 8). As shown in
Fig. 8(a-d), the transmission is mainly controlled by the PDOS
of the p orbital. The transmission peaks essentially coincide
with the corresponding PDOS peaks, and most other PDOS
peaks have no distribution to the transmission peaks.

Fig. 9 shows the pure spin Seebeck coefficient (Sc = 0) and
charge Seebeck coefficient (S5 = 0) of the CuPc molecular device
in the PC and APC versus the distance. It can be seen that when
the distance is greater than about 0.5 A, there is only the pure
charge Seebeck coefficient in the PC and APC, that is, there is
a pure charge flow at the corresponding temperature difference.
As the distance increases, the pure charge Seebeck coefficient
first increases and then decreases in the PC, while the pure
charge Seebeck coefficient in APC increases, that is, the corre-
sponding pure charge flow increases. However, when the
distance is about 0.859 A, the pure Ss and Sc are zero, that is,
there are no pure Sg and S¢ at the corresponding temperature.
When the distance is negative, in different regions, there are pure
spin Seebeck coefficients and pure charge Seebeck coefficients
for the PC and APC, respectively, that is, there are pure spin
current and pure charge current. When the distance is around
—0.5 A, there is a positive pure spin Seebeck coefficient for the PC
and APC, and there is a negative pure charge Seebeck coefficient
for the APC. When the distance is near 1 A, there is a large
negative pure charge Seebeck coefficient; when the distance is
less than about —1.46 A, there is a positive pure spin Seebeck
coefficient for the PC and APC, and it increases with decreasing
distance, that is, there is a pure spin current increasing with
decreasing distance. As shown in Fig. 10(b) and (d), when the
distances are about —0.9958 A (d2) and —1.8388 A (d3), there are
three pure S¢ and two pure Ss at different temperatures in the
APC, respectively, which means that there are three and two

3392 | RSC Adv, 2022, 12, 3386-3393

different temperature differences to produce pure charge current
and pure spin current, respectively. Fig. 10(a) shows that the SU
and SD Seebeck coefficients first decrease and then increase with
the temperature; the SD Seebeck coefficient first decreases and
then increases with the temperature; however, the SU Seebeck
coefficient first increases, then decreases, then increases and
then decreases with temperature.

4. Conclusions

In conclusion, we have investigated the spin-dependent
conductance, current, SFE and MR ratio of a bilayer CuPc
molecular device with different buffer layer-molecule distances
using DFT-NEGF. The results show that the greatest spin filter
efficiency of the bilayer CuPc molecular device at zero bias
exceeds 99.99996% in the parallel spin configuration and
97.91% in the anti-parallel spin configuration. Particularly,
there are reserved SFEs for the PC and APC when the distances
are certain values, and the reserved SFEs exceed —26.03175%
and —99.93448%, respectively. For the PC and APC, there is
a giant magnetoresistance effect, and the MR ratio exceeds 5.21
% 107% (99.9996%). Moreover, the MR is reserved when the bias
voltage is at certain values. With an applied bias, a negative
differential resistance effect was observed for the distance at
certain values, such as d = 0 and —1.06 A. When the distances
are certain values, there are pure spin Seebeck coefficients and
pure charge Seebeck coefficients at certain temperatures, which
means that the corresponding temperature differences could
produce pure spin current and pure charge current. Our results
provide a promising approach for designing high-performance
spintronic and spin thermoelectric molecular devices.
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