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Abstract. By using density functional theory and non-equilibrium Green’s function method, we investigate
the spin-dependent transport properties of an all-carbon spintronic device consisting of a perylene molecule
linked to two symmetrical ferromagnetic zigzag-edge graphene nanoribbon (ZGNR) electrodes via carbon
atomic chains, where the magnetization of ZGNR electrodes are modulated by applying an external mag-
netic field. The device exhibits spin filtering and negative differential resistance (NDR) effect in parallel
spin configuration. Bipolar spin filtering, spin rectifying and NDR effect are revealed in antiparallel spin
configuration. And there is a giant magnetoresistance effect between parallel and antiparallel spin con-
figurations. We discuss these interesting transport mechanisms, and suggest that the proposed all-carbon
device holds promise in high-performance multifunctional nanoelectronic devices.

1 Introduction

Single-molecule spintronic device will play an important
role in the next generation of electronic systems due to
its excellent performance [1-3]. Spintronic devices attract
more attention, in which spin filtering [4], spin crossover
[5], negative differential resistance (NDR) effect [6], giant
magnetoresistance (GMR) effect [7] are found. These
unique phenomena can improve quantum computation
and data storage capability of nanoelectronic devices in
the future. In recent years, the theoretical studies on
single-molecule spintronic devices have been carried out
[8—10]. Organic molecules play an active role in spintronic
devices, because they hold weak spin-orbit interactions,
weak hyperfine interactions, long spin-relaxation times
and mechanical flexibility [11-13]. A number of multifunc-
tional and high-performance spintronic devices based on
organic molecular materials have been extensively stud-
ied. The spintronic devices based on the zinc methyl
phenalenyl molecule exhibited spin filtering and rectify-
ing effects [14]. There are high-efficiency GMR effect,
spin filtering, spin rectifying and NDR effect in the
planar four-coordinate Fe complex device [15]. These
notable results showed that the spintronic devices based
on organic molecular materials have broad prospects for
multifunctional high-performance devices.

As we know, graphene nanoribbons (GNRs) have high
carrier mobility and remarkable long spin-coherence time
as well as distance, thus GNRs electrodes have been
applied to the spintronic devices [16-18]. According to
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different edge of GNRs, there are two types of GNRs:
armchair- and zigzag-edge GNRs (AGNRs and ZGNRs).
AGNRs are nonmagnetic semiconductors [19,20]. Inter-
estingly, researchers found that when ZGNRs edges are
passivated by hydrogen atoms, it will hold the ground
state with an antiferromagnetic (AFM) state. But the
AFM state of ZGNRs has a great limitation in spin-
tronics applications because its magnetic moment is zero.
Previous studies have shown that the ZGNRs can be mag-
netized to a more stable ferromagnetic (FM) state by
applying a transverse electrical field or a magnetic field
[21,22], and this made ZGNRs well used as electrodes in
spintronic devices. Recently, molecular device in which
individual organic molecule is embedded in GNR elec-
trodes has been successfully prepared and stably existed at
room temperature, which indicates that molecular devices
using GNR as electrodes are completely feasible and
promising [23].

In addition, it is noteworthy that the stable carbon
atomic chain (CAC) can be directly carved out from
graphene sheet by using the electron irradiation [24]. Some
interesting phenomena were found in several configura-
tions of the CAC connected to the GNR leads. When CAC
linked to ZGNR electrodes, a complete spin-polarization
of the electron transmission was found in large energy
ranges around the Fermi level [25]. It was found that
the current—voltage characteristics of short CAC exhibit
even-odd behavior, and NDR effect is found for both
even and odd chain junctions [26]. High-performance spin
diode of CAC between transverse symmetric ribbon elec-
trodes was also reported [27]. Recently, organic molecular
devices based on CACs have been extensively studied
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Fig. 1. (a) Schematic view of the all-carbon spintronic device.
(b) Spin charge density difference for parallel (P) and antipar-
allel (AP) spin configurations at zero bias. The red and blue
colors represent spin-up and spin-down, respectively.

theoretically. A phenyl ring is linked to the ZGNR elec-
trodes through CACs, achieving perfect spin filtering
and NDR effect. [28]. Similarly, a device consisting of
chromium porphyrin-based molecule and CACs achieves
the spin filtering with 100% spin polarization efficiency
[29]. Perylene is a polycyclic aromatic hydrocarbon, and
its derivatives have been investigated in organic opto-
electronic materials both experimentally and theoretically
[30-32]. Using scanning tunneling microscopy (STM), the
researchers obtained high-resolution STM images of a
perylene molecule adsorbed on Ag (110) surface [31]. The
different adsorption modes of perylene on a titanium diox-
ide anatase (101) surface were investigated by density
functional theory for efficient dye-sensitized solar cells
[32]. In the present work, we study the spin-dependent
transport properties of an all-carbon spintronic device
consisting of a perylene molecule linked to two sym-
metrical ZGNR electrodes via CACs by employing the
non-equilibrium Green’s function method (NEGF) com-
bined with the density functional theory (DFT). The
results show that the all-carbon device can exhibit spin fil-
tering (bipolar spin filtering), high-efficiency GMR effect,
spin rectifying and NDR effect.

2 Model and method

The proposed all-carbon spintronic device is illustrated in
Figure la. A perylene molecule is linked to the left and
right infinite 6-ZGNR electrodes via CACs, and the num-
ber “6” is the width of the ZGNR along the direction
perpendicular to the nanoribbon axis [33]. The device is
separated into three regions: the left electrode (LE), the
central scattering region (CSR), the right electrode (RE).
The semi-infinite electrodes are modeled by a supercell
with three repeated ZGNR unit cells along the trans-
port direction, the CSR includes the perylene molecule,
CACs, and four repeated ZGNR unit cells from each elec-
trode to avoid the interaction between the electrodes and
the central molecule. The enough vacuum layer (15 A) is
taken to eliminate interactions between neighboring peri-
odic images. The edges of the two ZGNR electrodes are
considered as FM state. The magnetization of the two elec-
trodes can be modulated by applying an external magnetic
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field. In the calculations, we consider two kinds of spin ori-
entation, parallel (P) spin configuration and antiparallel
(AP) spin configuration.

The geometric optimization and spin-dependent trans-
port calculations are performed by using the Atom-
istix Toolkit (ATK) package, which is based on NEGF
and DFT [34,35]. The electron exchange-correlation is
described by the generalized gradient approximation
(GGA) with a Perdew-Burke-Ernzerhof (PBE) func-
tional, and the valence electronic orbitals of all atoms are
expanded in a single-¢ plus polarization (SZP) basis since
it is good enough in our calculations [29,36]. The atomic
positions in the CSR are fully relaxed until all atomic
residual forces are smaller than 0.02e¢V/A. The k-point
sampling is 1 x 1 x 100, and the energy cutoff for grid
integration is 150 Ry. The spin-dependent current through
the device is calculated by the Landauer—Biittiker formula
[37]:

L) =S / T, (B Vi) [f1(E — ) — fr(E — pg)ldE

h
(1)

where the o is the spin index (spin-up or spin-down),
fory = 1/[1+ eFHm)/*eT] is the Fermi-Dirac distri-
bution function of energy E and the temperature T of the
LE (RE). pr(r) denotes the electrochemical potential of
the LE (RE) at the bias V4, kp is Boltzmann constant.
T,(E,Vs) is the spin-dependent transmission function of
spin-up (spin-down):

To(E,Vy) = Tr[lZ(E)GL(E)TF (E)Go(E)]  (2)

here, G s the spin-dependent retarded (advanced)

, . L(R) _ ./x=R A .
Green’s function. T ):z(ZL(R)(E) - Xw)(E)) is
the coupling function between the LE (RE) and CSR,
Zf( R) (E) and Zf( R) (E) are the self-energy matrices that
consider the effect of the two electrodes.

3 Results and discussion

Figure 1b illustrates the spin charge density difference
for P and AP spin configurations at zero bias. It can be
seen that magnetism is mainly distributed on the edge
atoms of ZGNR electrodes and CACs. Figures 2a and 2b
depict the spin-dependent current—voltage (I-V') curves
for P and AP spin configurations. In Figure 2a, the spin-
up current (I,,p) is much larger than the spin-down current
(Ian) at both positive and negative bias, and I, is almost
zero. This indicates the spin-up transport channel is con-
tinuously open while the spin-down one is closed within
the whole bias. Therefore, the all-carbon device in P spin
configuration shows the spin filtering. Describing spin fil-
tering, the bias-dependent spin filtering efficiency (SFE)
is defined as SFE = (I, — Ian)/(Lup + Ian), and at zero
bias, SFE = (Tup — Tan)/(Tup + Tan), here Ty, and Ty,
indicate the transmission coefficients of spin-up and spin-
down at the Fermi level, respectively. The SFE of P spin
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Fig. 2. (a) and (b) Spin-dependent current-voltage (I-V)

curves for P and AP spin configurations. (c) Spin filtering
efficiency (SFE) curves for P and AP spin configurations. (d)
Magnetoresistance ratio (MR) of the GMR effect.

configuration is nearly 100% as Figure 2c¢ showed. In addi-
tion, it can be seen that when I, exceed 0.5 (—0.5)V,
I,p begins to decrease until 1.0 (—=1.0) V. So I, is sup-
pressed at high bias, forming the NDR effect. Unlike P
spin configuration, the current in AP spin configuration
is embodied in unidirectional spin-dependent properties,
i.e., Iyp (Ian) only appears when negative (positive) bias
voltage exceeds —0.3 (0.3) V. This means that at positive
bias, only spin-down channels are open, while at nega-
tive bias, only spin-up channels are open. Accordingly,
the all-carbon device in AP spin configuration can dis-
play bipolar spin filtering and spin rectifying. The SFE
reaches about 100% (—100%) when the bias value exceeds
—0.3 (0.3) V. The spin-dependent rectification ratio (RR)
for I, (Ian) is defined as RR = [Lyp(—V3)/Lup(+V2)]
(RR = [Ign (+W5)/1an (= V3)|), and the maximum RR value
reaches about 75 (84) for I,,, (Iqn). At small bias, the cur-
rent of AP spin configuration is very small, even it can
be negligible compared with P spin configuration, which
reveals the GMR effect. The magnetoresistance ratio
(MR) is defined as MR = [(Ip —Iap)/Ip] % 100%, here
Ip and Iap are the total current of P and AP spin configu-
rations, respectively. Particularly, at zero bias, we replace
Ip (Iap) with the transmission coefficients Tp (Tap) and
MR = [(Tp —Tap)/T op] x 100%. As illustrated in Fig-
ure 2d, the maximum MR reaches about 1.7 x 10° in the
bias range of [—0.3V, 0.3V], which is larger than the
results in previous studies [13,15,36]. In addition, Iyp (Zdn)
decreases at high bias (beyond —0.8 (0.8) V) causing the
NDR effect. The NDR effect can be widely used in ampli-
fication [38], data storage [39], oscillators [40] and other
applications in semiconductor devices.

To explain the unique spin-dependent transport char-
acteristics in P and AP spin configurations, the spin-
dependent transmission peaks and the local density of
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Fig. 3. The spin-dependent transmission peaks and the local
density of states (LDOS) for (a—c) P spin configuration and
(d—f) AP spin configuration at the Fermi level at zero bias.

states (LDOS) at the Fermi level at zero bias are dia-
grammed in Figure 3. It is known that the electronic
transmission of the device depends mainly on the trans-
mission peak near the Fermi level. For P spin config-
uration, a large spin-up transmission peak occurs near
the Fermi level, while there is no spin-down transmission
peaks in Figure 3a, which is related to the distribution of
the LDOS. In Figures 3b and 3c, the spin-up LDOS are
distributed on the whole device, which provides a sufficient
transport channel. While spin-down LDOS are only dis-
tributed on the electrodes, this leads to closed spin-down
transport channel, thus there is no transmission peak near
the Fermi level. For AP spin configuration in Figure 3d,
spin-up and spin-down transmission peaks have similar
characteristics, there is a small transmission peak far away
from the Fermi level. The spin-up and spin-down LDOS
are mainly localized on the two electrodes and one side of
CACs shown in Figures 3e and 3f, therefore, the spin-up
and spin-down transport are suppressed near the Fermi
level.

To further explain the transport properties at finite
bias, the spin-up and spin-down transmission spectra at
different bias for P ([0V, 1.0V]) and AP ([0V, 1.0V]
and [0V, —1.0V]) spin configurations are displayed in
Figure 4. For P spin configuration in Figure 4a, the inte-
gral area of spin-up transmission peak gradually increases
at the bias from 0 to 0.5V. After 0.5V, the peak within
the bias window decreases and the integral area begins
to decrease, then the NDR effect occurs. The variation of
the spin-up transmission peak is consistent with the cur-
rent trend of I, in Figure 2a, i.e., I, firstly increases
and then gradually decreases within the bias voltage of
[0V, 1.0V]. In Figure 4b, compared with spin-up trans-
mission peak, there is almost no spin-down transmission
peak within the bias window. Therefore, the integral area
of spin-up is larger than the spin-down one, and this device
can be regarded as a perfect filter in P spin configuration.
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Fig. 4. (a) and (b) Spin-up and spin-down transmission spec-
tra for P spin configuration within the bias range of [0V, 1.0 V],
(c) and (d) spin-up and spin-down transmission spectra for AP
spin configuration within the bias range of [0V, 1.0 V], (e) and
(f) spin-up and spin-down transmission spectra for AP spin
configuration within the bias range of [0V, —1V]. The region
between two dashed red lines indicates the bias window.

For AP spin configuration, from Figures 4c to 4f, one can
see that the spin-up transmission peaks appear at nega-
tive bias, and the spin-down transmission peaks appear
at positive bias. This indicates that spin-up electrons can
pass through the device at negative bias, and spin-down
electrons can pass through the device at positive bias.
When the bias exceeds —0.8 (0.8) V, I, (lqn) transmis-
sion peak integration area gradually decreases, resulting
in NDR effect. It can be seen that there is no spin-up
and spin-down transmission peaks within the bias win-
dow at small bias for AP spin configuration, as a result,
there is almost no spin-dependent current at the small bias
range, and the total current of AP spin configuration is
less than that of P spin configuration. Consequently, the
GMR effect appears when the device switches between P
and AP spin configurations at small bias.

The electronic transport properties can be further
explained by the band structures of both left and right
electrodes plotted in Figure 5, position of molecular
orbitals in Figure 5 and the corresponding molecular
projected self-consistent Hamiltonian (MPSH) eigenstates
shown in Figure 6. For P spin configuration, there
are three spin-up molecular orbitals 314-316 and three
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Fig. 5. Spin-dependent band structures for LE (left panels),
RE (right panels), and transmission peaks (middle panels) at
different bias. (a) and (b) Correspond to P spin configuration
at 0.5V and 0.9V, respectively. (c) and (d) Correspond to AP
spin configuration at 0.8 V and —0.8 V, respectively. The region
between the two dotted blue lines indicate the bias window.
The black and red short lines indicate the molecular orbitals
position of spin-up and spin-down, respectively.

spin-down molecular orbitals 313-315 within the bias
window at 0.5V in Figure 5a. The spin-down molecular
orbital 315 is located in the overlap area between 7* sub-
band of LE and 7 subband of RE. The isosurface plots of
bloch wave function of ©* (7) subband has even (odd)
parity under the o mirror operation in Figure 7, and
electrons between 7* and 7 subbands are forbidden to
transmit [41,42]. This indicates that the spin-down molec-
ular orbital 315 has no contribution to transport. At 0.5V,
the spin-up MPSH eigenstates of molecular orbitals 314
and 316 are delocalized on the whole device, the spin-down
molecular orbitals 313 and 314 are localized. Thus, there
are spin-up transport channels, and spin-down transport
channels are almost closed, the observed spin-up transmis-
sion peak and disappeared spin-down transmission peak
result in spin filtering. As the positive bias continues
to increase, subbands will continuously move down and
up for LE and RE, respectively. At 0.9V, there is only
one spin-up molecular orbital 316 in the overlap area of
symmetric subbands (7* to 7*) in LE and RE shown
in Figure 5b. The spin-up MPSH eigenstates of molec-
ular orbital 316 is localized on RE, resulting in smaller
transmission peak, thus the NDR effect is observed. The
MPSH eigenstates of spin-down molecular orbitals 313
and 314 are localized, being far from the Fermi level, so
the spin-down transport channel is still almost closed and
no transmission peak occurs. For AP spin configuration, in
Figures 5¢ and 5d, at positive bias, subbands of LE (RE)
move down (up). While at negative bias, subbands of LE
(RE) move up (down). At 0.8V, there are three (four)
spin-up (spin-down) molecular orbitals within the bias
window. But all spin-up molecular orbitals do not con-
tribute to the electronic transport due to the asymmetry
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of LE and RE subbands. As plotted in Figure 6, even if
the spin-down MPSH eigenstates of molecular orbital 314
(315) is localized on LE (RE), the unconspicuous delocal-
ization of the spin-down MPSH eigenstates of molecular
orbitals 316 and 317 can provide weak transport chan-
nel. This leads to a smaller spin-down transmission peak
at 0.8 V. The position of molecular orbitals in Figure 5d
and MPSH eigenstates in Figure 6 indicate that there is
a weak spin-up transport channel and a closed spin-down
transport channel at —0.8 V, and only spin-up transmis-
sion peak appears. Consequently, there is only spin-down
transmission peaks at positive bias, and only spin-up
transmission peaks at negative bias, resulting in bipolar
spin filtering and spin rectifying.

4 Conclusion

We investigate the spin-dependent transport properties of
an all-carbon spintronic device consisting of a perylene
molecule linked to two symmetrical ferromagnetic ZGNR
electrodes by using the DFT and NEGF methods. The
proposed device exhibits spin filtering and NDR  effect for

both P and AP spin configurations, spin rectifying for AP
spin configuration. And there is a GMR effect between
P and AP spin configurations. The maximum magne-
toresistance ratio reaches about 1.7 x 10°. The displayed
transport properties were explained by the spin-dependent
transmission spectra, LDOS, band structures, molecular
orbitals and MPSH eigenstates. Theoretical investiga-
tions presented herein provide further understanding of
the transport mechanism of spintronic devices, and these
results also provide guidance for the design of new multi-
functional and high-performance nanoelectronic devices.
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