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Based on the first-principles method, the electronic spin transport properties of terphenyl molecule

bridging in zigzag graphene nanoribbon (ZGNR) electrodes with three connecting linkages were
investigated, including dangling, heptagon, and pentagon-linkages. For the pentagon-linkage system, we
observed a perfect spin filtering effect in the parallel (P) configuration (at almost 100% spin polarization),
with the heptagon-linkages system following next (85-95% spin polarization), however, the spin filtering

effect is almost negligible for the dangling-linkages system. In the antiparallel (AP) configuration, the

pentagon- and heptagon-linkage systems also showed a high spin filtering effect. The terphenyl
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molecule was then replaced by carbon chains based on the pentagon-linkages, and these devices also

show a perfect spin filtering effect (100% spin polarization). Finally, the thermally induced spin transport

DOI: 10.1039/c8ra06852f

rsc.li/rsc-advances thermal spin polarization.

1. Introduction

Research on graphene and the corresponding low-dimensional
graphene nanoribbons (GNRs) has become more and more
important in nanoscience and nanotechnology,"* because of
their predominant properties, including a high carrier mobility,
edge magnetic state, and sensitivity for gate adjustment. Gra-
phene also shows long spin-scattering times and is expected to
be a good candidate for spintronic components.>® The nano-
ribbons can be obtained by cutting a graphene sheet along
a certain direction, and the electronic or magnetic properties
can be turned by various approaches,”® such as doping chem-
ical elements,” introducing defects,"”™"* and applying an
external electric or magnetic field.">** In graphene nanoribbons
with zigzag-shaped edges, magnetic exchange interactions
between the spin states at the edges favor antiparallel (antifer-
romagnetic) configurations. However, the strength of this
interaction decreases rapidly as the width, W, of the nanoribbon
increases. For zigzag graphene nanoribbons (ZGNRs), the
stability of two parallel ferromagnetic configurations may
depend on the condition of an external magnetic field."> Some
intrinsic topological defects are commonly found due to the
growth process of graphene, therefore, multiple domains will
appear inside graphene,'"” such as pentagon-heptagon (5-7),
octagonal and paired pentagonal (558) defects. These defects
are one-dimensional topological line defects which can be
observed using a scanning tunneling microscope (STM).
Previous research show that ZGNRs with an extended 558-defect
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for the carbon chains model with pentagon-linkages was explored, and this system exhibits almost 100%

can exhibit a spin polarization,*® but the spin-filtering efficiency
is less than 80%. When ZGNRs and armchair graphene nano-
ribbons (AGNR) are connected by pentagon-heptagon (5-7)
defect-lines, different spin polarizations can be obtained. More
interesting, defect-line types obviously affect the polarization
efficiency.” However, the departmental influence of pentagon-
heptagon (5-7) defects on the spin transport properties are not
clear. For single molecules attached between two electrodes,
interference effects originating from different anchoring groups
or positions clearly affect the transport of electrons.”® For
example, a polyacetylene chain bridging the graphene sub-
lattice of ZGNRs may lead to two bonding arrangements, and
metallic or semiconducting systems can be obtained owing to
the local coupling.> Moreover, spin caloritronics are attracting
growing interest, as they combine the advantages of thermo-
electronics and spintronics with thermally induced spin
currents in the absence of an external bias voltage.”* In this
paper, we study the spin transport properties of the terphenyl
molecule connected by two ZGNR electrodes with different
connecting configurations, which include dangling,*
heptagon,™ and pentagon-linkages.'® For the pentagon-linkages
system, we can observe a high spin filtering effect in the parallel
(P) configuration, this is followed closely by the heptagon-
linkages system, while the spin filtering effect is almost negli-
gible for the dangling-linkages system. In the antiparallel (AP)
configuration, the pentagon- and heptagon-linkages systems
also show a spin filtering effect. The terphenyl molecules were
then replaced by carbon chains based on pentagon-linkages,
and these devices were also found to show a perfect spin
filtering effect in the P and AP configurations. Finally, thermally
induced spin transport for the carbon chains model with

This journal is © The Royal Society of Chemistry 2018
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pentagon-linkages was explored, and this system exhibits
almost a 100% thermal spin polarization.

2. Models and methods

The ribbon widths of ZGNRs can be characterized by the
number of zigzag C chains, N, along the nanoribbon axis, and is
denoted as NZGNRs. An even and odd N correspond to

M1 ¢
Fig. 1 (a) The geometric structures of model M3, (b) and (c) corre-
spond to the different connection interfaces between the electrodes
and the central molecule for models M1 and M2. L (R) and C indicate

the left (right) electrodes, and the central scattering region,
respectively.
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symmetric and asymmetric ZGNRs. Here, we chose 11 and
12ZGNRs as the two types of electrodes. The structure of the
molecular device is illustrated schematically in Fig. 1, which is
divided into three regions, left (right) electrode and the scat-
tering region. For M1 (M2, M3), the connecting configurations
between the terphenyl molecule and the ZGNRs electrodes are
dangling (pentagon, heptagon).

The geometry optimizations and the calculation of the
electronic properties were performed using a first-principles
method based on density functional theory (DFT) combined
with the non-equilibrium Green's function (NEGF) technique,
as implemented in the Atomistix ToolKit software. The spin
generalized gradient approximation (SGGA) was used as the
exchange-correlation functional. The real space grid techniques
were used with an energy cutoff of 200 Ry as the required cutoff
energy in numerical integrations and as the solution to the
Poisson equation using a fast Fourier transform (FFT). The
geometrical structures used were optimized until all residual
forces on each atom were smaller than 0.01 eV A~* under the
periodic boundary condition. The wave function was expanded
by a double-zeta plus polarization (DZP) for all atoms. The
current, 1, in the systems, as a function of the applied external
bias, V, can be calculated from the Landauer-like formula:*

I; = (e/h) fv‘f/zz Ts(E,V)dE, in which ¢ =

region of the bias window is [—eV/2, +eV/2], and T4(E,V) is the
bias-dependent transmission coefficient.

o and B spin. The

3. Results and discussion

When the external magnetic fields applied to two electrodes are
the same or in the opposite direction, magnetic ordering is
denoted as parallel (P) [1, 1] or antiparallel (AP) [1, —1].*

Fig. 2 The spin density isosurfaces for M1-M3 in the P and AP configurations: (a) M1 in P configuration; (b) M2 in P configuration; (c) M3 in P
configuration; (d) M1 in AP configuration; (e) M2 in AP configuration; and (f) M3 in AP configuration.
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Fig. 3 (a)—(c) Transmission spectra for M1-M3 in the P and (d)-(f) AP configurations. The Fermi level is set to zero, as indicated by the green
vertical dotted lines.

Table1 The a and B LDOS spin density for M1-M3 in the P configuration

Model M1 M2 M3

aE B

34184 | RSC Adv., 2018, 8, 34182-34191 This journal is © The Royal Society of Chemistry 2018
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Fig.4 (a)-(c) The |-V curves for M1-M3 with a ZGNR width of 11 in the P configuration, and (d)-(f) the /-V curves for M1-M3 with a ZGNR width

of 12 in the P configuration.

Fig. 2a-f demonstrates the spin density for M1-M3 with the
isosurface of the spin density (Vp = p, — pp) in the P and AP
magnetic configurations, in which p, and pg denote the electron
density of the a-spin (magenta) and B-spin (cyan), respectively.
As can be seen, the localized magnetic distribution at the

This journal is © The Royal Society of Chemistry 2018

interface is obviously different, which is a reduction at the
interface from M1 to M2 (M3). Meanwhile, the magnetic
distribution for the two spin component in the molecules are
completely different in each of the three models, and change
with the external magnetic configurations. Using M3 as an

RSC Adv., 2018, 8, 34182-34191 | 34185
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Fig.5 The SFE curves for M1-M3 with different ZGNR widths of 11 and
12 in the P configuration.

example, there exists a net o-spin magnetic moment at the
molecule and the interface with M3 in the P configuration,
while both the a- and B-spin magnetic moment are distributed
asymmetrically on the molecule in the AP configuration, as
shown in Fig. 2c and f, respectively, which give rise to a spin
splitting and degeneration in the central region. Fig. 3 shows
the transmission spectra for M1-M3 at zero bias in the P and AP
configurations, which show completely different behaviors at
equilibrium. It is notable that the transmissions are different:
for M1, the transmission coefficients are finite at the Fermi level
for two spins, and the value in the P configuration is larger than
the AP configurations (Fig. 3a and d). While the B-spin trans-
mission coefficients are almost equal to zero at the Fermi level

View Article Online

Paper

for M2 (M3) in the P configuration, and pronounced o-spin
transmission peaks can be observed in the Fermi level region,
which contributes to the a-spin current. Therefore, the spin-
filter efficiency (SFE) is n = |(T,, — Tp)/(T,. + Tp),>® and 100%
spin polarization can be obtained. For M3, the energy position
of the B-spin transmission peak is far away from the Fermi level
when compared with M2, we can predict that M3 will show
a larger bias region with a spin filtering effect. For the AP state,
the three models show spin-degenerate behaviors, which orig-
inate from the mismatch of the scattering states between the
two electrodes with opposite spin directions.

To provide an insight into the transmission behavior dis-
cussed above, we investigated the local density of states (LDOS)
at the Fermi level in the P configuration, which can describe the
space-resolved density of states (DOS).>”** The LDOS can tell us
the contributions of every atom to the device DOS, and can be
used to gain insights into a solid-state device. From Table 1, it is
evident that the LDOS of the a- and B-spin for M1 are delo-
calized on the terphenyl molecules, interfaces and two elec-
trodes. There are large overlaps between the extended m-orbitals
of the dangling carbon atoms and the delocalized big 7-orbital
which origin from the terphenyl ring and electrodes. This is to
say, o- and B-spin scattering states are well extended on the
whole on the devices. Thus, the two kinds of spin electrons can
easily transport from one electrode to the other one. For M2
(M3), the LDOS of a-spin are completely delocalized on the
whole device, and extended orbitals are formed between the
pentagon (heptagon) and terphenyl molecule, and the electrons
can easily go through the devices. The LDOS of B-spin for M2
and M3, however, are localized mainly on the electrodes, and
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Fig.6 The |-V curves for M2 and M3 with different ZGNR widths 11 and 12 in the AP configuration: (a) M2 11; (b) M3 11; (c) M2 12; and (d) M3 12.
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(a) and (d) transmission spectra for M2 and M3 with a ZGNR width of 12 in the AP configuration at a 0.4 V bias, (b) and (e) correspond to a.-

spin transmission pathways, (c) and (f) correspond to B-spin transmission pathways, the energy pointis 0.2 eV, the region between the two green
dashed lines indicates the bias window, and the Fermi level is set to zero.

rarely on the terphenyl molecules. As a result, the B-spin
transmission coefficients near the Fermi level are about zero.
Fig. 4 displays the spin-resolved I-V characteristics for M1-
M3 with ZGNR widths of 11 and 12 in the P configuration. For
convenience, we marked them as M1(2,3)-NZ, then in the AP
configurations, we marked them as AP-M1(2,3)-NZ, N = 11 and
12. As can be seen, they are obviously different. This indicates
that the magnetic transport feature strongly depends on the
combined manner and is independent of the ZGNR widths. For
M1, both the a- and B-spin currents rise almost monotonously
when the bias is increased, as shown in Fig. 4a and d. While for
M2, I, increases linearly when the bias voltage increases from
zero to about 0.3 V and then decrease gradually, which is
a negative differential resistance (NDR), and Iz shows the

This journal is © The Royal Society of Chemistry 2018

familiar law, but its value is much less than I,, for the entire bias
voltages, as shown in Fig. 4b and e. For M3, I,, also shows NDR
behavior and reaches a maximum value at 0.2 V, but I is always
negligibly small in the calculated bias region, almost entirely
suppressed, as shown in Fig. 4c and f. Therefore, the pentagon
system permits o-spin electrons transmission but scatters p-
spin electrons completely. However, a perfect ZGNR device does
not show any spin polarization under the P configuration.'**
Therefore, a remarkable rise in the spin polarization for M2 and
M3, and an interface-induced special spin polarization can be
obtained.**?* Here, we define the SFE as n = |(I,, — Ip)/(I,, + Ip).
The calculated results for the magnetic device effects are plotted
in Fig. 5. Obviously, in the P configuration, M3 exhibits a spin
filtering effect with a high SFE approaching almost 100% in

RSC Aadv., 2018, 8, 34182-34191 | 34187
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Fig. 8 (a)-(d) The /-V and SFE curves for the carbon chain models with ZGNR widths of 11 and 12 in the P configuration, (e) and (f) are in the AP

configuration with 12ZGNR, the connection interface is a pentagon.

a very large bias region from 0 to 0.7 V. The SFE of M2 is from
85% to 95% in the whole bias region. On the other hand, the
SFE of M1 can be neglected. This suggests that the pentagon
structure is favorable for spin filtering of the electron. In the AP
configuration, the case is different, as shown in Fig. 6. As an
example, M3 has a large Iz except at 0.1 V, and a negligible small
I, at the bias, which shows the higher spin filtering effect. Due
to the existence of the threshold voltage at 0.1 V, the currents in
the AP configuration are lower than in the P configuration. M2
also shows this spin polarization feature, but the SFE is still
lower than M3. In other words, the perfect spin filtering effect
can be obtained in the P and AP configurations.

To give a better explanation of the spin filtering effect, the
spin-dependent transmission spectra for M2 and M3 at 0.4 V
bias were plotted and are shown in Fig. 7a and d. The trans-
mission spectrum of the two spin channels are obviously
different. High B-spin transmission peaks for the two models
are observed within the bias windows, which are [—0.2, 0.2] eV.
In contrast, the a-spin transmission coefficients remain at zero
in the bias windows for M3, while there is a tail existence of the
high a-spin peak near the 0.2 eV energy for M2. Therefore, the -

34188 | RSC Adv., 2018, 8, 34182-34191

spin current is much larger than the a-spin, leading to a spin
filtering effect, and M3 shows a higher perfect SFE than M2.
Next, we investigated the electron transmission pathway, which
can show where (and how) the current propagates.®-*

The o- and B-spin transmission pathway at 0.2 eV for M2
(M3) are shown in Fig. 7b, c, e, and f. Two different current
channels exist, one via a chemical bond and one obtained
through hopping between atoms. It is notable that the o- and B-
spin electron for M2 can flow through the central molecule
mainly via a chemical bond and can reach the other electrode
through two current channels, as well as the B electron of M3.
However, the o electron cannot transmit on the device, and the
corresponding transmission is weak for M3, as shown in Fig. 7e.

Next, the terphenyl molecules were replaced by the carbon
chains based on M3. Here, the width of ZGNR is N = 11 and 12.
The carbon chain with odd (even) carbon atoms shows
a different bond type, we chose two kinds of carbon chain
consisting of 11(12) carbon atoms. Considering the electrode
and the length of the carbon chains, we designed four models,
denoted as M3-11z-11(12)C and M3-12z-11(12)C. The spin
current-voltage (V) characteristics of the four models are

This journal is © The Royal Society of Chemistry 2018
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Fig. 9
configuration.

presented in Fig. 8a-d. One can see that the a-spin current
increases obviously from the 0 to 0.2 V (0.3 V) bias, then
decreases gradually, the currents for the models of the 12
carbon chain drop more quickly than those for the 11 carbon
chain, and the NDR can be obtained for these models. However,
the B-spin current is always negligibly small within the whole
bias range. This suggests that the o-spin electrons can flow
through the carbon chain freely, but that the B-spin electrons
are scattered completely, which shows a perfect spin filtering
behavior. In the AP configuration, using M3-12Z-11(12)C as an
example, the a-spin currents are almost zero in the whole bias
region, but the B-spin currents show a high value after 0.2 V, as
shown in Fig. 8e and f. It is thus clear that a perfect spin filtering
effect (around 100% SFE) can be realized in the AP configura-
tion. In order to explain the spin I-V characteristics of devices
for M3-12Z-12C, we created a comparison chart for the trans-
mission spectra at various bias in Fig. 9. In the P configuration,
a typical resonant tunneling of a-spin electrons in the vicinity of
Fermi level are found, which weaken with increasing bias,
leading to a decrease in the a-spin currents, and the B-spin
transmission channel cannot enter into the bias windows,
therefore, a perfect spin-filtering effect can be obtained. In the
AP configuration, the a-spin transmission peak shifts to a high
energy and always stays outside of the bias windows, and the
current is determined by the B-spin tunneling integral within
the bias window, which arrives at the maximum value at a bias
of 0.4 V.

Finally, the spin-dependent thermoelectronic transport
calculations were also investigated for M3-12Z-12C in the P
magnetism configuration as an example of the pentagon-

This journal is © The Royal Society of Chemistry 2018

(a)—(c) Transmission spectra of M3-12Z-12C at 0.2-0.4 V in the P magnetism configuration, and (d)—(f) in the AP magnetism

linkage system. The thermally-driven spin-dependent current
through the device is calculated using the Landauer for-
mula:l; = (e/h) [, To(E)[ fi(E, Tv) — fr(E, Tr)]dE, in which & is
the index of the a«- and B-spin, 7y and T represent the
temperature of the left and right electrode. The difference in the
carrier concentrations between the left and the right electrode is
determined by the Fermi distribution (fi(E,Tv) — fr(E,TRr)),
which is intimately related to the electron temperature at the
two electrodes.* Fig. 10a shows the spin-dependent currents
versus the temperature difference (AT = Ty, — Tg), in which T}, =
200 (300, 400) K. As can be seen from the figure, the o-spin
current can pass through the device, which increases linearly
with the increase of AT, and the B-spin current is strongly
suppressed. As I, is always much larger than I at the same AT
and Ty, a perfect thermal spin-filtering effect can be obtained,
and the polarization of the spin current is close to 100%. The
thermally-driven spin currents through the device are the joint
outcomes of the transmission spectra and the difference in the
Fermi-Dirac distributions. Owing to the exponential decaying
nature of the Fermi distribution, the thermally-driven currents
only depend on the transmission near the Fermi energy. The a-
spin current spectra J(E) = T(E)[f.(E,T1) — fr(E,Tr)]® is plotted in
Fig. 10b, in which the cover area under the curves determines
the thermally-driven current and AT = 60 K with different 77, =
200, 300, and 400 K. The cover area of the a-spin J(E) above the
Fermi level is larger than that below the Fermi level at fixed Ty,
resulting in the hole current I, being larger than the electron
current I.. Therefore, a positive a-spin current can be obtained.
For B-spin, J(E) almost disappears for different Ty, owing to there
being no B-spin transmission close to the Fermi energy.

RSC Adv., 2018, 8, 34182-34191 | 34189
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Fig. 10 (a) The spin dependent currents versus AT for different T. (b)
The a-spin current spectra for different T, (T, _gr = 60 K).

4. Conclusions

Based on the NEGF method combined with DFT, we investigated
the spin transport properties for terphenyl molecule bridging in
ZGNR electrodes with different connecting configurations, which
included dangling, heptagon, and pentagon-linkages. The results
show that the transport properties are affected by the connecting
configurations and spin configuration of the electrodes. For the
pentagon-linkages system in the P configuration, a very high spin
filtering effect (close to 100% spin polarization) can be obtained,
followed by the heptagon-linkages system, and the spin filtering
effect of the dangling-linkages system is almost negligible. In the
AP configuration, however, it is interesting that the pentagon-
and heptagon-linkages systems show an adverse spin filtering
effect compared with the P configuration. We also investigated
the spin transport properties of the carbon chains connected
with ZGNR electrodes with pentagon-linkages in the P and AP
configuration, and found that the spin filtering effects are
intrinsic. Finally, we further investigated the spin-dependent
thermoelectronic transport properties of the carbon chains
model with pentagon-linkages system, and the results show that
this system exhibits almost 100% thermal spin polarization. The
obtained results will provide structural models, theoretical
references, performance parameters, and new ideas for the
delicate manufacture of functional magnetic devices.
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