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First-principles calculations were performed to explore the spin-resolved electronic and thermoelectric
transport properties of a series of graphene-nanoribbon-based nanojunctions. By flipping the mag-
netic moments in graphene leads from parallel to antiparallel, very large tunneling magnetoresistance
can be obtained under different gate voltages for all the structures. Spin-resolved alternating-current
conductance increases versus frequency for the short nanojunctions but decreases for the long nano-
junctions. With increasing junction length, the behavior of the junctions changes from capacitive-like
to inductive-like. Because of the opposite signs of spin-up thermopower and spin-down thermopower
near the Fermi level, pure spin currents can be obtained and large figures of merit can be achieved by
adjusting the gate voltage and chemical potential for all the nanojunctions.
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1 Introduction

The idea of using single molecules as basic functional
units for electronic device operation dates back to 1974
when Aviram and Ratner discussed the working principle
of a molecular rectifier [1]. Since then, there have been
numerous theoretical and experimental investigations on
charge and spin transport through various molecular
junctions [2-8]. However, there is a significant shortcom-
ing of molecular junctions: Electric conduction is too
sensitive to the connection between the molecule and
leads, leading to uncertainty of quantum transport prop-
erties in molecular junctions. Although one may carefully
control the connecting details in a research laboratory,
it would be extremely hard — if not outright impossible
— to reach such a high degree of control in large-scale
practical fabrication. Graphene is one of the most ex-
citing low-dimensional materials owing to its extraordi-
nary properties and is widely studied in materials science
and condensed matter physics research, having received
extensive attention as its fabrication in 2004 [9]. Good
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conductivity and high mobility of charge carriers herald
broad prospects for graphene in nanoscale electronic de-
vice manipulation. Recently, graphene-based all-carbon
nanoscale electronic devices have been realized experi-
mentally with the rapid development of precision cutting
techniques, e.g., helium ion beam etching [10] and ther-
mally activated nickel nanoparticle etching [11]. Com-
pared with other molecular junctions, graphene-based
all-carbon nanojunctions are much more stable and me-
chanically flexible because the nanocontact rests on the
stable C-C chemical bonds. Numerous investigations
have been conducted to investigate quantum transport
in such all-carbon nanojunctions [12-18].

Quantum transport under dynamic conditions is one
of the fundamental research areas in condensed mat-
ter physics [19, 20]. Recently, the dynamic responses
of nanoscale electronic devices under a high-frequency
external bias have been experimentally detected [21-
24]. Besides the time-dependent behaviors of the tran-
sient current [25-29], another important problem of dy-
namic investigation is the response of alternating cur-
rent (AC) conductance to the external frequency. When
an AC bias is applied to a system, the current in the
system consists of two parts: the particle current and
the displacement current. The former describes the in-
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jected current from the leads resulting from the external
bias, and the latter comes from the induced charge as a
result of Coulomb interaction. As a result, both parti-
cle current and displacement current contribute to AC
conductance to maintain charge conservation and gauge
invariance [30]. Theoretical methods based on scatter-
ing matrix theory (SMT) [31, 32] and the nonequilibrium
Green’s function (NEGF) [30, 33, 34] have been proposed
to investigate AC transport from phenomenological the-
ory to precise formulas. By combining NEGF with den-
sity functional theory (DFT), first-principles calculation
has been performed to investigate AC transport in nano-
junctions and tremendous efforts have been devoted to
this subject [35-41].

The thermoelectric effect in nanoscale structures has
attracted considerable attention in recent years [42—44].
Exploiting the effect is considered to be a feasible solu-
tion to solving the heat-generating problem in nanoscale
devices by transferring the dissipating heat to electric en-
ergy directly. Recently, a new research area focused on
the spin Seebeck effect, in which magnons and phonons
are believed to play crucial roles, has offered the poten-
tial to manipulate the spin by heat and induce spin volt-
age by using a temperature difference [45-48]. Research
on the spin Seebeck effect greatly promotes the devel-
opment of thermoelectronics and spintronics in further
nanoscale device fabrication and application. Thermo-
electric transport in nanoscale systems is also interest-
ing because it can provide more information than elec-
tronic transport. For instance, the sign of thermopower
demonstrates the current direction in the device at low
temperature. Numerous investigations have been con-
ducted both theoretically and experimentally to inves-
tigate theremoelectric transport properties in graphene-
based nanojunctions [49-53]. Previous investigation in-
dicated that the sign of thermopower in a monolayer
graphene system is reversed with the change of ma-
jority carriers from electrons to holes by the electron—
hole asymmetry [51, 52]. Experimental investigation has
demonstrated that thermopower shows roughly a linear
behavior versus temperature at low temperature, which
indicates that phonon-induced thermal conductance can
be ignored in graphene [51]. For two-probe systems with
zigzag graphene nanoribbon (ZGNR) leads, very large
thermal magnetoresistance (TMR) from 10* to 105 can
be obtained when the system is changed from ferromag-
netic (FM) to antiferromagnetic (AFM) states [52, 53].

In this paper, first-principles calculations based on the
NEGF-DFT method [54] were performed to explore the
quantum transport properties of several graphene-based
all-carbon nanojunctions. By calculating the transmis-
sion coefficients, AC conductances, and thermopowers,
several interesting pieces of information were obtained.
First, a very large TMR can be obtained for all the
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structures under different gate voltages. Second, with
increasing junction length, the behavior of the structures
changes from capacitive-like to inductive-like. Third, a
pure spin-resolved current and a pure spin current can be
achieved by adjusting the gate voltage. Finally, a large
figure of merit can be achieved by adjusting the chem-
ical potential and the gate voltage. Numerical results
indicate that ZGNR-polyacene-ZGNR nanojunctions are
good candidates for spintronic and thermoelectronic de-
vices.

The rest of this paper is organized as follows. In Sec-
tion 2, the NEGF-DFT formalism for calculating spin-
resolved electronic and thermoelectric transport proper-
ties is introduced. In Section 3, the numerical results of
spin-resolved transmission, AC conductance, emittance,
and spin-resolved thermopower are presented for both
FM and AFM configurations of graphene-based nano-
junctions. Finally, a summary is given in Section 4.

2 Numerical method and theoretical formulas

In this section, we first show the schematic structure of a
graphene-based nanojunction and outline the numerical
methods. Then we briefly introduce the theoretical for-
mulas of direct current (DC) transport, AC transport,
and thermal transport in magnetic systems.

Figure 1 shows the schematic structure of a graphene-
based nanojunction, in which two hydrogenated ZGNR
leads of width N, = 4 are joined by a polyacene molecule
of length N = 5 (where N is the number of rings). Poly-
acene molecules can be considered as the minimum units
of graphene; they connect the two ZGNR leads by C-C
bonds seamlessly through removing a pair of hydrogen
atoms at both ends. In our calculation, the magnetic
moments on both edges of the ZGNR leads are set par-

Right lead
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Fig. 1 Schematic of ZGNR-polyacene-ZGNR junction con-
sist of a pentacene molecule connected by two semi-infinite
ZGNRs with width M = 4. Blue and red bulks at left and
right indicate the lead regions where a bias or temperature
difference are applied. Gate voltage is applied in the cen-
tral region. Pentacene molecule with number of carbon rings
N=5 is illustrated in the lower panel.
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allel, because the antiparallel configurations of ZGNRs
exhibit semiconducting behavior. Structure relaxation
and transport calculations were performed using Nanod-
cal, which is based on the standard NEGF-DFT method
[54]. An ultra-soft pseudopotential was used to define
the core [55] and an single-¢ polarized(SZP) basis set
was adopted to describe the valence electron. The ex-
change correlation was treated at the local spin density
approximation(LSDA) level [56] and the real-space cutoff
energy was set to 400 Ry. All the atoms are restricted on
the plane to relax the total energy until the force exerted
on each atom is <0.05 ¢V/A. In quantum transport in-
vestigation, a self-consistent Hamiltonian was obtained
until its average numerical tolerance became <10~ eV.

Once the Hamiltonian is obtained, one can construct
the nonequilibrium Green’s function to describe quan-
tum transport in the system. Under a DC condition, the
spin-resolved electric current I, can be calculated using
Landauer—Biittiker formula as follows (in which ¢ = 1
and h = 27) [57):

=1 / To(E)(f1 — fr)dE, (1)

where the subscript o =1, | indicates the spin index. fr,
and fr are the Fermi distribution functions of lead L
and lead R, respectively. 7, is the nonequilibrium spin-
resolved transmission coefficient, which can be calculated
by

Toe = TI‘[FLGTFRGU’]UU, (2)

where G" and G® are the retarded and advanced
Green’s function, respectively, and I';, and I'r are the
linewidth functions that describe the coupling between
the leads and the scattering region. In the equilibrium
state, the spin-resolved DC conductance G, is equal to
e?/hTy(Er), where Er is the Fermi level.

When an AC bias is applied between the two leads,
both particle current and displacement current con-
tribute to the AC conductance. If the AC bias is cosi-
noidal, i.e., v, (t) = v, cos(wt), the spin-resolved AC con-
ductance as a function of the external frequency can be
evaluated by [26]

> Gon o (W)
— (e d 2 20

Gaﬁ,d(w) Gaﬁ,a(w) G 7o’("‘)) E’Y Gd,o(w) ) (3)
where the subscripts «, 8,7 = L, R indicate the left and
right leads. Ggﬂﬁ denotes the conductance contributed
by the particle current and G%J comes from the dis-
placement current. The detailed expressions for Gf 5 ,
and G4 , can be found in Ref. [30].

For a low-frequency external bias, Gag,,(w) can be
expanded as a function of w as follows:

GO‘BVU(W) = Gaﬁ,g(o) - iWEozﬁ,a + WQKOLB,U
+O(W?) + -+, (4)
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where G, +(0) is the spin-resolved DC conductance with
Grr,s(0) = —GrRr,o(0) = G5; Eup,o is the spin-resolved
emittance, which describes the phase difference between
the current and voltage at low frequency; and K, is
the dynamic dissipation at low frequency, which shows
the high-order response to AC conductance.

To investigate spin-resolved thermoelectric transport
properties, a temperature gradient AT and a bias volt-
age AV should be applied simultaneously between the
two leads. The spin-resolved thermopower S, measures
the AV needed to neutralize the spin-resolved electric
current I, caused by AT. When I, = 0, a spin-polarized
heat current I@ exists in the system that flows from the
lead at high temperature to the lead at low tempera-
ture. The thermal conductance r, is defined as IS /AT.
In the limit of a small bias voltage and a low temperature
gradient, S, and k, can be expressed as [58]

el T) = ~ g o)
and

ol 1) = Ko ) - Z2E )
where K, (, T) is defined as

KontnT) = [ (e py 2Dy gae )

The figure of merit describes the thermoelectric con-
version performance of a nonmagnetic material. For a
magnetic system, the concept is generalized to spin fig-
ure of merit, which describes the conversion efficiency
from heat to spin voltage. The charge and spin figures
of merit are defined as [49, 50]

2
2y = en ST, (%)
K

where S, and S, are charge and spin thermopower,
respectively, and are defined as S¢, = (St +5)/2 and
Ssp = ST — Si; Gen, = GT +G¢, Gsp = |GT — G¢|; and
k = ky+ k). Note that the x in Eq. (8) includes only the
contribution from electrons in our calculation and the
effect of phonons is not considered. This is reasonable
for graphene systems at low temperature (T < 100 K)
as indicated in Ref. [49].

3 Results and discussion

In this section, we show the numerical results and give a
physical understanding to the quantum transport prop-
erties of a series of ZGNR-polyacene-ZGNR, structures
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including the transmission coefficient, TMR, dynamic
conductance, emittance, thermopower, and figure of
merit.

3.1 DC transport properties

We first investigate the DC transport properties for the
FM configuration of a ZGNR-polyacene-ZGNR nano-
junction as shown in Fig. 1, where the net magnetic
moments in both leads are parallel. Figure 2(a) and
Fig. 2(b) show the spin-resolved transmission coefficients
T and 7, as functions of energy E, respectively, for
nanojunctions with N = 5,6,7, and 8. Two main fea-
tures can be discerned in the two panels. (i) Both 74
and 7} show several peaks for each different N. With IV
increasing from 5 to 8, the broad peaks of 73 shrink to-
ward the sharp peak at Ey ~ —0.22 eV, while the broad
peaks of 7, move toward a specific energy Ey ~ 0.28 eV
where 7 increases rapidly. The behaviors of 7, near
Ey are barely changed with increasing N. Because the
spin-resolved edge states of ZGNR appear at Fy, we con-
clude that the sharp peaks of 74 and the rapid increase
of 7, near E, are dominated by the spin-resolved edge
states of ZGNR leads. (ii) With N increasing from 5 to
8, T+(Er) increases with a positive gradient, and 7, (Ep)

(@)1.5

©
2.0

1.5

b.<—1.0* -

E (eV)

increases with a negative gradient. To understand this
behavior, we calculated the renormalized molecular lev-
els (RMLs) of isolated polyacene molecule with different
N values and plotted the lowest unoccupied molecular
orbital (LUMO) levels of spin-up states in Fig. 2(a) and
the highest occupied molecular orbital (HOMO) levels
of spin-down states in Fig. 2(b). Obviously, the LUMO
state above the Fermi level contributes most to 73 (Er),
so its gradient is positive, whereas the HOMO state be-
low the Fermi level contributes most to 7 (EF), so its
gradient is negative. In addition, the spin-up LUMO
level and spin-down HOMO level approach the Fermi
level gradually with increasing of N; therefore 74(Ep)
and T (Er) increase versus N.

Figure 2(c) and Fig. 2(d) show Ty and 7, respectively,
as functions of energy F for the FM configuration of
a nanojunction with N = 6 under different gate volt-
ages. In our calculation, the gate voltage is applied in
the molecular region along the direction perpendicular to
the system plane. To realize this point, an initial uniform
electric field is applied in the molecular region perpendic-
ular to the ZGNR plane to model the gate voltage. The
final effective potential is determined self-consistently
from first-principles calculation. With increasing gate
voltage, the spin-up LUMO level is pushed close to the

(b) 1.5

Fig. 2 7, as a function of E for the FM configurations of ZGNR-polyacene-ZGNR molecular junctions. (a) 7+ and (b)
T, for the junctions with different N. (¢) 7+ and (d) 7, for the junction with N = 6 under different V. In panel (a) and
(c), the open downward triangles indicate the renormalized LUMO levels for different N and different Vg, respectively. In
panel (b) and (d), the solid downward triangles indicate the renormalized HOMO levels for different N and different V,

respectively.
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Fermi level and the spin-down HOMO level is pushed far
away from the Fermi level. Therefore, 74(EF) increases
and 7, (Er) decreases as functions of gate voltage.

To further evaluate the efficiency of gate voltage in
regulating quantum transport, we calculated the gap be-
tween the renormalized LUMO state and the HOMO
state of an isolated polyacene molecule by changing the
gate voltage. Furthermore, we projected the scattering
state at the Fermi level to LUMO and HOMO to quantify
the contribution of RMLs to the transmission coefficient
of the system. Figure 3(a) shows plots of E,(LUMO)
and E,(HOMO) as functions of gate voltage from —10
to 10 V for a ZGNR-polyacene-ZGNR nanojunction with
N = 6. Both E,(LUMO) and E,(HOMO) show roughly
linearly behavior for both spin-up and spin-down chan-
nels. The linear fitting of RMLs versus gate voltage in-
dicates that the slope is ~0.036 €V /V, which means that
the efficiency of the gate voltage is ~3.6%. Obviously,
although the gate voltage seems large in our calculation,
the gating efficiency to the device is quite low because
the plane of the atomic device is perpendicular to the
gate voltage.

Figure 3(b) shows the projection of scattering states
at ' = Er to RMLs, where the projection coefficient P,
is defined as

P, (RML) = |{¢ (RML)| ¥, (Ep))|*. (9)
Here, ¢,(RML) is the spin-resolved eigenstate of an

. 044 A E@wUMO)

> i A E: (HOMO)

L 0.0 A E; (LUMO)

fo Y A £, (HOMO)
-0.4

isolated molecule at LUMO and HOMO, and ¥, (EFr)
is the spin-resolved scattering state at the Fermi level of
the device. P, describes the contribution of renormal-
ized molecular states to the transmission coefficient at
the Fermi level. As shown in Fig. 3(b), P+(LUMO) in-
creases from 60% to 100% versus gate voltage from —10
to 10 V, which indicates a closing of the spin-up LUMO
to the Fermi level, whereas P (HOMO) decreases from
100% to 60%, which indicates a movement of the spin-
down HOMO away from the Fermi level. In addition,
P;(HOMO) and P (LUMO) are always zero under all
the gate voltage, which means zero contributions of the
spin-up HOMO to 74(Er) and the spin-down LUMO to
Ti(EF). Therefore, we conclude that the conductance G
is dominated by G| under a negative gate voltage and
by G4 under a positive gate voltage, as shown in Fig.
3(c), where G, as a function of gate voltage V, is given
for junctions with different N values. With gate voltage
increasing from —10 to 10 V, G4 increases roughly from
zero to one, whereas G| decreases roughly from one to
zero. As a result, the spin-filtering efficiency n varies
from —1 to 1 as a function of V, as shown in Fig. 3(d),
where 7 is defined as

_Gi -Gy
N GT-I—G,L.

The very large gate-controlled value of 7 indicates that
the FM configuration of a ZGNR-polyacene-ZGNR nano-

n (10)

(W
1.0
0.8
o 0.6 —/\— P, (LUMO)
9 ; —A— P; (HOMO)
0.4 — P, (LUMO)
02 ] - P, (HOMO)

@,

0.0

~0.5 ]

~1.0

0 <15 0 5 10
Vg (V)

Fig. 3 (a) E-(LUMO) and E,(HOMO), and (b) P>(LUMO) and P,(HOMO) as functions of V; for FM configuration
with N = 6. The two lines in (a) are the fitting of LUMOs and HOMOs as functions of V, with slopes roughly equal to
—0.036 eV/V. (c) Go, and (d) n as functions of V; for the FM configurations with different N. The solid and hollow marker
curves in panel (c) indicate the conductance of spin up and spin down electrons, respectively.
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junction can work as a perfect spin filter.

In the following, we show DC transport properties
for the AFM configuration of a ZGNR-polyacene-ZGNR
nanojunction, in which the net magnetic moments in
both leads are antiparallel. As a result, the spin-up and
spin-down channels in the system are degenerate. Figure
4(a) shows the transmission coefficient of the structures
with different N values under zero bias. For each struc-
ture, a transmission gap roughly equal to 0.45 eV appears
near the Fermi level. It is found that the gap values are
not affected by the gate voltage, as shown in Fig. 4(b),
although the gate voltage can adjust the transmission
peaks, which are dominated by the RMLs, away from
the Fermi level. Similar properties have been found in
other ZGNR-based nanojunctions [59]. We found that
there are two main features that contribute to the gate-
independent transmission gap near the Fermi level (1)
the AFM configuration of the left and the right ZGNR
leads and (2) the symmetric arrangement of polyacene
molecule between the two ZGNR leads. As indicated in
Ref. [60], transmission coeflicients of ZGNR-based nano-
junctions depend on the symmetry of transverse wave
functions, which expand in the ZGNR plane and are
perpendicular to the transport direction. For a ZGNR
with a width equal to an even number, the transverse
wave function with respect to the centerline of device is

(@) 3.0 —
-== N=6
2'5i v VvVvYy GV T T e N=7

Vg (V)

an even function for spin-up electrons and an odd func-
tion for spin-down electrons. For the FM configuration,
the symmetries of transverse wave functions in the left
ZGNR lead and the right ZGNR lead are the same, so the
transmission coefficients are large for both spin-up and
spin-down electrons. However, for the AFM configura-
tion, the symmetries of transverse wave functions in the
left and right ZGNR leads are opposite to each other, so
a transmission gap appears near the Fermi level. In addi-
tion, the connecting formation of the polyacene molecule
between the two ZGNR leads is also critical. If the poly-
acene molecule is not symmetrically connected between
the two ZGNR leads in the AFM configuration (e.g., it
is put close to one edge of the ZGNR leads), the trans-
mission coefficient near the Fermi level can be greatly
increased by adjusting the gate voltage.

The conductance G of the AFM configuration as a
function of gate voltage is shown in Fig. 4(c). G exhibits
an oscillating behavior versus gate voltage for different
N values, although its value stays on the order of ~1074
to ~107°. As a result, very large TMR (from ~10* to
~10°) can be obtained under different gate voltages, as
shown in Fig. 4(d), where TMR is defined as

GFM _ GAFM

(b) 3.0
2'5i v v vv v v e

Vo=-10.88 V" _;
. A :
------- Vy=10.88 V

—_— ‘ ‘ ‘
-1.5 -1.0 -05 0.0 0.5 1.0 1.5

Vg (V)

Fig. 4 T as a function of E for the AFM configurations of (a) ZGNR-polyacene-ZGNR molecular junctions with different
N and (b) ZGNR-polyacene-ZGNR molecular junction with N = 6 under different gate voltage. (¢) G and (d) TMR as
functions of V; for the AFM configurations of molecular junctions with different N. In panel (a) and panel (b), the open
and solid downward triangles indicate the renormalized LUMO and HOMO levels, respectively.
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Here, G*™ is the conductance of the FM configuration
of the system with GM = GI;M + GEM, and GATM js
the conductance of the AFM configuration of the system.
The well-controlled spin-filtering efficiency and very large
TMR values indicate that the ZGNR-polyacene-ZGNR
junctions are of great significance for device applications
in spintronics.

3.2 AC transport properties

In this subsection, we show the numerical results of AC
transport properties for FM and AFM configurations of
ZGNR-polyacene-ZGNR junctions. Figures 5(a) and (b)
present the difference between the real parts of AC con-
ductance G, »(w) and DC conductance G, for spin-up
and spin-down electrons of the FM configuration, respec-
tively. The real part of G, is denoted as Gr,, in the
following. When the frequency w is equal to zero, Gr o
is reduced to the DC conductance G,. With increasing
w, GR,, exhibits a nonlinear behavior for both spin-up
and spin-down electrons of the structures with different
N values. Ggry is larger than G4 for N = 5 and 6 and
smaller than G for N = 7 and 8, whereas Gr, is larger
than G| for N = 5,6, and 7 and smaller than G for
N = 8. Figures 5(c) and (d) show the imaginary part of
Gr1,s(w) versus w for spin-up and spin-down electrons,
respectively, which is denoted as Gi, in the following.
As a comparison, —wE1 » is also plotted in Figs. 5(c)

(a)
0.8
0.4
S
R
-
S
0.4
&
~0.81
“12 e
0 5 10 15 20
o (THz)
(©) 4
2,
(\Tl-\ i
R
<
O Ll -m—ns
S~ VI
1 o A7
4] W N8
o 5 10 15 20

o (THz)

and (d) by dashed lines. When w < 10 THz, Gj, is very
close to —wklrr , and exhibits roughly linear behavior,
whereas, if w > 10 THz, the magnitude of G1, becomes
smaller than —wFErr, , and exhibits nonlinear behavior.
According to Eq. (4), we see that, besides G,, Gr,» is
also contributed to by the term w?Kyp, », which deter-
mines the sign of Gr, — G,. G, is mostly contributed
to by Frr - when w is small, while the higher order terms
of w become important to Gr,, with further increasing w.
For the spin-up channel, Ky + and Err 4 are positive
for N =5 and 6, whereas K 1+ and Epr ¢ are negative
for N =7 and 8. For the spin-down channel, Ky ; and
Eprr,, are positive for N = 5,6, and 7, whereas Kz, |
and Err | are negative for N = 8.

The signs of E,3, and Kqp,, determine whether the
system is capacitive-like or inductive-like in dynamic re-
sponse. For instance, if Err , and K1, are positive,
the system exhibits capacitive-like behavior for electrons
with spin o, whereas, for negative Err, and Kpr o,
the system behaves inductive-like for electrons with spin
o. This can be qualitatively understood by comparing
Eq. (4) to the conductance of classical R-L and R-C cir-
cuits. For an R-L circuit,

1 . L L?
GRE(w) = = + W = MQﬁ. (12)
For an R-C circuit
GRY(w) = —iwC + w?C?R. (13)

o 5 10 15 20
o (THz)

o 5 1o 15 20
o (THz)

Fig. 5 (a) Ggr1—Gy, (b) Gry—Gy, (c) G1,1 and (d) G,y as functions of w for the FM configuration of ZGNR-polyacene-
ZGNR junctions with N = 5,6,7,8. Straight lines in (¢) and (d) indicate —wFELr,.
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For an R-L circuit, the decreasing conductance and
positive imaginary part indicate an inductive behavior,
where the voltage lags behind the current, whereas, for
an R-C circuit, the positive real part and negative imag-
inary part of the conductance describe a capacitive be-
havior, where the current is hysteretic with respect to
the voltage.

The sign of Err, can be analyzed by further ex-
panding it with the partial density of states dng,./dE.
For ZGNR-polyacene-ZGNR nanojunctions, there are
only two transmission channels at the Fermi level, and
dng o /dE = dng,,/dE owing to spatial reversion sym-
metry. In this case, Frr , can be further reduced to
[26, 27]

1 dng

Erp o= 4(27} 1)Tr {dE} . (14)
For structures with N =5 and 6, 73 at the Fermi level is
<0.5, and thus Ep, 1 is positive and the systems exhibit
capacitive behavior, whereas, for structures with N =7
and 8, 73 at the Fermi level is >0.5, and thus Erp 4 is
negative and the system exhibits inductive behavior. A
similar analysis for spin-down electrons shows that struc-
tures with N = 5,6, and 7 exhibit capacitive-like behav-
ior and a structure with N = 8 exhibits inductive-like
behavior.

Figures 6(a) and (b) show Ggr and G versus frequency
w for the AFM configuration of nanojunctions with dif-
ferent N values, respectively. As a comparison, —wFEp [,
is also plotted in Fig. 6(b) for all the structures. Gg
exhibits nonlinear increasing behavior and G is always
negative for all the structures, which indicates that the
AFM configurations of ZGNR-polyacene-ZGNR nano-
junctions always exhibit capacitive-like behaviors for all
the structures. This is in accordance with that shown in
Fig. 4(a), where T(EFr) is very close to zero for all the
structures. In addition, Gr increases and G; decreases

@ 03

G (é%/h)

o (THz)

with IV at finite frequency, which indicates an improving
capacitive-like behavior for the structures with larger N.

3.3 Thermoelectric transport properties

In this subsection, we investigate the thermoelectric
transport behaviors of ZGNR-polyacene-ZGNR, nano-
junctions. Figures 7(a) and (b) show the spin-resolved
thermopower and thermal conductance as functions of
temperature at p = 0 for the FM configurations of nano-
junctions with N = 5,6,7, and 8. S, and k, increase
linearly with temperature 7' ranging from 3 to 150 K
for all the structures. At a given temperature, S, and
ko increase with N. In addition, S} is always negative,
whereas S| is always positive. This means that spin-up
electrons and spin-down electrons will flow in the oppo-
site direction once a temperature gradient is applied be-
tween the two leads of the junction. These properties can
be understood by expanding S, and k., at low temper-
ature, where S, ~ _Glaaacif and kK ~ TG,. Obviously,
both S, and k., are linearly proportional to temperature

T and the sign of S, is determined by aaG;. Because

G . . ]
=-1|,—0 is positive for all the structures, as shown in
o 'K )

Fig. 2(a), Sy is always negative. In contrast, aa—G/ﬂ#:o is

negative for all the structures, as shown in Fig. 2(b), so
S| is always positive. The magnitude of S, is determined
by the competition of G, and aai < Because the growth
of 36% is faster than that of G, versus IV, the magnitude
of S, increases as a function of N. k, is proportional to
G, so the larger the value of N is, the larger is k.

By applying a gate voltage in the molecular region,
Sy and S| can be adjusted simultaneously. Figure 7(c)
shows S, versus gate voltage at T' = 20 K for the FM
configuration with NV =5,6,7, and 8. The magnitude of
S, can be effectively tuned by the gate voltage. A large

positive gate voltage can change the sign of S} from neg-

o (THz)

Fig. 6 (a) Ggr and (b) Gt versus w for the AFM configurations of ZGNR-polyacene-ZGNR junctions with N =5,6,7,8.

Straight lines in (b) indicate —wEr 1.
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Fig. 7 (a) So, (b) ks versus temperature for ZGNR-polyacene-ZGNR structures with N = 5 (black curves), 6 (red curves),
7 (blue curves), and 8 (cyan curves). The solid and dash curve corresponding to spin up and spin down values. (c) So,
(d) Sen,sp versus gate voltage for N = 5,6, 7,8 at temperature 7' = 20 K. The solid and open symbols correspond to spin up
and spin down values, respectively. Different symbols in (c) and (d) indicate different N as shown in Fig. 3.

ative to positive, whereas a large negative gate voltage
can change the sign of S| from positive to negative. More
importantly, pure spin-polarized current and pure spin
current can be achieved by tuning the gate voltage. To
show this behavior, S, and S, versus gate voltage are
plotted in Fig. 7(d). Using the structure with N = 6
as an example, we see that S| vanishes when V, ~ —7.6
V, which indicates that a pure spin-up current occurs in
the system because of the temperature gradient. How-
ever, at V; = —4 V, S; + S, = 0, which means that the
left-flowing spin-up current and right-flowing spin-down
current are absolutely canceled, so therefore a pure spin
current occurs.

Although S, can be effectively adjusted by the gate
voltage, it is impossible to achieve a large figure of merit
at p = 0 owing to the small S, and large G,. To achieve
a large Z7T,,, we scanned the chemical potential x4 from
—1.5to 1.5 eV. S} and S| are small throughout most of
the energy range except near Ey, where a rapid change
of T, appears, as shown in Fig. 2. 7} and 7| near Ej are
expanded and plotted in Figs. 8(a) and (b), respectively.
In these two energy regimes, S; and S| exhibit very large
values accompanied with the quick oscillation as shown

Jian-Wei Li, et al., Front. Phys. 12(4), 126501 (2017)

in Figs. 8(c) and (d). With gate voltage increasing from
—13.61 to 13.61 V, the peak values of Sy and S| decrease
from a large positive value to a large negative value with
an energy shift. As a result, a very large value of ZT,
can be obtained under various gate voltages, as shown in
Figs. 8(e) and (f). As the very large Sy and S| values
are located at the hole and electron sides, respectively,
ZTep is very small in comparison with Z7T,,. With gate
voltage increasing from —13.61 to 13.61 V, the peak of
ZTsp, decreases on the hole side and increases on the
electron side. A large spin figure of merit makes this
gate regime more significant for application.

Very large thermopower and figure of merit can also
be achieved near the transmission gap for AFM configu-
rations. Figures 9(a) and (b) show the transmission co-
efficient near the left and right gap edges under different
gate voltages. Owing to the abrupt change of transmis-
sion coefficient, large thermopower can be obtained as
shown in Figs. 9(c) and (d). Gate voltage can adjust
the steepness of the transmission slopes near the gap
edges and further influences the values of thermopower.
Simultaneously, because G is very small in the gap
region, large figures of merit are obtained, as shown in
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Fig. 9 (a, b) T, (c, d) S, and (e, f) ZT versus chemical potential for AFM configuration of the molecular junction with
N = 6 under different gate voltage. All the curves in the panels from (c¢) to (f) are obtained at T" = 20 K.
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Figs. 9(e) and (f). The figure of merit near the left and
right transmission gaps can reach ~5 at specific gate volt-
ages. The large value of the figure of merit implies that
ZGNR-polyacene-ZGNR junctions are outstanding ther-
moelectric devices in the AFM configuration.

4 Summary

In summary, we have investigated spin-resolved elec-
tronic and thermoelectric transport in a series of
graphene-based nanojunctions by using first-principles
calculation. Numerical results show that spin-resolved
conductance increases versus junction length in FM con-
figurations and its magnitude can be adjusted by the
gate voltage with ~3.6% gating efficiency. Owing to the
very small conductance of the AFM configurations, very
large TMR from 10* to 10° can be achieved for the nano-
junctions. The system is changed from capacitive-like
to inductive-like with increasing junction length in the
FM configuration, whereas the system always exhibits
capacitive-like behavior in the AFM configuration. The
spin-up thermopower and spin-down thermopower are
of opposite sign, which indicates opposite flowing direc-
tions of heat-induced spin-resolved currents. More im-
portantly, thermally induced pure spin-resolved current
and pure spin current can be obtained by adjusting the
gate voltage. Large figures of merit can be achieved
by adjusting the chemical potential and the gate volt-
age. Numerical results indicate that ZGNR-polyacene-
ZGNR nanojunctions are good candidates for spintronic
and thermoelectronic devices.
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