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Using the nonequilibrium Green’s function method combined with the tight-binding Hamiltonian, we
theoretically investigate the spin-dependent transmission probability and spin Seebeck coefficient of a
crossed armchair-edge graphene nanoribbon (AGNR) superlattice p-n junction under a perpendicular
magnetic field with a ferromagnetic insulator, where junction widths Wi of 40 and 41 are considered
to exemplify the effect of semiconducting and metallic AGNRs, respectively. A pristine AGNR system
is metallic when the transverse layer m = 3j5 + 2 with a positive integer j and an insulator otherwise.
When stubs are present, a semiconducting AGNR, junction with width W; = 40 always shows metallic
behavior regardless of the potential drop magnitude, magnetization strength, stub length, and per-
pendicular magnetic field strength. However, metallic or semiconducting behavior can be obtained
from a metallic AGNR junction with W; = 41 by adjusting these physical parameters. Furthermore,
a metal-to-semiconductor transition can be obtained for both superlattice p-n junctions by adjust-
ing the number of periods of the superlattice. In addition, the spin-dependent Seebeck coefficient
and spin Seebeck coefficient of the two systems are of the same order of magnitude owing to the
appearance of a transmission gap, and the maximum absolute value of the spin Seebeck coefficient
reaches 370 uV /K when the optimized parameters are used. The calculated results offer new possi-
bilities for designing electronic or heat-spintronic nanodevices based on the graphene superlattice p-n
junction.
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PACS numbers 73.22.-f, 73.63.-b, 72.25.Dc, 79.10.-n

cluding semimetallic materials [4], superconductive ma-
terials [5], and carbon nanotubes [6]. The Seebeck coef-
ficient (thermopower) of pristine graphene nanoribbons

1 Introduction

The Seebeck effect converts heat to electricity when a
temperature difference exists between two ends of a junc-
tion, and thus has been used to harvest waste heat in
industrial processes [1-3]. In the early days, the See-
beck effect was neglected because it is difficult to mea-
sure experimentally. Thanks to the development of mi-
crofabrication technology and low-temperature measure-
ment technology, the Seebeck effect has been widely ob-
served and experimentally studied in many systems, in-

(GNRs) was experimentally measured recently, and the
value of the Seebeck coefficient can reach ~80 pV/K at
room temperature [7-9]. A giant Seebeck coefficient (30
mV/K) has been theoretically predicted for graphene
gated by a sequence of metal leads [10]. Ouyang and
Guo [11] and Xing et al. [12] have calculated that the
Seebeck coefficient of a GNR is two orders of magnitude
larger than that of two-dimensional graphene. Further,
the spin-dependent Seebeck effects in graphene and its
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nanoribbons have also attracted attention. For exam-
ple, a remarkable magneto-Seebeck effect has been pre-
dicted for zigzag graphene nanoribbon (ZGNR)-based
spin valves and ZGNR heterostructures [13-16], and the
spin-dependent Seebeck coefficient in ZGNRs can be en-
hanced by nitrogen-nitrogen or boron-nitrogen doping
[17]. Chen and collaborators have predicted that the
spin Seebeck coefficient Sg can reach 3.4 mV/K in GNRs
with sawtooth zigzag edges owing to the large spin gap
of sawtooth GNRs [18].

It is already well known that quantum confinement can
lead to considerable enhancement of the Seebeck coeffi-
cient in nanoscale structures owing to resonant tunneling
of electrons [19-23]. Thus, the thermoelectric properties
of GNR junctions with various shapes have also been
considered. For example, Xie et al. [24] have predicted
that the Seebeck coefficient of a T-shaped GNR junction
can be greatly enhanced by the quantum confinement ef-
fect of stub structure. Mazzamuto et al. [25] have found
that a high Seebeck coefficient can be obtained for an S-
or H-shaped GNR junction by alternating armchair and
zigzag sections with different widths owing to resonant
tunneling of electrons between these sections. Tran et al.
[26] have predicted that a large Seebeck coefficient, S > 2
mV /K, and figure of merit, ZT > 0.8, can be achieved
for a crossed superlattice armchair ribbon consisting of
alternating graphene and boron nitride sections owing to
the opening of a significant conduction energy gap and
strong reduction of the phonon thermal conductance. A
first-principle calculation has shown that a Z7T value as
high as ~5 can be obtained by adjusting the gate volt-
ages for a ZGNR-polyacene-ZGNR junction [27]. Addi-
tionally, structural defects, such as antidots, may also
be a promising way to enhance the thermoelectric effi-
ciency of GNRs. The thermoelectric properties of GNRs
with antidot arrays have been theoretically studied, and
high charge Seebeck coefficients have been achieved [28—
31]. Tt has also been predicted that extremely high spin
Seebeck coeflicients can be obtained for a ZGNR with
periodic antidot defects [32]. In the present work, we in-
vestigate primarily the effect of geometric structures on
the thermoelectric properties of GNRs and attempt to
improve the thermoelectric efficiency of GNRs by mod-
ulating the stub structures.

On the other hand, the graphene p-n junction has at-
tracted much attention because it is a promising build-
ing block for future graphene electronics. The graphene
p-n junction can be created experimentally by varying
the gate voltage [33-36] or doping the underlying sub-
strate.[37] Further, the p-n-p junction has also been re-
alized experimentally [38, 39]. Motivated by these ex-
perimental findings, a large number of theoretical works
have investigated the electrical transport in graphene p-
n junctions and superlattices [40-48]. For example, sev-
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eral interesting transport phenomena are predicted for
graphene p-n junctions owing to the massless Dirac na-
ture of the carriers, including Klein tunneling [41], Vese-
lago lensing [42], and scalable quantum resistance stan-
dards [43]. In addition, by varying the gate voltage, the
charge carrier in graphene can be tuned from electron-
like to holelike, and vice versa. Therefore, a graphene
p-n junction can be a good candidate for studying the
interplay between the electronlike and holelike quasipar-
ticles. However, most previous works on graphene p-n
junctions focused on their electrical transport proper-
ties. Investigation of the thermoelectric effect in such
systems is sparsely reported, especially for a graphene
crossed superlattice p-n junction. Although we have ad-
dressed this issue for a graphene crossed superlattice p-n
junction with a zigzag edge [49], in this paper we ex-
tend our study to an armchair-edge graphene nanoribbon
(AGNR) system.

In this paper, we present a comprehensive investiga-
tion of the spin-dependent transport and spin-related
thermoelectric properties of a crossed AGNR-based su-
perlattice p-n junction under a ferromagnetic (FM) insu-
lator. AGNR superlattice p-n junctions with widths Wy
of 40 and 41 are considered. By using the nonequilib-
rium Green’s function (NEGF) method combined with
the tight-binding Hamiltonian [50-52], the spin depen-
dence of the transmission probability and the depen-
dence of the spin-related Seebeck coefficient on the po-
tential drop, magnetization, number of periods of the
superlattice, stub width, and magnetic field strength are
calculated. It is found that the spin-dependent trans-
mission probability and spin Seebeck coefficient for a
crossed AGNR superlattice p-n junction can be con-
trolled by varying the widths and geometric structure
of the nanoribbons. It is well known that pristine AG-
NRs having a transverse layer m = 35 + 2 with a posi-
tive integer j are metallic, and otherwise they are semi-
conducting. In the presence of stubs, a semiconduct-
ing AGNR junction with width W; = 40 always shows
metallic behavior regardless of the potential drop mag-
nitude, magnetization strength, stub length, and per-
pendicular magnetic field strength. However, a metallic
AGNR junction with width W; = 41 can present metal-
lic or semiconducting behavior depending on the physical
parameters mentioned above. Furthermore, a metal-to-
semiconductor transition can be obtained for two sys-
tems by adjusting the number of periods of the superlat-
tice. In addition, the spin-dependent Seebeck coefficient
and spin Seebeck coefficient for crossed superlattice p-n
junctions with widths W; = 40 and 41 are of the same
order of magnitude, and the maximum absolute values of
the spin-dependent Seebeck coefficient and spin Seebeck
coefficient can reach 550 and 370 wV/K, respectively,
when the optimized parameters are used.

Ben-Hu Zhou, et al., Front. Phys. 13(4), 137304 (2018)
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2 Model and method

The geometry of the crossed AGNR superlattice p-n
junction considered in this paper is shown in Fig. 1. A
FM insulator is deposited on top of the entire superlat-
tice. Compared with a graphene-based magnetic super-
lattice, this type of GNR-based superlattice can be eas-
ily fabricated experimentally [53-55]. The system can be
divided into three regions: left lead, central region, and
right lead. The two semi-infinite leads have perfect peri-
odicity along the ribbon axis with width W;. The central
region is composed of constrictions with size W x Ly and
stubs with size (W7 + 2h) x Lo. Let n represent the pe-
riod number of the superlattice. Figure 1 shows the case

1
<§m + —> (Er — Er)/(6L +2) + Er, when m is odd;

2 2

3
§m(ER — EL)/(6L + 2) + EL,

where L is the length of the central region, and m =
0,1,2,...,4L + 1 (see Fig. 1); Fig. 1 shows the case for
L = 10. M is the FM exchange split, and ¢ is the nearest-
neighbor hopping element. In the presence of a perpen-
dicular magnetic field B, a phase factor ®;; is added

Left lead Ly

W

forn:2, leh,:4, andL1:L2:2.

A FM insulator is deposited on top of the entire super-
lattice and induces exchange splitting [56]. To describe
the spin transport properties of the AGNRs, one uses the
tight-binding Hamiltonian [57, 58]

H= Z(El - JM)CLLaiL7 —t Z ei‘b“a;-roajg, (1)
i, (i),

where o =1, | represents the up- and down-spin of elec-

trons, respectively, and ) (a;,) creates (annihilates) an

electron on site 4. ¢; is the on-site energy (i.e., the Dirac-

point energy). In the left and right leads, ¢, = E or

Er, which can be controlled by the gate voltages. In the
central region, the potential drop from the left to the

right leads is assumed to be linear, i.e.,

(2)

when m is even,

to the hopping element, ®;; = ff A - dl/®y, with the
vector potential A = (—By,0,0) and the flux quantum
‘PO = h/e

By using the NEGF method and the Landauer—
Biittiker formula, the two-terminal spin-resolved trans-

Right lead

n=4L

Fig. 1 Schematic illustration of a symmetry crossed superlattice, where a finite central region is connected to two semi-
infinite perfect AGNR leads with width ;. The basic cell consists of a constriction with length L; and width W; connected
to two stubs (top and bottom) with length L, and width h. n represents the number of periods of the superlattice. A
ferromagnetic insulator is deposited on top of the entire device, and the temperature gradient AT = Tr, — Tr is applied to
the leads. Blue and red carbon atoms belong to the two distinct sublattices.

Ben-Hu Zhou, et al., Front. Phys. 18(4), 137304 (2018) 873045
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mission probability T, (E) through the AGNR-based su-
perlattice p-n junction is calculated as [50]

T,(B) = Tx[Lg (E)GL(E)T g (E)Gg (E)], 3)

where G (E) = [GL(E)|" = (B +in)] — Hc — X%, —
St is the retarded Green’s function with unit ma-
trix I, infinitesimal imaginary in, and center scat-
tering region Hamiltonian H¢o.  Further, EZG(RU) =

HCL/RGgurf,L/RHgL/R is the left/right lead’s retarded
self-energy function with the hopping Hamiltonian
Hepyr between the center region and the left/right
leads in spin space, and G, f.1/ R Tepresents the surface
Green’s functions, which can be calculated numerically
[59, 60]. I'2/% s the line width function of electrons de-
scribing the coupling between the central region and the
left /right lead.

It is worth pointing out that actually we need only
a0

1,N

)
of the central region between the leftmost and rightmost
layers for a two-probe device (see Fig. 1). The reason
is given in a previous work [49]. Further, G} y can be
obtained by a recursive algorithm. Here we give the de-
tailed process.

Let the central region consist of IV thin slices, as shown
in Fig. 1, which are placed at 1,..., N. Note that the
number of sites per slice does not need to be the same
for all the slices. We divide a unit cell of an AGNR into
four slices. The explicit expressions of the spin-resolved
Hamiltonian for the first, second, third, and fourth iso-
lated slices are

the retarded Green’s function, G{, N =

61:FM 0 0 0
0 egFM 0 . 0

e L @
: 0eeFM 0
0 0 0 aFM
eFM 0 0 0
0 62:FMO 0

nit= . (5)
062:FM 0
0 0 0 eFM
esFM 0 0 0
0 e&FM O 0

hgg/“: 0 , (6)
: 0 eFM 0
0 0 0 esFM
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e4LFM 0 0 0
0 eFMO 0
nil{ = S PG
: 0 e4aFM 0
0 0 0 eFM

where h;r:rl/ Y and hll/ “are Wy x Wy matrices, and

hg;/ H and hng/ Hoare (W + 1) x (W; + 1) matrices.
1 and || represent up and down spin, respectively,
and ¢ = Q(ER — EL)/(GL + 2) + Ep, € = 3(ER —
EL)/(GL + 2) + Ep, €3 = 5(ER — EL)/(GL + 2) + Ep,
and ¢4 = 6(Er — F1)/(6L + 2) + Er, are caused by the
voltage drop in Eq. (2). M is the magnitude of the split
energy induced by the FM insulator. In both the spatial
and spin spaces, the Hamiltonian A, ,, can be written as

it 0
honm = 76" Bt with n = 1, 2, 3, and 4 for the

first, second, third,,and fourth slices, respectively. First,
the n = 1 slice can be incorporated to the left lead as
follow:

G = (B —hiy— 37,7, ®)

where 37 ; is the retarded self-energy function for the

left lead. Note that this Green’s function, Gﬂr, takes
into account the coupling of the first slice with the left
lead. Using Dyson’s equation [50, 51], we can evaluate
the next successive N — 1 Green’s functions using recur-
rence formulas as follows:

G = g+ gh a1 GO 1 WG (9)
GV = G hyy G (10)

where ¢ = (E — hy,,) "' is the retarded Green’s func-
tion of the isolated nth slice in the system with n =
2,...,N,hy pn—1 is the hopping Hamiltonian matrix be-
tween the two nearest slices at sites n and n — 1, and
hn—ipn = him_l. In the presence of the FM insula-
tor and a perpendicular magnetic field, h, ,—1 can be

At 0
written as hy, p—1 = nn—1 1 . The explicit
0 hn,n—l
expressions for hy ,—1 with n=2,...,5 are
t 0 ...0
tt .0
hl,Tl:h%ﬁ: 0. o ] (11)
.ttt
0... 0t

Ben-Hu Zhou, et al., Front. Phys. 13(4), 137304 (2018)
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te72¢ 0 0 o 0
0 te ™® 0
hg,g:hé}z: 0 : )
: 0 teT2W® 0
0 ... 0 0 te2WMiDe
(12)
tt0...0
0ttt .0
hil=hih= : (13)
wt t 0
0...0 ¢t ¢
te™2¢ 0 0 0
0 te ™® 0 0
hTT—héi: 0 7
: .0 teT2ZMA-De g
0 ... 0 0 te~i2W1®
(14)
where ® = (3v/3/4)a?B/®, is the magnetic flux for the

carbon-carbon distance a = 0.142 nm. The method of
choosing the above Hamiltonian ensures that the mag-
netic flux through each honeycomb lattice of graphene is
2® when a uniform perpendicular magnetic field is ap-
plied. Further, ho 1, hs 2, ha s, and hs 4 are (W14+1)x W7,
(Wl +1) X (Wl +1), Wi x (Wl + 1), and Wy x Wy matri-
ces, respectively. After N — 1 inversions, we can obtain
the Green’s functions G\ NT and GE\J,VN Note that the
dimensions of h,41.n and hn.n need to be broadened in
the presence of stubs. Fmally, we need to incorporate
the self-energy of the right lead into GgJ\J[\;r and GS\J,VI)VT ;
we can apply Dyson’s equation again, ob’taining 7

T N T

R (€ 0F RS ¥ i (15)
T N r T

LN = G1 N T G1 2)L+1 NNGNN- (16)

Then, with the spin-resolved transmission probability
T,(E) at hand, we can calculate the spin-dependent See-
beck coefficient using the following formula [61-63]:

1 [ dB(E — Bp)To(E)f(1 - f)
el [TdET,(B)f(1- f)

SU(EF) = ; (17)

where f(E, Ep,T) = [e(F=Fr)/(keT) 1 1]71 is the Fermi
distribution function at the Fermi energy Er and tem-
perature T. Using these quantities, the spin Seebeck
coefficient Sg is calculated as [61, 62]

Ss(Erp) = %(ST —5)). (18)

Ben-Hu Zhou, et al., Front. Phys. 13(4), 137304 (2018)

3 Results and discussion

In the following, we present some numerical examples
of the calculated spin-dependent transmission probabil-
ity Ty, spin-dependent Seebeck coefficient S,, and spin
Seebeck coefficient Sg for the p-n junctions shown in
Fig. 1. We consider two systems: (1) a crossed AGNR
superlattice p-n junction with width Wy = 40 (~9.8 nm)
and (2) a crossed AGNR superlattice p-n junction with
width W = 41 (~10.1 nm). The former is semicon-
ducting and the latter is metallic for pristine AGNRs.
Here, we emphasize whether the two systems still have
semiconducting or metallic properties in the presence of
stubs. In the calculation, the hopping energy is set to
t = 2.75 eV. The magnetic field B is expressed in terms
of the magnetic flux ® with ® = (3v/3/4)a®B/®, and
® is proportional to B. Thus, the parameter ® can be
used to define the strength of the magnetic field B. The
temperature T is fixed at 300 K.

In Figs. 2(a)—(c) and (b'), (¢’), we present the spin
Seebeck coefficient Sg (in units of pV/K), the spin-up
Seebeck coefficient Sy and spin-down Seebeck coeflicient
S}, and the spin-dependent transmission probability T
and T, respectively, versus the Fermi energy Ep (in
units of €V) at zero magnetic field (& = 0) for lengths
L1 = Ly = 10 and a stub width h = 20 with magne-
tization M = 0.1 eV and different potential drops for
a crossed AGNR superlattice p-n junction with width
W1 = 40 and n = 10 periods. Figs. 2(d)—(f) corre-
spond to Figs. 2(a)—(c), and Figs. 2(¢’), (f') correspond
to Figs. 2(b’), (c¢’), respectively, but for a crossed su-
perlattice p-n junction with width W; = 41. First, it
is clear that 7% and T for both p-n junctions present
a series of peaks at defined Fermi energies. This reso-
nant behavior of the electronic transmission probability
arises from interference of the electronic wave functions
inside the structure, which travels back and forth form-
ing stationary states in the conductor region. Further-
more, one can find that the degeneracy of the two spin-
dependent transmission probability 7T, is eliminated by
the exchange splitting M. The spin-up (-down) trans-
mission probability profiles shift in opposite directions,
and the total translational distance should be 2M [see
Figs. 2(b), (¢') and (¢’), (f’)]. For a p-n junction with
electron-hole symmetry and Ey, = —Eg, both T and T
for the two systems near Er = 0 are enhanced, with more
resonant peaks as the potential drop AV = Ep — Ep in-
creases in Figs. 2(b’), (¢) and (¢'), (f’) and their insets.
This enhancement is particularly obvious for a crossed
p-n junction with width W7 = 41 owing to the increased
concentration of electrons or holes. When Er is far from
the Dirac point, Tt and T for the two systems decrease
dramatically with increasing potential drop AV owing to
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—— E,=0.14,E=-0.1¢
- E=0.26E=0.2t
E,=0.31,E,=—0.3¢
e E=0.14,E,=-0.2
E,=0.1,E,=—0.3¢
@ 200
&
¢l
&
(e)
&
> 2
3 ]
& 150
-300_
g 150
z o
& -150

—3002‘___
~1.0 -0.5 0.0 05 1.0
Ep(eV)

~1.0-0.5 00 05 1.0
Ep(eV)

—E=0.1t, E~0.1¢
——E =026, E~0.2t
——E,=0.3t, E,~0.3t
——E~0.1t, E=021
——E,~0.11, E=0.3

-1.0 -05 00 05 1.0 -1.0 -05 00 05 1.0
Ep(eV) Ep(eV)

Fig. 2 (a) Spin Seebeck coefficient Sg, (b) spin-up Seebeck coefficient Sy and (b’) transmission probability T, and (c)
spin-down Seebeck coefficient S| and (c¢) transmission probability 7' as a function of the Fermi energy Fr with different
potential drops in the central region for a symmetry crossed superlattice with W1 = 40. (d)—(f) correspond to (a)—(c), and
(e'), (f’) correspond to (b’), (c’), respectively, but for W7 = 41. The parameters are taken as ® = 0, M = 0.1 eV, n = 10,
h =20, and L1 = Ly = 10. The insets in (b’), (c’) and (e’), (f') show T} and T, for —0.4 €V < Er < 0.4 €V, respectively.

scattering of the electronic wave caused by the p-n inter-
face. A similar result has also been obtained for a ZGNR
p-n junction and a crossed ZGNR superlattice p-n junc-
tion [49, 64]. For E;, # —ER [see (green) solid lines and
(magenta) solid lines in Figs. 2(b’), (¢’) and (¢), (f")], T}
and T remain essentially unchanged when EF is greater
than E; = 0.1¢, and they are reduced remarkably for
Er < —0.2t as Er decreases from —0.2t to —0.3t owing
to breaking of the electron-hole symmetry. These prop-
erties are similar for the two systems. However, a crossed
AGNR superlattice p-n junction with width Wy = 40 al-
ways shows metallic behavior regardless of the voltage
drop magnitude owing to the nonzero transmission val-
ues of both T} and T at Er = 0. This metallic behavior
can also be understood according to the spin-dependent
density of states (DOS) p,. From Figs. 3(a) and (b) for
a crossed AGNR superlattice p-n junction with width
W1 = 40, there are clearly nonzero energy states around
Er = 0 for both py and p; regardless of AV. For the
junction with width W; = 41, as shown in Figs. 2(¢") and
(f') and their insets, the system exhibits semiconducting
behavior at a voltage drop of AV = 0.2¢ [(black) solid
lines] because both T4 and T at Er = 0 are zero. When
AV increases to 0.4t [(red) solid lines], a semiconductor-
to-metal transition occurs, and finite values of both T}
and T appear at Er = 0. To understand the origin of
the transition, the spin-dependent DOS p, versus the

137304-6

(2) 0.08
—_ —E,=0.1t, E,=-0.1¢
= —E =0.21, E =-0.2¢
E0.04 —E =0.3t, E =-0.3¢
Q
0.00-}
(b)
0.08-
5
< 0.041
QU
0.00 ‘ ’\M 0.00! ! [
—04 -02 0.0 02 04 -0.4 0 20, 0 02 04

Ep(eV) Ep(eV)

Fig. 3 (a) Spin-up and (b) spin-down DOS as a function
of the Fermi energy Er with different potential drops in the
central region for a symmetry crossed superlattice with W7 =
40. (c), (d) correspond to (a), (b), respectively, but for W1 =
41. The other parameters are the same as those in Fig. 2.

Fermi energy Ep for a crossed AGNR superlattice p-n
junction with width Wy = 41 is shown in Figs. 3(c) and
(d). A gap with a zero value of the DOS clearly disap-
pears around Er = 0 for both p; and p; as AV increases
from 0.2t to 0.4¢, producing the semiconductor-to-metal
transition.

Ben-Hu Zhou, et al., Front. Phys. 13(4), 137304 (2018)
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Further, both S; and S| for both crossed superlat-
tice p-n junctions also display oscillation similar to that
of the spin-dependent transmission coefficient T,,. The
zero values of Sy (5)) for both systems are located at
the peaks or dips of T} (7}), and the maximal values of
|So| are located at the positions where T, varies sharply.
This behavior of S, can be easily understood considering
that the values of S, are approximately determined by
the derivative of T, at lower temperatures [65]. There-
fore, |S,| is almost zero at peaks or dips of T, because
the derivative of T, is zero, whereas it is maximal when
the derivative of T, is maximal. Furthermore, it is worth
noting that S, for both systems reaches the same order
of magnitude, and its maximum absolute value reaches
335 uV/K when E;, = —Er = 0.1 eV. This maximum
value of S, is caused by the appearance of a zero trans-
mission gap for T, [see Figs. 2(b’), (¢/) and (¢), (f)] for
the two junctions. Let us look in more detail at the origin
of these maximum values. For a crossed superlattice p-n
junction with width W; = 40, a zero transmission gap
near Ep = —0.4 eV (Ep = —0.2) appears in the spin-
up (spin-down) channel, as shown in the lower part of
Figs. 2(b’) and (c¢’) and their insets. At the edges of this
gap, transport in the up- and down-spin channels is me-
diated by thermally activated holes or electrons, which
leads to a large positive or negative S,. For a crossed
superlattice p-n junction with width W; = 41, a wider
zero transmission gap appears around Er = 0 for both
Sy and S| [see Figs. 2(¢’) and (f’) and their insets], so

—M=0.05eV
=== M=0.10 eV
M=0.15 eV

—300—"__4_
-1.0 =05 0.0 0.5 1.0
Er(eV)

~1.0 0.5 0.0 05 1.0
Ep(eV)

a large positive or negative S, also appears at the edges
of these gaps. When the potential drop AV is increased
from 0.2t [(black) solid lines] to 0.6¢ [(blue) dotted lines]
in Figs. 2(b) and (c), the maximum values of S, shift
toward negative Ep owing to the leftward shift of the
zero transmission gaps of both T and T for a junction
with W7 = 40. In contrast, the maximum value of S, de-
creases dramatically because the zero transmission gaps
vanish for a junction with W7 = 41 [see Figs. 2(¢’) and
(f') and their insets]. The result obtained here is differ-
ent from that of Refs. [11, 12], and [66] for a pristine GNR
system, where the Seebeck coefficient for semiconduct-
ing AGNR systems is much larger than that for metallic
AGNR systems. However, the maximum values of the
Seebeck coefficient are of the same order of magnitude
regardless of whether the AGNR junction is metallic or
semiconducting in the presence of stubs. Further, as seen
in Figs. 2(a) and (d), the variation of the spin Seebeck
coefficient Sg for both systems shows a tendency similar
to that of S, according to Eq. (18).

As the magnetization M is increased for the crossed
superlattice p-n junctions shown in Figs. 4(b'), (¢’) and
(e), (f'), the relative shift of the spin-dependent trans-
mission probabilities T} and T with respect to the Dirac
point for the two systems increases, but the magnitude
of T} and T, for the two systems remains essentially un-
changed. As a result, the magnitudes of both the spin-up
Seebeck coefficient Sy and spin-down Seebeck coefficient
S| also remain unchanged, and only the positions of both

/
NS

-1.0 -0.5 0.0 0.5 1.0
Ep(eV)

r
(b ——M=0.05eV
1 ——M=0.10 eV

—M=0.15eV

Fig. 4 (a) Spin Seebeck coefficient Ss, (b) spin-up Seebeck coefficient Sy and (b’) transmission probability T%, and (c)
spin-down Seebeck coefficient S|, and (c’) transmission probability 7| as a function of the Fermi energy Er for different
magnetizations M and Er = —Egr = 0.1t for a symmetry crossed superlattice with W7 = 40. (d), (f) correspond to (a),
(c), and ('), (f') correspond to (b’), (c’), respectively, but for Wi = 41. The other parameters are the same as those in

Fig. 2.
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Sy and S| shift with M because S, is approximately de-
termined by the derivative of T, at low temperatures,
as discussed in connection with Fig. 2. One can see this
clearly from Figs. 4(b), (c¢) and (e), (f). These proper-
ties are similar for the two systems. However, there is
an essential difference in behavior. For a crossed AGNR
superlattice p-n junction with width Wy = 40, the spin
Seebeck coefficient Sg is insensitive to the magnetiza-
tion M [see Fig. 4(a)] owing to the metallic behavior of
the junction, whereas Sg increases rapidly around zero
Fermi energy Er for a junction with width Wy = 41 [see
Fig. 4(d)] as M increases from 0.05 to 1.5 eV. A similar
phenomenon has also been observed for a crossed ZGNR
superlattice p-n junction [49]. The above behavior of Sg
can be easily understood considering the spin-dependent
transmission coefficient presented in Figs. 4(e’) and (f'),
where a zero transmission gap appears around zero Fermi
energy for both T} and 7. Thus, a finite spin transmis-
sion gap with zero value can appear and increase with
increasing M. As a result, Sg is also enhanced because
it scales linearly with the spin transmission gap [18].
Next, we present the spin Seebeck coefficient Sg, the
spin-dependent Seebeck coefficient S,, and the spin-
dependent transmission probability T, versus the Fermi
energy Ep for different numbers n of periods of the
superlattice at a given magnetization M = 0.1 eV in
Fig. 5. Figures 5(a)—(c) and (d)—(f) show the results for
crossed superlattice p-n junctions with widths Wy = 40
and Wy = 41, respectively. Figures 5(b’), (¢/) and (¢),

S, (WV/K)

T T T T T
-1.0-0.5 0.0 05 1.0
Ep (eV)

L A S
-1.0-05 0.0 05 1.0
Ep(eV)

(f") correspond to the spin-dependent transmission prob-
ability for the two cases. The other parameters are the
same as those in Fig. 2. An important result in Fig. 5(a)
is that |Sg| around zero Fermi energy for the crossed
superlattice p-n junction with width W7 = 40 is remark-
ably enhanced with increasing n, and the maximum ab-
solute value reaches 380 wV/K for n = 20. The increase
in |Sg| is somewhat visible at the corresponding peaks
and dips. A similar phenomenon in which Sg is propor-
tional to n has also been obtained for a crossed superlat-
tice p-n junction with a zigzag edge [49]. For a crossed su-
perlattice p-n junction with width Wy = 41, |Sg| around
zero Fermi energy also increases when n increases, and
a maximum |Sg| value of 320 puV/K is realized when
n = 15, but |Sg| decreases as n increases further to 20.
This difference in the behavior of Sg in the two cases
can be easily understood considering the spin-dependent
transmission spectra presented in Figs. 5(b’), (¢/) and
(¢/), (f'). From Figs. 5(a’) and (b'), we can see that
a metal-to-semiconductor transition occurs for a crossed
superlattice junction with W7 = 40 as n increases from
5 to 15. An obvious zero transmission gap appears near
Ep =0atn =15 for both T} and 7). As n increases fur-
ther from 15 [(blue) solid lines] to 20 [(green) solid lines],
the zero transmission gaps for T} and T are broadened.
Therefore, both S} and S| are notably enhanced. Ac-
cording to Eq. (18), the variation in Sg has a tendency
similar to that of .S,, which leads to the enhancement of
Ss as n increases. The explanation of the origin of the

.0
0.50 -0.25 0.00 0.25 0.5

| Wl

=3

. 4 0’?07_50,0'25 0.00 0.25 0.50 50 -0.25 0.00 025 0.50
2] g
72 27
O—— + A“ T 0 e —
-1.0 -05 00 05 1.0 -1.0 -05 00 05 1.0

Ep(eV) Ep(eV)

Fig. 5 (a) Spin Seebeck coefficient Ss, (b) spin-up Seebeck coefficient Sy and (b’) transmission probability T%, and (c)
spin-down Seebeck coefficient S| and (c’) transmission probability 7| as a function of the Fermi energy Er with a different
number n of periods of the superlattice under Er = —Egr = 0.1t for a symmetry crossed superlattice with W1 = 40. (d)—(f)
correspond to (a)—(c), and (e’), (f') correspond to (b’), (c’), respectively, but for Wi = 41. The other parameters are the
same as those in Fig. 2. The insets in (b’), (¢’) and (€'), (f') show T} and T}, respectively, for —0.5 eV < Er < 0.5 €V.
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Fig. 6 (a) Spin Seebeck coefficient Ss, (b) spin-up Seebeck coefficient Sy and (b’) transmission probability T4, and (c)
spin-down Seebeck coefficient S| and (c¢’) transmission probability 7', as a function of the Fermi energy Fr with different
stub lengths Lo under E, = —Fr = 0.1t for a symmetry crossed superlattice with W1, = 40. (d)—(f) correspond to (a)—(c),
and (e’), (f') correspond to (b’), (c'), respectively, but for W; = 41. The other parameters are the same as those in Fig. 2.
The insets in (b’) and (e’) show T} for —0.4 eV < Ep < 0.4 €V.

enhancement of Sg for the crossed superlattice junction
with W7 = 41 is similar to that presented above for a
junction with W3 = 40 as n increases from 5 to 15, but
finite values of both T} and 7T appear around Ep = 0
as m increases from 15 to 20, as shown in Figs. 5(¢’) and
(f) and their insets. Consequently, both Sy and S| are
significantly decreased, which also leads to a remarkable
reduction in Sg.

Now we focus on the effects of the stub length on the
spin-dependent transport and thermoelectric properties
of the systems. Figure 6 shows the spin Seebeck co-
efficient Sg, spin-dependent Seebeck coefficient S,, and
spin-dependent transmission probability T, as a function
of the Fermi energy Er for different stub lengths Lo and
n = 10 periods of the superlattice for crossed superlattice
p-n junctions with width W7 = 40 and 41. The other pa-
rameters are the same as those in Fig. 5. One can clearly
see that the increase in Ly considerably enhances Sg and
S, at certain Fermi energy values for the two junctions.
This enhancement is due mainly to the rapid increase or
decrease in the spin-dependent transmission probability
T, or the appearance of an enlarged zero transmission
gap for T,,. The most remarkable changes in both T}
and T can be observed for the crossed superlattice p-n
junctions with W7 = 41 in Figs. 6(¢’) and (f'), where
both T} and T reach zero at zero Fermi energy, leading
to a metal-to-semiconductor transition as Lo increases
from 8 to 10. Further, a transmission gap of ~0.42 eV

Ben-Hu Zhou, et al., Front. Phys. 13(4), 137304 (2018)

also appears for both T} and 7). According to the expla-
nation of Fig. 2, both Sg and S, reveal high peaks when
the Fermi energy is in the energy gap. For larger |Fr|,
the transmission curves in Figs. 6(b’), (¢/) and (¢’), (f’)
exhibit complex behavior when Lo is increased, and Sg
and S, depend weakly on the stub length.

Finally, in Figs. 7(a)—(c) and (b’), (¢’), we present
the spin Seebeck coefficient Sg (in units of uV/K), the
spin-dependent Seebeck coefficients S} and S|, and the
spin-dependent transmission probabilities T} and T, re-
spectively, versus the Fermi energy Er (in units of €V)
at a potential of £ = —Fgr = 0.1t and stub lengths
L; = Ly = 10 and heights h = 20 with a magne-
tization M of 0.1 eV under different magnetic fields
® for a crossed superlattice p-n junction with width
W1 = 40 and n = 10 periods. Figures 7(d)—(f) corre-
spond to Figs. 7(a)—(c), and Figs. 7(¢’), (f') correspond
to Figs. 7(b’), (¢’), respectively, but for a crossed super-
lattice p-n junction with width W; = 41. In Figs. 7(b’),
(¢') and (&), (f’), we can see that in the presence of the
magnetic field, both T} and 7T for the two systems in-
crease notably near Fr = 0, and the transmission gap
of T} and T for the two systems disappears, especially
for the superlattice junction with width W3 = 41, where
a semiconductor-to-metal transition occurs as the mag-
netic field ® increases from 0 to 0.003 [see Figs. 7(e’) and
(f') and the inset in Fig. 7(e’)]. This disappearance of
the transmission gaps can be expected to strongly sup-
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Fig. 7 (a) Spin Seebeck coefficient Ssg, (b) spin-up Seebeck coefficient Sy and (b’) transmission probability T%, and (c)
spin-down Seebeck coefficient S| and (c¢’) transmission probability 7| as a function of the Fermi energy Er for different
magnetic fluxes ® under £ = —Egr = 0.1t for a symmetry crossed superlattice with Wi = 40. (d)—(f) correspond to
(a)—(c), and (e’), (f') correspond to (b’), (c’), respectively, but for Wi = 41. The other parameters are the same as those
in Fig. 2. The insets in (b’) and (e') show T} for —0.4 eV < Ep < 0.4 €V.

press Sy and S| [see Figs. 7(b), (c) and (e), (f)] according
to the above discussion. Thus, Sg is also remarkably re-
duced in the presence of the magnetic field. When &
increases further, as shown in Figs. 7(b’), (¢) and (¢),
(f"), the magnitudes of both T} and T for the two sys-
tems remain essentially invariant near Er = 0, and both
T, and T display irregular oscillation. When & increases
to 0.007 [(green) solid lines in Figs. 7(b'), (¢’) and (&),
(f") and their insets], the Landau levels are formed from
the Dirac point to the high Fermi energy [67]. Thus,
the properties of Sg and S, for the two systems tend
to be the same. Further, it is worth noting that from
Figs. 7(b’), (¢’) and (¢’), (f’), the magnitudes of both
T} and T in both systems are nearly independent of ®
when Ep is far from the Dirac point. This result is dif-
ferent from that of Ref. [49] for a crossed superlattice
p-n junction with a zigzag edge, where both T} and T
decrease gradually with increasing ®. The result indi-
cates that the transport properties depend strongly on
the chirality of the graphene ribbon.

4 Summary and conclusion

In summary, we comprehensively studied the spin-
dependent transport and Seebeck effects for crossed su-
perlattice p-n junctions based on an AGNR with width
Wy = 40 and 41 to exemplify the effect of semiconducting
and metallic AGNRs, respectively. Our results revealed
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that in the presence of stubs, a semiconducting AGNR
junction with width W7 = 40 always shows metallic be-
havior regardless of the potential drop magnitude, mag-
netization strength, stub length, and perpendicular mag-
netic field strength. However, a metallic AGNR junction
with width W, = 41 can present metallic or semiconduct-
ing behavior depending on the physical parameters men-
tioned above. Furthermore, a metal-to-semiconductor
transition can be realized in both systems by adjusting
the number of periods of the superlattice. In addition,
the spin-dependent Seebeck coefficient and spin Seebeck
coeflicient for the crossed superlattice p-n junctions with
widths W7 of 40 and 41 are of the same order of magni-
tude when the system parameters are optimized, and the
maximum absolute values of the spin-dependent Seebeck
coefficient and spin Seebeck coefficient reach 550 and 370
uV/K, respectively. However, we should mention that
the electron transport and thermoelectric properties of a
T-shaped superlattice p-n junction are similar to those
of a crossed one, so the results are not shown here. Our
findings may provide valuable guidance for the design
and fabrication of spin valve and high-performance ther-
moelectric devices based on a GNR superlattice p-n junc-
tion in practical applications.
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