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The valley valve effect was predicted in a straight zigzag graphene nanoribbon (ZGR) p/n junction. In this work, we
address a possible valley selection rule in a Y-shaped ZGR junction. By modeling the system as a three-terminal device
and calculating the conductance spectrum, we found that the valley valve effect could be preserved in the system and the
Y-shaped connection does not mix the valley index or the pseudoparities of quasiparticles. It is also shown that the Y-shaped
ZGR device can be used to separate spins in real space according to the unchanged valley valve effect. Our finding might
pave a way to manipulate and detect spins in a multi-terminal graphene-based spin device.
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1. Introduction

Graphene, an attractive material for spintronics, has re-
ceived much attention due to its unique band structure and
novel electron transport properties,!!~1?! such as long spin re-

[1,7

laxation length,!>-%! high carrier mobility,!"-”] and gate tunable

(8-101 Among these properties, the spin filter-

spin transport.
ing effect is especially intriguing, which indicates the possi-
bility of high controllability of spin manipulation in graphene.
Since Dmitry et al.!'3 firstly predicted the spin filtering ef-
fect in the magnetic graphene, many researchers utilized mag-
netic graphene junctions to design various types of graphene
spin valves or spin filter devices.!'*~!”] For instance, Zhang
et al."¥ theoretically studied the giant magnetoresistence ef-
fect in a ferromagnetic (F) graphene junction, and found that
the nanoribbon can act as a perfect spin filter. Subsequently,
Michetti and his coworker!!®! investigated a bilayer graphene
contacted to F insulators, which can be devised as highly effi-

cient gate-tunable spin filters. In recent works,!!%1%]

a zigzag
graphene nanoribbon (ZGR) junction together with ferromag-
netism was found not only as a spin injector to generate spin
polarized carriers, but as a spin splitter to separate spins in
real space. Spin detection in magnetic graphene junctions has

20211 and experimentally.[?%%3]

also been studied theoretically!
For example, Wang et al.l?!! theoretically proposed an even-
chain ZGR junction with a rotating magnetic field to separate
and detect a fully spin-polarized current spatially. McCreary
et al.??! reported experimentally a pure spin current measured
by its induced magnetic moments in a graphene-based spin
valve.

As an analogy to the spin valve effect in a magnetic tun-

DOI: 10.1088/1674-1056/23/8/087202

[24-26]

neling junction, the peculiar valley-valve effect was re-

vealed in a nonmagnetic p/n ZGR junction. The intrinsic
inter-valley electron scattering process crucially relies on the
zigzag-chain number N for the case of the zero-energy trans-
port mode: when N is even, electrons are completely reflected
and the current is blocked; oppositely, the current is allowed
in an antizigzag junction when N is odd. This peculiar current
blocking phenomenon is attributed to the pseudoparity conser-
vation called the valley selection rule. The wavefunctions of
the quasiparticles have a definite valley index or pseudoparity,
and they would be different for the p-doped and n-doped ZGR.
Therefore, only the quasiparticles with the same pseudopari-
ties are allowed to pass through the p/n junction; whereas the
quasiparticles are blocked to transport with the opposite pseu-
doparities in each region. This additional valley degree of free-
dom provides the possibility of manipulating and controlling
the electron transport in graphene-based devices.

27301 on the valley-valve effect were

The previous works!
mainly focused on a straight even-chain ZGR junction, and
the valley degree of freedom is related to the electron momen-
tum, so whether the valley-valve effect exists in a nonstraight
even-chain ZGR junction or not is worthy of study. Thus in
this work, we propose an even-chain Y-shaped ZGR p/n junc-
tion in Fig. 1 to study the valley-valve effect. By using the
multi-terminal Landauer—Biitticker formula, we calculated the
conductance spectrum of the system and found that the valley-
valve effect could still be preserved, because the connection of
the Y-shape composed of a hexagonal honeycomb lattice does
not bring out the valley-mixing scattering and the pseudopari-
ties of particles remain unchanged. As an example, the ferro-
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magnetic (F) version of the Y-shaped ZGR junction is studied
to separate spins spatially by using the unchanged valley-valve
effect.

M N,

Fig. 1. (color online) Schematic plot of a Y-shaped ZGR p/n junction.
The nonstraight C region (in red-dashed box) is an undoped ZGR, while
the left (L), the middle (M), and the right (R) ZGRs are three semi-
infinite p-doped or n-doped ZGR leads. The widths of the left (right)
and middle ZGRs are respectively N and Nj, while the length of the C
region is described by L.

The rest of this paper is arranged as follows. In Section 2,
we present the theoretical model for the proposed even-chain
Y-shaped ZGR junction and derive a general formulae for the
conductance spectrum of the device. In Section 3, numerical
results are presented to illustrate the valley-valve effect in the
nonstraight Y-shaped ZGR p/n junction. Finally, a brief con-
clusion is drawn in Section 4.

2. Model and formulation

We consider a three-terminal Y-shaped ZGR p/n junction
as illustrated in Fig. 1, where the C region is an undoped ZGR
connecting to the three ZGR leads. The left (L), the middle
(M), and the right (R) ZGRs are three p-doped or n-doped
leads with controllable potentials Uy (v r). The widths of the
left (right) and middle ribbons are denoted by the zigzag-chain
numbers N and Nj, respectively; the length of the C region is
La with the lattice constant ¢ = 2.46 A. In the tight-binding
model, the system’s Hamiltonian is given by

H = Z CzTaO'(Ua6gg’)Ciao’—t Z Cjaccjao

inoo’ (ijooo
+c.c.+ Y. Cli(wie)Cio, (1)
ic
where C,Ta o (Ciac) is the creation (annihilation) operator at the

lattice site i with spin index o (6 =4 =1]) of the & (& = L,
M, R, C) ZGR in real space; Uy is the on-site energy of the
o ZGR in the Y-shaped ZGR p/n junction, which can be mod-
ulated by gate voltages. The (ij) means the nearest neighbor
lattice sites i and j. # = 2.8 eV is the hopping integral.3!! The
last term describes the disordering lattice potential in the C re-
gion, w;, represents the random disorder uniformly distributed

in the range [—W /2,W /2], where W is the disorder strength.
The linear conductance in our proposed device can be obtained

by using the multi-terminal Landauer—Biitikker formula, 32331
which reads
2¢? . a
Gop(E) = TTT[FaG (E)IG(E)], 2)

where the trace Tr denotes the summation over all the trans-
verse lattice site i on the surface of the C region. G" = [G?]"
is the retarded (advanced) Green function in real space, which
can be calculated by the direct matrix inversion

G' = |[EI—Hc—Xf — Xk — 257, (3)

where Hc is the Hamiltonian of the nonstraight C region in
real space, and / is a unitary matrix. The contributions of the
three semi-infinite ZGR leads are incorporated by the three
self-energy terms X7, which can be evaluated by the recursive
Green function method. 3331

With these preparations, the conductance spectrum of the

system can be worked out directly

2 2
GuL(r)(E) = %TT[F MGy ) (E)LR) GLrm ()]s (4)
2 2
Gir(E) = =~ Trl[LG{ g (E)[RGi (E)] )

Here I =i[X], — X3] is the linewidth function, which indi-
cates the transmission strength between the o terminal and the
non-straight C region. G4g(E) is the conductance between the
o and f terminals, which is mainly dependent on the Fermi
energy Er in Egs. (4) and (5). If the nonstraight ZGR con-
nection has no effect on the pseudoparities conservation of the
quasiparticles, the peculiar valley-valve effect should emerge
in the studied Y-shaped ZGR p/n junction, and the conduc-
tances can be allowed (closed) for the quasiparticles with the
same (opposite) pseudoparities due to the persistent valley se-
lection rule.

3. Numerical results and discussion

In this section, we shall present the numerical results of
the conductances in an even-chain Y-shaped ZGR junction and
analyze the behavior of the valley selection rule. Since three
terminals of the device are asymmetric, the width of the mid-
dle ZGR lead is 2 times the left or right ZGR lead, we mainly
focus on the conductance of the middle-left (right) terminal.
In numerical calculations, the zero temperature (7 = 0 K) is
taken, the even-chain ZGR is considered and the widths of the
middle and left (right) ZGR leads are set as Ny and N, and
which satisfies N; = 2N. The three ZGR terminals have the
same potentials assumed |UL| = |Um| = |Ur| = U = 0.05 eV,
and Uc = 0 eV is set as the zero energy reference. In most
cases unless otherwise stated directly, the ZGR junction is per-
fect w;. =0 eV, and the length and the width of the non-straight
C region are L = 50 and N = 4, respectively.
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In Fig. 2, we calculate the conductance Gy (r) versus
EF to reveal whether the valley-valve effect could appear in
a nonstraight ZGR p/n junction or not. When the right ZGR
lead is n-doped and the left ZGR lead has the same p-doped
as the middle ZGR lead in Fig. 2(a), similar to the straight
ZGR p/n junction case, the valley valve effect emerges at
—U < Ef <0, the particles can only pass through the middle-
left electrode. Gy is nonzero and oscillating with the Fermi
energy; whereas the middle-right terminal is closed for the
particles transport, i.e., Gyr = 0. The opposite phenomenon
happens in Fig. 2(b) when the right ZGR has the same p-
doped and the left ZGR is n-doped type, the conductances, the
ON or OFF states, are reversed between the middle-left and
middle-right terminals in comparison with results in Fig. 2(a),
—U < Er <0, Gy, =0, and Gyr = 1. Therefore, the val-
ley valve effect is preserved in a nonstraight Y-shaped ZGR
p/n junction. This indicates that the Y-shaped ZGR connec-
tion does not lead to the valley-mixing scattering and makes
no difference to the pseudoparities conservation of particles.

(a) — Gw

G/ (€2/h)

G/ (e*/h)

—0.1 0 0.1
Ey/eV

Fig. 2. (color online) Conductance Gy (r) versus Fermi level Ef in a
Y-shaped ZGR p/n junction, the on-site energies of the left, the mid-
dle, and the right ZGR leads are Ur = —0.05, Up, = Uy = 0.05 eV in
panel (a) and Up, = —0.05, Ugr = Uy = 0.05 eV in panel (b).

To explain the persistent valley-valve effect in the Y-

shaped ZGR p/n junction in Figs. 2(a) and 2(b), we plot the
zero-energy transport modes of the middle, the C, and the
left (right) ZGRs in the momentum k-space in Figs. 3(a) and
3(b). The p (n)-doped energy bands of the middle and the
left (right) terminals move upward (downward) from the un-
doped C region, which may cause the electrons and holes in
the middle, the C, the left (right) ZGR regions possessing the
opposite even (“+”) and odd (“—”) pseudoparities near the
Fermi level. These definite “+” pseudoparities of particles at
each terminal are not affected by the nonstraight ZGR con-
nection, and the valley selection rule is still valid in a multi-
channel ZGR junction. When the left and middle ZGRs have
the same p-doped type in Fig. 3(a), the quasiparticles in the
middle, the C, and the left ZGRs have the same pseudopari-
ties at —U < Ef < 0, the valley transport process is allowed
and Gy # 0 in Figs. 2(a). When the left and middle ZGRs
have the opposite type in Figs. 3(b), the quasiparticles in the
left, middle, and C regions have the opposite pseudoparities at
—U < Eg < U, the middle-left channel is closed for the trans-
mission and Gy, = 0 in Fig. 2(b).

Tw

(b)

Fig. 3. (color online) E-K dispersion of zero-energy edge states of the
middle C and left (right) ZGRs. The left (right) lead is same p-doped (a)
or opposite n-doped (b) with the middle lead. The “+” and “—" denote
the even and odd pseudoparities of the edge states, and it could be dif-
ferent for the conduction band (solid line) and the valence band (dashed
line), respectively. The arrows indicate the quasiparticle transmission
due to the valley selection rule.

We also consider the possible effects of the nonstraight
C region on the persistent valley selection rule. Figure 4 de-
scribes Gyr versus Eg with different device sizes and disorder
potentials W in the Y-shaped ZGR p/n junction. Two differ-
ent sizes of the device are considered in Fig. 4(a), one type
has a different length L with a constant width N, the other
has a different N and a fixed L. As predicted, although the
transmission conductance is crucially dependent on the de-
vice width N, these two types of C region would not affect
the valley valve effect at —U < Ep < U; the conductance is
always in the OFF state (Gyr = 0) regardless of the device
sizes, while the conductance exhibits a transmission peak in
the vicinity of Er = 0, and the transmission strength decreases
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with the scattering length L. Figure 4(b) shows that the valley
selection rule is influenced by the disorder potential W. When
—U < Erp < U and W is weak, the valley selection rule is un-
changed and Gyr ~ 0 compared with the perfect ZGR junc-
tion W = 0. When the disorder potential increases and has the
approximate magnitude of the on-site energy of the ZGR, i.e.,
W ~ U, it will destroy the pseudoparity conservation of quasi-
particles and the conductance shows the ON state, Gyr # O.
Therefore, as long as the nonstraight C region is clean or has
weak disorder potential, the valley selection rule can appear in
the Y-shaped ZGR p/n junction.

T T T

(a) ——L=10,N=4
---L=50,N=4
[ L=100, N=4

1.2

Gur/(e*/h)

—0.1 0 0.1
Er/eV
T T T
(b) — W=0eV
- - - W=0.005 eV
12F s W=0.01eV .

——-W=0.05 eV,

0.6

Gur/(e*/h)

—-0.1 0 0.1
Er/eV

Fig. 4. (color online) Conductance Gyr versus Fermi level Er in a Y-
shaped p/n junction, the different lengths and widths of the nonstraight
Cregion L =10, 50, 100, and N =4, 6, 8 are considered in panel (a) and
the disorder potential strength W = 0, 0.005, 0.01, 0.05 eV in panel (b).
The other parameters are the same as those in Fig. 2(a).

As an example of the application of the unchanged valley
selection rule in the proposed ZGR junction, we propose the
Y-shaped ZGR F/N/F junction to separate and detect spins.
It is assumed the equal F magnetization could be induced in
the left, the middle, and the right terminals with the magni-
tude &, while the magnetization angles are denoted by 6, 61,
and OR against the z axis, respectively. Thanks to the Zeeman
effect, the spin-up and spin-down energy bands are split and

they may have the opposite pseudoparities at different termi-
nals. The ferromagnetic ZGR junction becomes a bipolar spin
half-metal that only one spin-state channel is open through the
middle-left terminal with the same pseudoparities, the oppo-
site spin-state with the opposite pseudoparity is closed while
it may be allowed to the middle-right terminal, so the Y-shaped
ZGR F/N/F junction would be used as a spin separator and de-
tector.

According to the persistent valley-valve effect in Fig. 5,
we present the spin-resolved conductances Gyrs and Gmre
versus EF in the Y-shaped F/N/F junction to realize spin sepa-
ration and detection. When the left and the middle ZGRs have
the same magnetization direction 6, = 6y = 0 in Fig. 5(a), the
middle-left terminal becomes a spin-half metal at —h < Er < h
that only one spin-species conductance is nonzero, and thus
it can be used to detect spin. When —h < Ep < 0, due to the
pseudoparity conservation, the middle-left terminal is open for
the spin-up particles (Gyrt # 0) and closed for the spin-down
ones (Gumr, = 0). The opposite spin separation process occurs

Gho/(€*/h)

Ghro/(€/h)

—0.1 0 0.1
Ex/eV

Fig. 5. (color online) (a) Spin-dependent conductances Gys (2) and
GmRro (b) versus Er in a Y-shaped ZGR F/N/F junction. The left,
middle, and right ZGR leads have the same magnetization strength
h = 0.05 eV, and different magnetization angles: 6, =0, 6y = 0, and
Or = m. The other parameters are: Uy, = Uy = Ur =0 eV.
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when 0 < Ef < h, i.e., the spin-up conductance is zero whereas
the spin-down tunneling process is allowed, Gyry = 0 and
Gmry # 0. Similar results occur in the middle-right elec-
trode, as shown in Fig. 5(b), the right ZGR lead has the op-
posite magnetization orientation g = 7 to the middle lead,
the spin-up and spin-down conductances are both suppressed
at —h < Ep < h. Therefore, as a spatial spin separator and de-
tector, the Y-shaped ZGR F/N/F junction could spontaneously
separate the spin-up and the spin-down electrons into its left
and right terminals by matching the unchanged pseudoparity
conservation with the middle ZGR terminal, respectively.
Furthermore, the valley—valve effect and spin separation
can be effectively controlled by the device parameters in the
Y-shaped ZGR F/N/F junction. Figure 6 depicts the spin con-
ductance Gyre versus the magnetization strength 2 with dif-
ferent magnetization angle Or and Fermi level in the junction.
It is shown that the unchanged valley-valve effect and its in-

0.6 T T T
(a)
—~ 0.4f i
<
o
L _GMRT
\:E Gury
(520-2' 0,=0,0,=0 1
E,=—-0.1eV
O. -
0 0.1 0.2 0.3 0.4
h/eV
c

0.6 (©) |
<
% _GMRT
\\: 0.3F Gury R
g 0,=0,0,=0
S Ep=0.1eV

O L
0 0.1 0.2 0.3 0.4
h/eV

duced spin separation crucially rely on both 8g and Eg. When
h < ‘EF
and Gy are both nonzero and have the same magnitudes ap-

, the spin valley-valve effect does not appear, Gymry

proximately; as a result, two spin species cannot be separated.
When & > |Ep
Y-shaped ZGR F/N/F junction can act as a bipolar spin sep-

, only in the parallel configuration 6gr = 0, the

arator due to the preserved valley-valve effect. In Fig. 6(a),
Gwmry is approximately a constant, and Gygy is completely
suppressed. The middle-right terminal is open for spin-down
particles and is closed for spin-up ones when Er changes its
sign in Fig. 6(c). In the antiparallel configuration 6r = 7 in
Figs. 6(b) and 6(d), both Gyr+ and Gyr, are independent of
Er and suppressed at > |Eg|, that is, Gyrt = Gmry = 0,
which means the valley-valve effect and its induced spin sepa-
ration are crucially dependent on the local magnetization dis-
tribution and Fermi level in the Y-shaped ZGR F/N/F junction.

0.6 L (b)
<
% Gurt
(bo 3 GMM
g 0, =0,0p=m7
) Ep=—-0.1¢eV
ok
0 0.1 0.2 0.3 0.4
h/eV
d
06l @
=
% Gurt
\\:0 3 Gmm
g 0,=0,0p=m
) Ey=0.1eV
ok
0 0.1 0.2 0.3 0.4
h/eV

Fig. 6. (color online) Spin conductance Gyre versus magnetization strength /4 for different Fermi level Ep and different magnetization configurations: (a)
6, =6r =0and Ep = —0.1¢eV, (b) 6, =0,0r =7 and Er = —0.1eV, (c) 6, = 6r =0 and Er = 0.1 eV, and (d) 6, =0, 6k = 7w and Er = 0.1 eV. The

other parameters are set as follows: 6y =0 and U, = Uy =Ur =0¢eV.

4. Summary and conclusion

In summary, we have studied the valley selection rule in a nonstraight Y-shaped ZGR p/n junction by calculating the con-

ductance spectrum of the system. It was found that the nonstraight Y-shaped connection has little effect on the pseudoparity
conservation of the quasiparticles, so the valley-valve effect is also feasible and depends on the width of each ZGR lead as well
as the doping level. The Y-shaped ZGR F/N/F junction was further studied to separate and detect spins by using the unchanged
valley-valve effect. Our results may shed light on controlling spins in a multi-terminal graphene-based spin device.
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