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The adiabatic electron transport is theoretically studied in a zigzag graphene nanoribbon (ZGNR) junction with two
time-dependent pumping electric fields. By modeling a ZGNR p-n junction and applying the Keldysh Green’s function
method, we find that a pumped charge current is flowing in the device at a zero external bias, which mainly comes from
the photon-assisted tunneling process and the valley selection rule in an even-chain ZGNR junction. The pumped charge
current and its ON and OFF states can be efficiently modulated by changing the system parameters such as the pumping
frequency, the pumping phase difference, and the Fermi level. A ferromagnetic ZGNR device is also studied to generate a
pure spin current and a fully polarized spin current due to the combined spin pump effect and the valley valve effect. Our
finding might pave the way to manipulate the degree of freedom of electrons in a graphene-based electronic device.

Keywords: quantum pump, zigzag graphene nanoribbon, pseudo-parity, current

PACS: 72.25.Dc, 72.80.Vp, 72.25.Mk

1. Introduction

Graphene, a monolayer of carbon atoms packed into
a two-dimensional honeycomb lattice, has been intensively
studied since its birth in 2004.1"-'% The low-energy carri-
ers in graphene have a linear energy—momentum dispersion
around the Dirac zero points,[3’4] which can be well described
as a massless Dirac fermion. Due to its unique energy band
structure, graphene has various extraordinary electron trans-
port properties,>1%1 such as long spin coherent length,"!
high carrier mobility,! and gate voltage-controllable elec-
tron transport.!”-8 Different from the traditional semiconduc-
tor material, the quasi-particle in graphene not only has the
space and spin degrees of freedom, but also has a new valley
degree of freedom,!'!! corresponding to the two inequivalent
valleys K and K’ at the corners of the Brillouin zone. The val-
ley degree of freedom is energy-degenerate and satisfies the
time-reversal symmetry, its physical properties are similar to
those of the electron’s spin, so it is also called pseudo-spin
in real space. The valley degree of freedom of an electron in
graphene can be used to manufacture multi-functional valley
electronics in future. 1121

The earliest research of valley-dependent electron trans-
port explored the valley valve effect in zigzag graphene
nanoribbons (ZGNRs).!'>~14] Soon after the birth of graphene,
Rycerz et al.!"?! proposed a ZGNR valley filter, they found
that electron transport can be completely suppressed in a
nonmagnetic ZGNR p-n junction by modulating the gate
voltage, and inferred that this phenomenon may come from
the intrinsic inter-valley electron scattering between the dif-

ferent ZGNR regions. Subsequently, Cresti et al.l'3l and
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Nakabayashi et al.!'*l confirmed the existence of the valley
valve effect, and revealed that the valley switching effect can
only exist in an even-chain ZGNR junction. Recently, the
valley valve effect in the ferromagnetic ZGNR junction was
widely utilized to generate, separate, and detect a fully spin-

n.[15-201 For example, Chen et al.!') reported

polarized electro
the magneto-resistance phenomenon in an even-chain ZGNR
ferromagnetic junction, and found that the tunneling junction
can serve as a perfect spin filter. Wang et al.!'%! proposed a
magnetic ZGNR junction to separate and detect a 100% spin-
polarized current in real space.

Although there were many works focusing on the
spin transport in armchair graphene nanoribbon (AGNR)
junctions,?1-23 the valley valve effect has not been investi-
gated in AGNRs so far. For instance, Zhou et al.[*?! reported
the current-induced spin transfer torque in a ferromagnetic
AGNR junction. In a recent work, a pure spin current was pre-
dicted in an AGNR spin pump,/?*! which is attributed to the
asymmetry of the AGNR junction rather than the valley valve
effect. The valley valve effect is one of the intrinsic prop-
erties of the ZGNR junctions, and it crucially relies on the
zigzag-chain number N for the zero-energy transport mode:
when N is even, the electron wave function has a definite even
or odd pseudo-parity, corresponding to the mirror symmetry
of the ribbon. The quasi-particle transport in an even-chain
ZGNR junction meets the pseudo-parity conservation or so-
called valley selection rule, that is, only the carrier with the
same pseudo-parity can pass through the ZGNR junction, oth-
erwise the valley current is blocked. Oppositely, the valley
valve effect can not appear in an anti-zigzag graphene junc-
tion when N is odd, for the pseudo-parity conservation of the
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quasi-particle is broken.

Since the pseudo-parity of the quasi-particle exhibits
high controllability in a steady graphene system, the previous
literature>*28] on the valley valve effect were mainly focus-
ing on the equilibrium ZGNR junctions, and whether the val-
ley valve effect would be affected by an unsteady quantum
pump has not been investigated yet. Thus in this work, we
propose an even-chain ZGNR p-n junction to study the valley
valve effect in a time-dependent quantum pump. By using the
Keldysh Green’s method, we found that the valley valve effect
could still exist and crucially rely on the pumping frequency,
because the pseudo-parity of particle could be changed by ab-
sorbing or emitting a photon energy %@ in a photon-assisted
tunneling process, which would allow or forbid an electron
flowing through the ZGNR junction. A ferromagnetic ZGNR
junction is also studied to produce a pure spin current and a
100% polarized spin current by using the interplay between
the valley valve effect and the photon-assisted spin pump ap-
proximation.

The rest of this paper is arranged as follows. In Section 2,
we theoretically propose an adiabatic quantum pump based
on an even-chain ZGNR junction, and derive the general for-
mulae for time-averaged current of the device. In Section 3,
we present numerical results to investigate the frequency-
controllable electron transport under the valley valve effect
and the quantum pump effect in the ZGNR junction. Finally, a
concise conclusion of our investigations is drawn in Section 4.

2. Model and formulation

We consider an adiabatic ZGNR quantum pump as shown
in Fig. 1, where two time-dependent electric fields are applied
on two edges of the un-doped C ZGNR region. The left (L),
and the right (R) ZGNRs are two p(n)-doped or ferromagnetic
leads with controllable potentials Uy ). The width of device
is denoted by the zigzag-chain number N, the length of the
C region is LNa with the lattice constant a = 2.46 A. In the
tight-binding lattice model, the system’s Hamiltonian is given
by

H = Hy+Hj,
Hy = Z C;Lao.(Ua5go-/fo"h)Ciao./
icoco’
—t Z CjaGCjaG—i—c.c.,
(ij)ac
H, = Y Clovilt)Cigor +ec., (1)
i€(Py,Py)aco’

the above Hamiltonian is divided into two parts Hy and Hj.
Here, Hy represents the ZGNR device in the absence of pump-
ing fields, C;w
operator with spin index o(0 = £ =1]) at the lattice site i

(Ciao) is the electron creation (annihilation)

in real space, Uy, is the on-site energy of the o (¢ =L,R,C)

ZGNR in the p—n junction, and o - h denotes the local magneti-
zation in the ferromagnetic junction. The (ij) means the sum-
mation between the nearest neighbor lattice sites i and j, and
t = 2.8 eV is the nearest hopping energy.!*®! The H; describes
the two time-dependent pumping potentials of the C region,
vi(t) = Vycos(wr + ;) (i € Py, Py), where V), @, and ¢ are
respectively the pumping amplitude, the pumping frequency,
and the pumping phase. Without loss of generality, two pump-
ing fields are considered to have the same magnitude Vj, the
same frequency @, and a phase difference A@;; = @; — @; in
the following calculations.

Fig. 1. (color online) Schematic diagram of an adiabatic quantum pump
based on a ZGNR junction. The middle C region is an un-doped ZGNR
with two time-dependent pumping fields u;(r) and uy(¢) asymmetri-
cally applied on the boundaries Py and P;, respectively. The left (L)
and the right (R) ZGNRs are two semi-infinite p(n)-doped or ferromag-
netic leads with two controllable gate voltages Uy, and Ur. The width
of the ZGNR is described by the zigzag-chain number N, and the length
of the C region is denoted by LN.

Now, we derive a general formula of the average spin-
dependent current flowing through the left ZGNR lead. The
spin-resolved currents can be obtained from the Heisenberg
equation of motion,
dNLe i

a  n
where N is the spin-resolved electron number operator

[LG:_e [NL(F’H]»

in the left lead. By using the Keldysh Green’s function
formula, 3311 the average pumped current in the device can
be expressed as

e

AT Jo
+Gg5(t,t") (1 1) +c.cl], )

T
Lo(E) = dt / df'Tr[Gy (1,1 255 (1)

where T = 27/ @ is the period of pumping cycle, the trace Tr
sums all the transverse lattice i of the C region, G5 (t,')
(Zf;a’<(t,t’ )) are the retarded, advanced, lesser Green’s func-
tions (self-energy functions) with spin index o, respectively.
Applying a double-time Fourier transform and the relations
XL = [Z3)7, £, = ilic fi, the average pumped current in
Eq. (2) can be transformed into energy space

"dE dE’
21 21

ie 1

ILG(E) = 7 ONT

Tr{Iio(E)[(Go(E.E)
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_G%(EvE/»fL(E)+G(<S(E’E/)]}7 (3)

where the integrand range has been extended to [—~NT,NT]
with N — oo, we can simplify Eq. (3) with the fact that

G&'(E,E") =27n8(E — E')Gg" (E) further
o(E) = 5 [ ST ILo(B)(G(E)
—Gg(E)AL(E) + G5 (E)]}, )

where I7 s is line-width function of the left ZGNR lead. To
calculate the average pumped current in Eq. (4), we need cal-
culate the Keldysh Green’s function G"*< in the presence of
pumping potential fields, and consider the time-dependent po-
tentials v;(¢) with a finite frequency as a perturbation term.
The Keldysh Green’s function can also be expanded by means
of the Dyson equation

GM(E,E")
= GkO(E,E/)+/dEleO(E,El)Vk(El)GkO(EhE’)+...7

&)
which can be abbreviated as a matrix form G¥ = GK0 +
GXOVKGX0 4 ... where the Keldysh Green’s function G is
defined as a 2 x 2 dimensional matrix [32-33!
G\(E,E') G<(E,E)
GM(E,E') = ) : (6)
G (E,E') G'E,E)

where G>'! are respectively defined as the greater, time-order,
and anti-time-order Green’s functions, they are not completely
independent and satisfy the relations:[*>33 G' = G< + G,
G'= G<—G* and G” = G' — G*. The perturbation poten-
tial VK(E) in Eq. (5) is the Fourier transform of VX(¢), VX(r)
has the form as follows:

vo=(" ) ™

Because the device is under a zero external bias, the un-
perturbed Green’s function GX* cannot produce any charge
current without the pumping fields. The first-order perturbed
term GX! is also found not to yield a steady nonzero charge
current in our calculations, thus G¥* can be regarded as the
lowest-order correction to generate a pumped current. Due to
the Dyson equation and the Langreth theorem, 32331 Gi2:4%<2
in Eq. (4) can be evaluated

G? ~ GGG,

G2 ~ GvGOVGY,

G5’ ~ GGG+ GIvGvGY
+G5WGOVGY, (8)

where G is the zeroth-order Green’s function of the middle
C ZGNR when the pumping potentials are absent, which can
be calculated by the direct matrix inversion

G = [EI—Hc — 5 — Z§] 7, ©)

where Hc is the unperturbed Hamiltonian of the C ZGNR
region, and [/ is a unit matrix. The effects of two semi-
infinite ZGNR leads are incorporated into two self-energy
terms Xj,, which can be obtained by the recursive Green’s
function method. 3433

Finally, with the relations G¥ = [GY¥]T, G¥ — G¥ =
iGOT5GY, the average spin-resolved current of the left elec-

trode in Eq. (4) can be calculated as

Lo (E )
= ILLo(E) + Iro(E)

= -0 / dETr{I; ;G2 (E)
ijePy,Py
X [Aijo (E + 0)e A%|GY(E)[f(E + ) - f(E)]

+IL6Gg (E)[Aijo (E — 0)e %] G (E)

x [f(E— o) = f(E)]}, (10)
Iir)s(E)
e V02

_ ¢l / dETr{I} G (E)
ijePy,Py

x AL (E + 0)e 29GP (E)[f(E + 0) — f(E)]

+LoGRE) ALY (E - @)e9)GY (E)
f(E)]}, an

ijo
x[f(E-o)-

where A;j¢ = A{“/a +A56 [GR (I + ke )GX);; is the spec-
tral function, the subscript ij means the summation over all
the transverse lattice site of the two pumping regions P; and
P,. The pumped current of the left lead can be divided into
two parts: the left-left tunneling current /11 s and the left—
right one Jirs. The I (r)s is originated from the tunneling
process between the left lead and left (right) surface of the
C region, and its tunneling strength is indicated by the spec-
tral function AIO}(R) = GY(QI"L(R)GG?,O. The f(E + w) describes
the lowest-order quantum pump approximation and single-
photon-assisted tunneling process, in which the transmission
electron could absorb or emit a photon to produce a nonzero
current. Moreover, the structure inversion asymmetry of the
on-site potential and the ferromagnetic exchange field distri-
bution, are also the prerequisites for producing the pumped
current. Since I ¢ is independent of the valley selection rule,
thus in this paper, we mainly focus on the left-right current
I ro influenced by the quantum pump and the peculiar valley
valve effect in an even-chain ZGNR junction.

117202-3



Chin. Phys. B Vol. 24, No. 11 (2015) 117202

3. Numerical results and discussion

In this section, we shall present the numerical results of
pumped charge current ILr = gy + i r| or spin-dependent
current I rs in @ ZGNR p—n junction and ferromagnetic junc-
tion influenced by an adiabatic quantum pump. In our calcu-
lations, the zero temperature limit (7 = 0 K) is taken, only
the even-chain ZGNR is considered, N = 4. The left and
the right ZGNR terminals have the same potential amplitude
|UL| = |Ur| = U = 0.1 eV. For a ferromagnetic junction, two
ZGNR leads have the same magnetization magnitude ~ and
different magnetization angle 6y ) along the z axis. The mid-
dle C ZGNR is un-doped and its on-site energy is set as the
zero energy reference Uc = 0 eV, the length of the C region
is fixed LN = 20. The amplitudes of two pumping potentials
are set to equal Vy = 1 eV. It should be noted that the photon
energy and the pumping frequency have the same energy unit
7@ in our calculations.

In Fig. 2, we calculate I} g versus Er with different pump-
ing phase difference A@ in a ZGNR p-n junction at a zero
external bias. When the left and the right ZGNR leads have
the opposite p-doped and n-doped in Fig. 2, due to the spa-
tial inversion asymmetry and single-photon-assisted tunnel-
ing process, a sizable pumped charge current could appear
in the vicinity of Er = £U, and no current emerges when
EF is outside two pumping regions [—U — i, —U + ho)] and
[U —ho,U + ho], respectively. The widths of two resonance
charge currents in the pumping regions are approximately
equal to 2hm, corresponding to the transmission electron in-
teracting with the pumping fields by absorbing or emitting a
photon £Aw®. Additionally, the magnitudes of the two pumped
charge currents are asymmetric functions of Er and the pump-
ing phase difference A@, owing to the fact that the electron—
hole inversion antisymmetry is slightly broken by the Fermi
level and the pumping phase difference.

0.08

0.06

0.04

ILR/B'h‘1

0.02

Fig. 2. (color online) The pumped charge current /i g versus Fermi level
Ef for different pumping phase difference A¢ in a ZGNR p-n junction.
The on-site energies of the left, the middle, and the right ZGNRs are
Up =0.1eV,Uc =0.0eV, Ugr = —0.1 eV, respectively. The pumping
frequency is set to i = 0.02 eV.

To reveal the pumped charge current in the ZGNR p-n
junction in Fig. 2, we draw the lowest-energy transport modes
of the left, the C, and the right ZGNRs in the momentum-
space in Fig. 3. The p(n)-doped energy bands of the left
(right) terminals are asymmetric compared with that of the
un-doped C region, which may cause the electrons and holes
in the three ZGNR regions to have the opposite even (“+”)
and odd (“—") pseudo-parities near the Fermi level. When
—U +hw < Er < U — ho, the single-photon-assisted energy
exchange Ep £ 7@ is too small to open the tunneling trans-
port process, thus it cannot generate a charge current in Fig. 2.
When EF is increased or decreased to the two pumping re-
gions £U — hiw < Ep < +U + ho, the transmitted electron
in the three ZGNRs could have the same pseudo-parity by
obtaining or losing a photon energy 7, and electron trans-
port is allowed due to the valley selection rule. Furthermore,
the photon-absorption process and its converse photon-release
process are asymmetric in the pumping regions, which can
cause two asymmetric pumped currents in Fig. 2. Similarly,
no charge current can be pumped out at Fr < —U — h@ or
Eg > U+ho.

Uthw ---
U—hw -----

Ut I

—U—hw --

L C R

Fig. 3. (color online) Energy—momentum dispersion of zero-energy
edge states of the left (p-doped), C (un-doped), and right (n-doped)
ZGNRs in the p-n junction. The “4(—)” represents the even (odd)
pseudo-parity of the edge mode, and it could be different for the con-
duction band (solid line) and the valence band (dashed line). The ar-
rows show the electron transport owing to the valley selection rule.
The shaded areas around +U are two pumping regions for producing
nonzero charge currents.

A frequency-controllable current valve is taken into ac-
count in a ZGNR p-n junction based on the photon-assisted
tunneling process and the valley selection rule. Figure 4 de-
scribes I g versus Ef for different pumping frequency 7@ in
the ZGNR p-n junction. As previously mentioned, no charge
current can emerge at —U + i < Er < U — ho, the tunneling
transport process is always closed (ILr = 0) due to the val-
ley selection rule. The current blocking region —U + i <
Er < U —hw is crucially dependent on the pumping frequency,
in other words, the current pumping region is frequency-
adjustable. For example, when the pumping frequency is in-
creasing, the amplitude of current is increased rapidly, while
the current blocking region is conversely decreased as shown
in Fig. 4. When @ > U, there is no current blocking phe-
nomenon at —U + 7w < Er < U — ho, the whole energy re-
gions are allowed for the pumped current, this phenomenon is
similar to that of the odd-chain ZGNR junction.!1314]
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In Fig. 5, we investigate the frequency-controllable
charge current /i g versus pumping frequency 7@ for different
phase difference A@ in the ZGNR p-n junction. As it is shown,
there is a critical frequency i, = U — EF to produce a pumped
current. When the pumping frequency is small ® < @, due to
the valley valve effect and the photon-assisted tunneling pro-
cess, the quasi-particles have the opposite pseudo-parities and
cannot obtain sufficient energy to change their pseudo-parities,
therefore the pumped current is blocked, ;g = 0. When the
pumping frequency is large enough ® > @, a nonzero pumped
current comes into being and increases rapidly with the pump-
ing frequency. As shown in the inset of Fig. 5, at the adia-
batic limit and |@ — .| < 1, the pumped current is a linear
function of the frequency regardless of the pumping phase dif-
ference, IL g o< @, which is an important feature of the lowest-
order quantum pump approximation. (36!

T T T T T T T
— hw=0.01 eV
0.20¢ .~ hw=0.02eV i
iy o hw=0.05eV /Y
/N hw=010eV 7
0.15F I, - i 1
_ i N r i
! / \ / i
= i . i A
L 0.10¢f i \ i DY h
e~ I, \ i S
»;T / n ‘.\ ] S ' '\
\ R
0.05F .7 N \ ,I B ~.\\\ B
II I‘ \ l R II \ ~" N,
' \ Vi S “ i
0 ] \ i c -
—0.15 —0.05 0.05 0.15
EF/GV

Fig. 4. (color online) The /1 R is a function of Ef with different pumping
frequency /i@ in a ZGNR p—n junction, the pumping phase difference is
fixed A@ = /2. The other parameters are the same as Fig. 2.

0.25 I = — =\ T : I
0.054 1 Ap =
- - —-=-Ap=m/2
0.20 | 0044 1 Ap—n )

1
0.06
hw/eV
Fig. 5. (color online) The /; r versus /@ in a ZGNR p-n junction. The
Fermi level is set as Er = 0.05 eV, The other parameters are the same

as that in Fig. 2. The inner panel describes the charge current versus 7@
around the critical frequency i, = 0.05 eV.

0 0.02 0.04

Since spin-dependent energy band splitting in a ZGNR
ferromagnetic junction can also cause the pseudo-parity asym-
metry of the quasi-particle, we propose a ZGNR ferromagnetic

function to produce a pure spin current and a completely po-
larized spin current due to the spin pump effect and the valley
selection rule. Unlike the left and right ZGNR leads that have
the opposite pseudo-parities in the p—n junction, the pseudo-
parities of two ferromagnetic ZGNR leads rely on the local
magnetization orientations.

0.03F

I R/e h—1
(en)
3
1
|
C\‘,

—0.03f 1
—0.15 —0.05 0.05 0.15
EF/GV
0-06 T T T T T T T
— Ir?
---Iirl
0.03F 4
T
<
Q) 0
} “ II ‘I ,I
A | a
= [ '
L] [
L] )]
—0.03F Y M 4
Y Y
y v
\
_006 . 1 . 1 . 1 . 1 . 1 . 1 . 1
—0.15 —0.05 0.05 0.15
EF/QV
Fig. 6. (color online) Spin-dependent current /;rs versus Ep in a

ZGNR ferromagnetic junction for different magnetization configura-
tions: (a) B, = g = 0 and (b) 6 = 0,0r = 7. The other parameters
are set as follows: the on-site potentials of the left, middle, and right
ZGNRs are Uy, = Uc = Ur = 0.0 eV, the pumping frequency and phase
difference are iw = 0.01 eV and Ag = 0, respectively.

In Fig. 6, we present the spin-resolved current I rgs ver-
sus Ef for different magnetization configuration in a ZGNR
ferromagnetic junction. When the left and the right ferromag-
netic leads have the same magnetization direction 8, = 6r =0
in Fig. 6(a), the spin up (down) energy bands of the leads
have the same pseudo-parities. Due to the spin pump effect
and the valley valve effect, there are three pumping regions
to generate the spin currents. The first one is in the vicin-
ity of Er = 0, a spin up electron could absorb a photon to
yield a spin up tunneling current /i ry, while a spin down
hole only generates an opposite direction current /i g by emit-
ting a photon. Hence, the pumped spin currents are antisym-

metric, I gy = —I Ry, and they can form a pure spin current
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Jir = ILrt — ILr| # 0 without accompanying any charge cur-
rent 1r = Iiry +1Iiry = 0 at Efp = 0. The second and the
third regions are at Eg = %h, only one spin-species current
is nonzero, the other one is completely suppressed, therefore,
two completely polarized spin currents can be pumped out,
ie., ILRJ, 75 0 and ILRT =0at Eg=—h; ILRT 75 0 and ILRi =0
at Er = h. In addition, the directions and the polarization de-
grees p = (Iry — Iir))/(ILrt +1ILr)) = £100% of two fully-
polarized spin currents are opposite, which can be changed by
Er and other system parameters easily, so the proposed ZGNR
ferromagnetic junction can be designed as a dual-channel spin
filter.

The spin-dependent current /i R is presented in Fig. 6(b)
as the function of Ef in an antiparallel magnetization ZGNR
junction, 8 = 0 and 6r = m. Because the spin-resolved en-
ergy bands and the pseudo-parities of the left and the right
electrodes are opposite to those in Fig. 6(a), the antiparal-
lel magnetization ZGNR junction cannot generate a pure spin
current around Er = 0. At Er = +h, two approximate pure
spin currents instead of complete polarization spin currents are
pumped out in the antiparallel magnetization ZGNR junction.
The pumped spin up and spin down currents are antisymmet-
ric functions of the Fermi level, i.e., I r1(Er) = —Iir | (—EF).
Because it is difficult to separate and detect the pure spin cur-
rent in the present experiments, this antiparallel magnetization
ZGNR junction may act as a pure spin current generator and
detector, approximately.

4. Summary and conclusion

In summary, we have studied the adiabatic electron trans-
port in a ZGNR p-n (ferromagnetic) junction with two time-
dependent pumping potentials. It was found that a nonzero
charge current can be generated in the ZGNR junction at a zero
bias, which is attributed to the interaction between the photon-
assisted tunneling process and the peculiar valley selection
rule in the even-chain ZGNR junction. By varying the system
parameters such as the pumping frequency, the Fermi level,
and the magnetization orientation, etc., not only the magnitude
but also the ON and OFF states of the pumped current can be
modulated. This reveals that a ZGNR p-n junction with the
pumping potentials can act as a frequency-adjustable current
filter. A ferromagnetic ZGNR spin pump was also studied to
produce a pure spin current and a completely polarized spin
current. Our results may shed light on controlling the degree

of freedom of an electron in a graphene-based electronic de-
vice.
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