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We studied the generation of valley dependent current by adiabatic quantum pumping in

monolayer graphene in the presence of electric potential barriers, ferromagnetic field and strain.

The pumped currents in the two valleys have same magnitudes and opposite directions; thus, a pure

valley current is generated. The oscillation of the pumped pure valley current is determined by the

Fabry-Perot resonances formed in the structure. In our calculation, the pumped pure valley current

can be as high as 50 nA, which is measurable using present technologies. The proposed device is

useful for the development of graphene valleytronic devices. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4861119]

Owing to its special properties, graphene, a fascinating

material consisted of a layer or layers of carbon atoms

arranged in a hexagonal lattice, attracts a lot of research

attention.1–6 For example, the low energy dispersion of gra-

phene is linear around two valleys at the K and K0 points of

the Brillouin zone.3 The two valleys are degenerate in energy

and related by the time reversal symmetry. Thus, they can be

regarded as a pseudo-spin degree of freedom, which can be

used to store and process information in a way similar to

how electron spin is used in spintronic devices.7,8 The term

“valleytronics” was therefore coined for this research area.

There are already studies of valley filters in graphene based

on strain,9–11 line defects12,13 and zigzag ribbons,14,15 the

valley-contrast Hall effect arisen from a valley dependent

Berry phase,16 and valley beam splitters based on the

anisotropic transmission caused by the trigonal warping

effect.17,18

A very important issue in valleytronics is how to gener-

ate pure valley current, which consists of two identical cur-

rents flowing in opposite directions in the K and K0 valleys,

resembling the pure spin current in spintronics.19–21

Recently, there is a proposal for generating a pure valley cur-

rent using quantum pumping by modulating the strain in gra-

phene.22 The method is technically complicated, because it

is based on a nanoelectrical-mechanical system, in which a

graphene sheet is induced to vibrate by an optical or electri-

cal signal. The strain due to the vibration generates a gauge

field, and thus generates a pumped valley current. In this

regard, it is highly desirable to have a method, which simpli-

fies the experimental requirements by directly generating the

pumped valley current using an ac potential to modulate the

band structure locally.

Quantum pumping23–26 is a useful method for generat-

ing dc current using ac potentials without using a dc bias

voltage. Adiabatic quantum electron pumps have already

been realized experimentally in quantum dots23,27 and a

two atom transistor.28 Recently, the distinction between the

pumped and rectified currents in graphene was also stud-

ied.29 In quantum pumping, the scattering matrix of the

device considered is modulated by applying two ac signals

(here two ac voltages) to the device and a dc current is gener-

ated by this modulation of the scattering matrix. If the period

of ac signals is longer than the time required for the electrons

to traverse the device, the pumping process is adiabatic. The

method, proposed by Thouless,30 has been used to generate

charge and spin currents in various materials. Here, we

describe how to generate a pure valley current using quan-

tum pumping in the strained graphene.31,32 The localized

strain can be generated by putting a folded and/or clamped

graphene sheet onto a substrate with regions that can be con-

trollably strained on demand.33 The in-plane strain in the

substrate induces a change in the hopping amplitude between

the nearest neighbors,33–35 the effect of which is represented

by a gauge potential in the continuum model. Owing to the

time reversal symmetry, the gauge potentials have opposite

signs in the K and K0 valleys. The time reversal symmetry of

this device can be broken by the presence of magnetic

barriers in the structure.

In this paper, we propose the device structure as shown

in Fig. 1(a) for the generation of pure valley current. The de-

vice has three electrical barriers, which sandwich two

regions of strained graphene. Two ferromagnetic stripes with

antiparallel magnetizations are deposited on top of the

strained graphene to induce an asymmetry in the band struc-

ture between the two regions; the mirror symmetry of the

structure is broken by the opposite magnetizations of these

two ferromagnetic strips. The left and the right leads are

unstrained graphene. As gate electrodes are routinely fabri-

cated in laboratories on graphene, it is therefore not difficult

to realize the proposed device experimentally. Figs. 1(b) and

1(c) show the equal energy circles in different sections of the

structure for the K and K0 valleys, which can be used to

understand the changes in the corresponding band structure.

The strain and the magnetic field shift the equal energy

circles along the ky direction. The equal energy circles of the

K valley can be obtained from those of the K0 valley by mir-

ror reflection about the centerline of the structure and then

another mirror reflection about the kx axis (i.e., ky!�ky).

The band structure adopts this symmetry because the sum of

vector potentials of the strain and the magnetic field of the Ka)Electronic addresses: apkschan@cityu.edu.hk and zjlin@ustc.edu.cn
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valley is related to that of the K0 valley by a mirror reflection

about the centerline of the structure and followed by a

change of the sign, i.e., A!�A. By applying two oscillat-

ing gate voltages with a phase difference to the metal gates,

dc currents are generated in the K and K0 valleys with identi-

cal magnitudes but opposite directions, resulting a pure val-

ley current.

The Dirac Hamiltonians for massless electrons around

the K (or K0) point are given by

Hn ¼ vf r � pþ eAFM þ nAs=vf

� �
þ Ur0; (1)

where n ¼ 61 are for the K and K0 valleys, vf � 1 � 106 m=s

is the Fermi velocity, r ¼ ðrx; ryÞ are the Pauli matrices, r0

is the 2� 2 unit matrix, p ¼ ðpx; pyÞ are the momentum oper-

ators, AFM and As are the Landau gauge potentials of the fer-

romagnetic field and the strain, respectively,3 and U ¼ UðxÞ
is the x-dependent one dimensional electrostatic potential.

Moreover, As ¼ dtðxÞ, dt(x) is the x-dependent strain induced

changes in the nearest neighbor hopping amplitude t.33–35

Within the strained region, dt(x) is a constant; otherwise, it is

zero. The ferromagnetic metal stripes are along the y

direction and have magnetizations along the x axis; thus, the

magnetic vector potentials (also x-dependent) are given by

AFM ¼ AFMh x� að Þhðb� xÞey, where hðxÞ is the Heavyside

step function and a and b define the boundaries of the stripe.

The corresponding magnetic field barriers have a double

spike shape.

We used the following expression obtained by

Brouwer36 to calculate the pumped current:

IKðK0Þ ¼
ex
2p

ðs

0

dt

ðkf

�kf

dn

dV1

dV1

dt
þ dn

dV2

dV2

dt

� �
dky; (2)

where dn
dVi
¼ 1

2p Imð @r
@Vi

r� þ @t
@Vi

t�Þ, r and t denote the reflection

and transmission amplitudes in the left lead, as the pumped

current in the left lead is considered here. More details of the

derivation of the above formula can be found in Ref. 20. The

graphene layer considered here has a translation symmetry

along the y direction and ky is a good quantum number; so,

we need to sum the currents for different ky in Eq. (2).

Owing to the effect of the magnetic barriers and strains, r

and t are valley dependent and thus, the pumped currents in

the K0 and K valleys, IK0 and IK , are different. In a way simi-

lar to the spin current, we define the valley current as

IK0 �K ¼ IK0 � IK and the corresponding charge current is

given by IK0þK ¼ IK0 þ IK .

The transmission and the reflection amplitudes37 in the

left lead were obtained from the transfer matrix

M ¼ f m11; m12ð Þ; m21 ; m22ð Þg, which relates the wavefunc-

tions of the right and left leads according to

wA Lð Þ; wB Lð Þ
� �T ¼ M wA Rð Þ; wB Rð Þ

� �T
. The transmission

and the reflection amplitudes in the left lead are given by

t ¼ 2 cos ho

m22e�iho þ m11eihe � m12eiðhe�hoÞ � m21

(3)

and

r ¼ m22eiho � m11eihe � m12eiðheþhoÞ þ m21

m22e�iho þ m11eihe � m12eiðhe�hoÞ � m21

: (4)

According to Ref. 37, ho(he) is the incident angle (exit

angle). mij are the elements of the transfer matrix. Details of

the transfer matrix method used to calculate the transmission

and reflection amplitudes can be found in Ref. 37. The first

and the third potential barriers are given by

V1 tð Þ ¼ V1 þ dV1 sinðxtÞ. The middle potential barrier is

V2 tð Þ ¼ V2 þ dV2 sinðxtþ uÞ. V1 and V2 are the two static

potentials, x is the pumping frequency, and dV1 and dV2 are

the amplitudes of the oscillating voltages. The phase differ-

ence is fixed at u ¼ p=2 in the present study. The three

potential barriers are produced by applying electrical vol-

tages to the electrodes.

The parameters used in this calculation are given in this

paragraph. The electrical potential barriers have the same

width L¼ 30 nm and the widths of the strained regions W

are set to be 80 nm (definitions of L and W can be found in

Fig. 1(a)). The magnetic vector potential is set as

evf AFM ¼5 meV and the strength of the strain is As ¼5 meV.

These parameters are similar to those used in other stud-

ies.9,20 The dimensions of the proposed structure are within

the limit of the present technologies. The strain and the FM

strength required are not very large and can be obtained,

respectively, using the method described in Ref. 31 and Dy

or Co ferromagnetic strips. The static potentials are chosen

to be V1 ¼ V2 ¼ 210 meV. We have also considered higher

values of the ferromagnetic strength and strain to understand

their effects on the pumped current.

In Fig. 2, we show the pumped charge current IK
0þK and

valley current IK0 �K as a function of the Fermi energy for dif-

ferent oscillating voltages. It can be seen that IK0þK is zero in

the considered Fermi energy range. Meanwhile IK0 �K oscil-

lates with the Fermi energy, the Fermi energy can be tuned

using a back gate on the substrate.9 Significant oscillating

valley current is found between 90 meV and 120 meV and

FIG. 1. (a) Schematic illustration of the proposed graphene pure valley cur-

rent pump. Two ferromagnetic stripes with antiparallel magnetization are

deposited on top of the strained graphene between the metal gates. (b) and

(c) Equal energy circles in different sections of the structure for (b) K valley

and (c) K0 valley. This shows the differences in the band structure between

the K and K0 valleys.
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the maximum valley current is within this range. There are

smaller oscillating valley currents at lower energies. From

Fig. 2, it is clear that the magnitude of the pumped valley

current increases with the oscillating voltages. It is useful to

point out that the pumped valley current starts to saturate

when dV ¼ 8 meV, this way, a further increase of dV beyond

this value does not lead to a significant increase in the valley

current. From Figs. 2(a)–2(c), the oscillation patterns

resemble each other while the amplitudes of the oscillation

are different. For the weak pumping, the expression for

the pumped current can be expressed as, In ¼ xedV1dV2

2p

Imð@r�

@V1

@r
@V2
þ @t�

@V1

@t
@V2
Þ. The pumped current is proportion to

dV1dV2. In this regard, when the dV’s are small, the oscilla-

tion patterns for different pumping amplitudes look very

similar. This expression is applicable when dVi < 1:5 meV

in the present system. We consider the transverse dimension

and the frequency to be 10 lm and 5 GHz, respectively, here.

The pumped valley IK
0�K current is between 0.5 nA and

55 nA for these parameters and the pumped current in each

valley is measurable with current experimental techniques.

In order to understand the behavior of this valley cur-

rent, we consider the transmission probability versus the

incident angle as well as Fermi energy in Figs. 3(a) and 3(b),

which illustrate the positions of the resonant peaks. The

transmission probability depends strongly on the incident

angle for a fixed Fermi energy. The transmission probabil-

ities of the two valleys are mirror images of each other about

the axis h ¼ 0�, but the transmission probabilities in a single

valley is not symmetric with respect to reflection about the

axis h ¼ 0�. The symmetry relation between transmission

probabilities of the two valleys can be explained as follows.

The vector potential of the K valley after mirror reflection

about the center line of the structure is the negative of the

vector potential of the K0 valley, i.e., AK xð Þ ¼ �A
K0
�xð Þ:

The symmetry operation rzRx relates the Hamiltonians of the

two valleys according to rzRxHK kyð ÞR�1
x r�1

z ¼ HK0 ð�kyÞ.
As a result, TK kyð Þ ¼ TK0 �kyð Þ:

In the figures of transmission probability versus angle,

we see sharp Fabry-Perot transmission resonant peaks at large

incident angles. For small incident angles, the transmission is

high (equal 1 or close to 1) in a small range and the pumped

current is very small in this range. The peaks of the pumped

current are found at large incident angles near the transmis-

sion resonances, indicating the key role played by the

resonances. We have calculated the change in the transmis-

sion caused by a small change in the potential barrier heights.

The effect on the transmission (same applies to reflection) at

large incident angles is stronger than the one for smaller inci-

dent angles, which agrees with the observation that the larger

pumped current is found at the large incident angle. As a

result, significant valley currents are found in the following

two energy ranges EF � 50! 60; 100! 120 meV, where

we can find resonances at large incident angles. The opposite

directions of the pumped currents in the two valleys can be

explained by considering the symmetry of the total vector

potential. Although the two valleys have different vector

potentials, these two vector potentials in the two valleys can

be related by a mirror reflection about the center line of the

structure and then a change in sign, i.e., A xð Þ ! �Að�xÞ. As

a result, the pumped current in the K valley for wave vector

ky is opposite to the pumped current in the K0 valley for wave

vector –ky (as shown in Figs. 3(e) and 3(f)). After integrating

with respect to the incident angle, the pumped K valley

current is opposite to the K0 pumped current and thus, a pure

valley current is formed with a zero charge current.

FIG. 2. The pumped current versus the Fermi energy for different oscillating

amplitudes. The parameters are L¼ 30 nm, W¼ 80 nm, V1¼V2

¼ 210 meV, and the strength of the strain is 5 meV and FM¼ 5 meV. We

only consider strain in regions 2 and 4. The oscillating amplitudes are

(a) 0.5 meV, (b) 1 meV, (c) 1.5 meV, (d) 4 meV, (e) 8 meV, and (f) 12 meV.

FIG. 3. (a), (b) The contour plot of the transmission probability for the K

and K0 electrons through the device as a function of the incident angle and

Fermi energy. (c)–(f) Angular dependence of the transmission probability

and the valley pumped currents at different Fermi energy dV¼ 4 meV. The

other parameters are the same to Fig. 2.
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In the expression for the pumped current, there are two

contributing terms, one from the transmission and one from

the reflection. We found in our numerical calculation that the

pumped currents due to the transmission term are the same

in the two valleys, and the pumped currents due to the reflec-

tion term are different in the two valleys. Nevertheless,

the total charge current from the reflection term can cancel

the one from the transmission term, and thus, the total charge

current is zero.

We also studied the effect of the static potential barrier

height and the potential barrier separation, which is shown in

Fig. 4. When we increase the static potential barrier height

from 190 meV to 230 meV in Fig. 4(a), the pumped current

oscillatory pattern moves upward in Fermi energy. It is

because the Fabry-Perot resonances move up in the energy

when the static potential increases. In Fig. 4(b), we show the

pumped currents versus Fermi energy for several barrier sep-

arations. There are more oscillations when the separation

between the barriers is increased. The increase of the separa-

tion generates more Fabry-Perot resonant peaks formed

by the reflection of electron wave between the barriers. In

Fig. 4, we also note that the potential barrier height and the

barrier separation have little effect on the amplitude of the

pumped currents.

To facilitate the realization of the pure valley current in

experiment, we further consider the effect of the strengths of

the strain and the FM interaction. It is found that the strain

and FM interaction are necessary for breaking the degener-

acy of the K and K0 valleys. However, the increase of the

strain and FM strengths beyond certain optimal values does

not necessarily increase the valley current. When we

increase the strain from 5 meV, to 10, 20, and 30 meV for a

fixed FM strength of 5 meV and an oscillation amplitude of

1.5 meV, the peak valley current is decreased from 8.92 nA

to 5.42, 4.89, and 4.81 nA, respectively. When the FM

strength is increased from 5 meV to 10, 20, and 30 meV for a

fixed strain of 5 meV and an oscillation amplitude of

1.5 meV, the peak valley current is decreased from 8.92 nA

to 4.67, 3.96, and 2.09 nA, respectively. These results indi-

cate that beyond certain strengths of the strain and FM, it is

more effective to increase the valley current by increasing

the oscillation amplitudes.

In summary, we propose a three barrier structure of

strained graphene with two deposited ferromagnetic strips

for generating the pure valley current by the method of adia-

batic quantum pumping. The pumped currents in the two

nonequivalent valleys are opposite in direction and equal in

magnitude, which is a pure valley current with zero charge

current. The magnitude of the pumped current can be

changed by changing the modulation amplitude of the ac

voltage. The proposed structure can be used in the realization

of graphene valleytronic devices.
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