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Graphene electrons feature a pair of massless Dirac cones of opposite pseudospin chirality at two val-
leys. Klein tunneling refers to the intriguing capability of these chiral electrons to penetrate through a high
and wide potential barrier. The two valleys have been treated independently in the literature, where time-
reversal symmetry dictates that neither the normal incidence transmission nor the angle-averaged one can
have any valley polarization. Here, we show that, when intervalley scattering by a barrier is accounted for,
graphene electrons normally incident at a superlattice barrier can experience fully valley-selective Klein
tunneling, i.e., perfect transmission in one valley and perfect reflection in the other. Intervalley backscatter-
ing creates staggered pseudospin gaps in the superlattice barrier, which, combined with the valley contrast
in pseudospin chirality, determines the valley polarity of Klein tunneling. The angle-averaged transmission
can have a net valley polarization of 20% for a five-period barrier and exceed 75% for a 20-period barrier.
Our finding points to an unexpected opportunity to realize valley functionalities in graphene electronics.
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L. INTRODUCTION

The chiral nature of relativistic electrons results in their
counterintuitive scattering behavior at potential barriers,
known as the Klein paradox [1]. The chiral Dirac quasi-
particles in graphene make a condensed matter test bed
possible for this exotic consequence of quantum electrody-
namics [2]. Upon normal incidence at a barrier, the Klein
paradox manifests either as perfect transmission in single-
layer graphene or as perfect reflection in bilayer graphene.
This difference between the two graphene systems arises
from their distinct chirality structures associated with the
sublattice pseudospin, which dictate either forward propa-
gation inside the barrier or that backscattering is allowed
under pseudospin conservation. The electron mean free
path can reach tens of microns in high-quality graphene
[3,4], which is promising for the exploitation of the coher-
ent chiral tunneling effect for electron devices with optics
analogs [5—12].

Graphene electrons also feature a valley degree of free-
dom, which results in labeling of the two massless Dirac
cones with opposite pseudospin chirality at the K and —K
corners of the Brillouin zone. The possibility of address-
ing and exploiting the valley as an information carrier has
led to conceptual electronic applications known as val-
leytronics [13—15]. The valley-selective flow of carriers,
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or valley current, is the main element that enables valley
functionalities. A variety of schemes are explored for pro-
ducing a valley current in graphene by introducing edges
[14], inversion symmetry breaking [15—19], line defects,
and topological interfaces [20-25], or by exploiting strains
[26,27] and trigonal warping [28]. In the context of Klein
tunneling, there is the possibility of engineering valley-
polarized transmission at selected oblique angles [9,29],
but the angle-averaged transmission cannot carry valley
polarization, as a consequence of time-reversal symmetry
[30], limiting such schemes to ballistic devices and angle-
resolved operations. All of the above mechanisms exploit
the intravalley process only, whereas intervalley scatter-
ing is generally considered as a deleterious cause of error
for the valley functionalities. On the other hand, a coun-
terintuitive role of intervalley scattering in pumping valley
polarization has been revealed in recent theoretical studies
[30,31].

Here, we discover that, at a superlattice barrier in single-
layer graphene, intervalley scattering can selectively block
Klein tunneling in a chosen valley, while retaining per-
fect transmission in the other. This valley selectivity is
made possible by the staggered pseudospin gaps created
by intervalley backscattering in the superlattice barrier. For
an electrostatically defined superlattice, gate control of the
barrier height can be used to switch the valley polarity
of Klein tunneling. The angle-averaged transmission can
have a net valley polarization of 20% for a five-period bar-
rier and exceed 75% for a 20-period barrier, where the total
width of the superlattice can be practically restricted in the
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submicron regime using O(10) nanometer periodicity. This
chiral tunneling phenomenon makes a high-throughput
valley filter possible, where the sizeable angle-integrated
valley polarity is crucial for harvesting the filtered valley
current beyond the ballistic limit.

II. RESULTS

A. Staggered pseudospin gaps in graphene
superlattices

Let us consider single-layer graphene subject to
a Kronig-Penney-type electrostatic potential along the
zigzag direction, with square barriers of width W and
height U arranged with periodicity L [Fig. 1(a)]. The
effect of such a superlattice on massless chiral electrons
is investigated in the absence of intervalley scattering [7].
Intravalley scattering by the superlattice potential leads to
anisotropic massless Dirac dispersion: the group velocity
is renormalized in the armchair (y) direction parallel to
the barriers, but unchanged in the perpendicular zigzag
(x) direction, as a manifestation of the Klein paradox. The
step-shaped potential can also introduce intervalley scat-
tering that couples the two valleys, which, however, is not
considered in the literature.

To understand the role of intervalley scattering in such
graphene superlattices, we first analyze the propagation of
an electron wave function in a single period, as Fig. 1(b)
illustrates. For normal incidence at the barrier, intraval-
ley backscattering is forbidden by the orthogonality in
the pseudospin of the initial and final states. Neverthe-
less, two intervalley backscattering channels are allowed
at the potential steps, for pseudospins in the +x and —x
orientations. At the Fermi energy (Ey), the propagation
of pseudospin |—x) is through the valence-band states of
wavevector +(K — ¢;) in the barrier region of width W,
while, in the well region of width L — W, it is through the
conduction-band states of wavevector £(K + g.).

These wavevectors, together with the width of the
barrier region and well region, determine the condition
for maximum constructive interference for transmission
through a single period of the superlattice. For pseudospin
|—x), the condition reads

T
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where n and m are integers. From the linear dispersion,
we have hvy(g. + ¢g») = U. When Eq. (1) is satisfied, per-
fect transmission (Klein tunneling) is still expected for

@), ate ® (d) v
Suuader .., _ U 0
&éﬁg}s S? hvoth K K o E©
E2S3 -'.}‘4-;, R R £ r) T ey P VR SOy iy ey F )
4x K ho, qu \&7 \f Ey ECD
WL 0 -1
= ™ U g oIIiiroiiionn ¥ /\ /\ % El(’ :
o Sy N By N B L > — GL) E(_l)
+(K — >
K =) +(K +q.) 5 :
EC?
( )0.257-——— (e) T e )
0.08 - P
-G 0 G
— ke
3 < 0.04- 0]
= L 0.03
E a>6 0 A E(_l) l
S < ~ 0.02] — A,
wi > A 1
() — A_
-0.04- =
< 0.01
0.08 . 0
1.0 0 0.5 1.0
ky/G U (eV)

FIG. 1.

Staggered pseudospin gaps by intervalley scattering. (a) Schematic of an electrostatically defined superlattice potential.

(b) Backscattering at the potential steps can happen only through the pseudospin-conserving intervalley process. Red and blue arrows
denote pseudospins |+x) and |—x), respectively. Blue lines with arrows denote propagation in the pseudospin |—x) state, with wavevec-
tors =(K + ¢.) and £(K — gqy), respectively, in the well and barrier regions. (c) Example of superlattice miniband dispersion, with
U=0.5eV,L =40a ~ 10nm, and W = 20a ~ 5 nm,; a is the lattice constant of graphene. (d) Schematic zone-folding scheme, plotted
at k, = 0, for the superlattice in (c). States of |[+x) and |—x) pseudospin are color coded in red and blue, respectively. With energy set
to zero at the potential bottom, the original Dirac points are at U/2. Intersections between bands of common pseudospin can be gapped
when intervalley scattering is accounted for. (¢) Magnification of the minibands in (c) near zero energy. A, and A_ are the gaps
opened at the two intersection points highlighted by the green dots in (d). (f) A4 and A_ as functions of U, for the same superlattice

periodicity.
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pseudospin |—x), as if the intervalley backscattering is
absent. Similarly, the condition for maximum constructive
interference for transmission of the pseudospin |+x) state
is

T
L—-Ww

b/
K+gn=n—,

7 K—qg.=m

)

The quantitative difference between Eqs. (1) and (2)
implies pseudospin-dependent Klein tunneling that is con-
trolled by L, W, and U.

The effect of intervalley backscattering is most signifi-
cant under the maximum destructive interference in trans-
mission [cf. Fig. 1(b)]. For pseudospin |—x), this occurs
under

_ n 1\« Lo = L 1 T
K qn=\n ) W,a K e = | M 5 )1 = .
(3)

For pseudospin |+x), the condition becomes
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As the number of periods increases, these conditions of
maximum intervalley backscattering will introduce trans-
port gaps. The energy where the transport gaps appear,
with respect to the Dirac point, are determined only by
the superlattice periodicity L, as we show below through
the zone-folding picture [Fig. 1(d)]. In the meantime,
Egs. (1)+(4) imply that the size of the transport gaps is
controlled by L, W, and U together.

For a quantitative characterization of the superlattice
minibands with the intervalley backscattering effects, we
calculate the energy dispersion and pseudospin textures
using the standard tight-binding Hamiltonian with nearest-
neighbor hopping

H=3 ecle—t), (cg+He), ()

cj (c;) 1s the creation (annihilation) operator at site i, &; is
the on-site potential that describes the superlattice poten-
tial, and the second term is the nearest-neighbor hopping
with f &~ 2.8 eV.

In the y (armchair) direction, the Hamiltonian has the
translational invariance of the pristine graphene lattice,
and in the x (zigzag) direction it is also periodic with the
superlattice potential V(x) = V(x + L). Thus, the eigen-

states can be written in Bloch form, ¢ (7) = U (7)ei k-r
where - (?) is a periodic function with the above period-

icities in x and y directions. - (?) satisfy H (;)u; (?) =

E(;)u;(?), where H(k) = ek"" Helk"" The eigenval-

ues E(k) give the superlattice band dispersion. Notably,
upon adopting the form of the Kronig-Penney potential [cf.
Fig. 1(a)], i.e., with the potential minima being zero and the
potential maxima being U, the original Dirac point shifts
from zero to (W/L)U.

Figures 1(c) shows an example of the superlattice
energy bands, with U= 0.5e¢V, L =40a ~ 10nm, W =
20a =~ 5nm, in which « is the lattice constant of graphene.
The basic features include the anisotropic renormalization
of the Dirac cones and generation of new Dirac points
due to intravalley scattering, as reported in Refs. [7,32].
As mentioned above, the original Dirac points are at an
energy of £ O -y /2. The group velocity along x remains
at a pristine value of vy and is reduced along y. New Dirac
points are created at energies of Eg’) = Eg]) + hvonG, G =
/L. The locations of the new Dirac points can be intu-
itively found from the schematic zone-folding scheme of
the superlattice dispersion at k, = 0, as Fig. 1(d) illus-
trates.

Besides these new Dirac points, zone folding also leads
to intersections of bands of common pseudospin ori-
entation. As highlighted in the zone-folding scheme in
Fig. 1(d), the intersection of bands of pseudospin |—x)
occurs at energies of £ o alternatively at the boundary and
center of the minizone, while bands of pseudospin |+x)
intersect at a completely different set of energies of Ef) .
The gapping of these intersection points requires interval-
ley scattering, since the two branches that run into each
other are from the two valleys.

Our calculation accounting for the intervalley scatter-
ing finds sizable gaps opened up at these band crossings
at Eg’) [indicated by the arrows in Fig. 1(c)]. Figure 1(e)
is a magnification of the band dispersion near zero energy
with a cut at k, = 0, which includes a pair of Dirac points,
a gapped crossing point for pseudospin |+x) in the zone
center, and a gapped crossing point for |—x) on the zone
boundary. These correspond, respectively, to the new Dirac
points at energy E,S_l) and the crossing points at energies
Eﬂfl) and ET?, as highlighted by the gray and green cir-
cles in the zone-folding scheme in Fig. 1(d). Within the
staggered gaps of A, and A_, the minibands are pseu-
dospin polarized. In particular, all states with k&, = 0 are
fully polarized in either the |—x) or |4x) pseudospin states.
Remarkably, intervalley backscattering makes energy win-
dows for polarized pseudospin transport in the superlattice
possible.

Figure 1(f) plots the pseudospin gaps as functions of
U, fixing L = 40a and W = 20a. Although the superlat-
tice period L is much larger than the lattice constant a,
intervalley backscattering by the potential steps introduces
sizable gaps of O(10) meV. The magnitudes of the gaps
are nonmonotonic with an increase in U, but rather have
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oscillations that are out-of-phase between the two pseu-
dospin gaps. Remarkably, the zeros of A_ and A, are
given by the scattering resonances in Egs. (1) and (2),
respectively, for the cancellation of intervalley backscat-
tering in individual periods of the superlattice. Likewise,
the maximal intervalley backscattering conditions, Egs. (3)
and (4), predict maximal values of the gaps A_ and A,
respectively, while the envelope of these maxima is a linear
function of U. Equations (1)~(4) serve as simple guide-
lines to design a superlattice with potential for engineering
pseudospin gaps at an arbitrary Fermi energy.

The pseudospin gaps A_ and A, as functions of poten-
tial strength U, can also be obtained from the continuum
model that leads to transcendental equations. Consider nor-
mal incidence, we have the wave function in the barrier
region

§0()C) — Aeiax +Be—iax’

where o = K — g, for pseudospin |—x) and o = K + g,
for pseudospin |+x). In the well region

px) = CeP* + DeP*

where S =K ¢, for pseudospin |Fx). g, = (U—
E)/(hvy) and g. = E/(hvy) are the Fermi wavevectors
in the barrier and well regions, respectively, as measured
from the valley center [cf. Fig. 1(b)]. On the other hand,
¢(x), as a solution of the superlattice Hamiltonian, must
have the Bloch form ¢ (x) = u(x)e™*, with u(x) having the
superlattice periodicity L, so ¢(x + L) = ¢(x)e™". This,
together with the continuity of the wave function and its
derivative, leads to the following transcendental equations
that need to be satisfied by the energy eigenvalue £ and £,.
For the Bloch state of pseudospin |—x), the equation reads

(K —qi)* + K +q0)°
T K- K g K@V

x sin[(K + ge) (L — W)]

+ cos[(K — gn) W]cos[(K + ge) (L — W)] = cos(kL),
Q)

Under given parameters U, L, and W, the range of values
of £ where the above equation cannot be satisfied corre-
sponds to the pseudospin gap A_, in which the Bloch states
of |—x) are absent. Similarly, for pseudospin |+x), we have

(K +a)’+ (K —q.)
2(K + g (K — qo)
x sin[(K — go)(L — )]
+ cos[(K + g W]eos[(K — go)(L — W)] = cos(ka(x)
7

which determines the pseudospin gap A.. The differ-
ent forms of the two transcendental equations underline

sin[(K + g») W]

the facts that A_ and A, occur alternatively in energy
[Fig. 1(e)] and that the magnitudes of A_ and A, have
different dependences on U [Fig. 1(f)]. Solutions of the
transcendental equations are in excellent agreement with
the curves shown in Fig. 1(f), where the pseudospin gaps
are extracted from the superlattice band structure directly
calculated using the tight-binding Hamiltonian.

B. Valley-selective transmission through superlattice
barriers

When such a superlattice is used as a tunneling barrier,
its staggered pseudospin gaps, combined with the valley-
contrasted pseudospin chirality in pristine graphene, lead
to valley-selective Klein tunneling. In the original context
where Klein tunneling is discussed, intervalley scattering
is not considered, and the orthogonality of the pseudospin
configurations in the forward and backward propagating
states in the same valley is the reason for perfect transmis-
sion upon the normal incidence. Upon scattering by a sin-
gle potential barrier, one generally expects that the perfect
Klein tunneling is no longer there in the presence of strong
intervalley scattering, which turns on the backscattering
channel. The main finding here is that, in a periodically
arranged barrier array, the periodicity introduces a condi-
tion for the destructive or construction interference of the
intervalley backscattering by multiple barriers, which can
either restore the perfect transmission (reminiscent of the
original Klein tunneling) or completely quench the trans-
mission with the opening of a transport gap. Remarkably,
the transport gaps for pseudospins |—x) and |+x) occur
alternatively in energy, as evident from the zone-folding
picture shown in Fig. 1(d), where the two green dots mark
the location of the gaps for | —x) (blue) and |+x) (red) pseu-
dospin branches. This makes the valley-selective Klein
tunneling phenomenon possible.

We consider finite periods of a graphene superlattice
connected on two sides to semi-infinite pristine graphene
leads, as shown in Fig. 2(a). With the pseudospin textures
of the Dirac cones in graphene leads, the incident elec-
tron has its valley index locked with the sublattice pseu-
dospin, i.e., the K (—K) valley electron has pseudospin
|—x) (]4+x)) for normal incidence from the left. Trans-
mission from one of the valleys can then be selectively
blocked, due to the absence of the corresponding pseu-
dospin state inside the staggered gaps in the superlattice
barrier, as Fig. 2(a) illustrates.

The valley-dependent scattering by the superlattice bar-
rier is calculated with the tight-binding Hamiltonian in
Eq. (5), using the recursive Green function technique
[33]. Figure 2(b) shows the calculated valley-conserved
and valley-flip transmission and reflection coefficients
under normal incidence (k, = 0), for a 30-period super-
lattice barrier with U= 0.5¢V, L = 40a, and W = 20a.
In the shaded energy window that corresponds to the
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FIG. 2. Valley-selective transmission through superlattice barrier. (a) Schematic of a superlattice barrier connected to graphene leads
on two sides. For incidence at energy £ from the left, transmission in the —K valley is blocked due to the absence of |+x) pseudospin
states inside the A gap of the superlattice dispersion [cf. Fig. 1(e)]. (b) Valley-resolved transmission (#) and reflection () coefficients
under normal incidence. Barrier height U = 0.5¢eV. (¢) Valley polarization (P,) of the transmission as a function of U and Fermi
energy Ey under an unpolarized normal incidence. (d) Valley polarization and transmission probability 7" as functions of superlat-
tice period N. All calculations here use superlattice configuration L = 40a ~ 10nm, W = 20a =~ 5nm [cf. Fig. 1(a)]. N =30 in (b)

and (c).

pseudospin gap A, shown in Fig. 1(e), we find perfect
valley-conserving transmission for incidence in valley K
and perfect valley-flip reflection for incidence in valley
—K. The energy window A_ exhibits the same behavior
with opposite valley polarity for the allowed and blocked
transmission. In the neighborhood of A, and A_, mul-
tiple intervalley scatterings by the step-shaped edges in
the potential also give rise to closely spaced scattering
resonances, which will develop into minibands in the infi-
nite period superlattice. The overall transmission probabil-
ity, T= (l](’[( +t gk +tik-x+ Z,K’[()/z, equals 50%,
exhibiting the full valley selectivity within the pseudospin
gaps, and approaches one far outside where perfect Klein
tunneling is restored in both valleys.

Figure 2(c) plots P, = (I/ZT)(IK,K +t gk —t kK —
tx—k), the valley polarization of the normal incidence
transmission, as a function of the incident energy E; and
barrier height U, for the same barrier geometry as that in
Fig. 2(b). In the plotted range, we find four energy win-
dows of valley-selective Klein tunneling, corresponding,
respectively, to the pseudospin gaps A at Ef) and Effl)
and A_ at EC" and E(:z), as illustrated in the zone-
folding scheme in Fig. 1(d). The transmission has nearly
perfect valley polarization in these pseudospin gaps with
alternating valley polarity. Outside the gaps, the valley

polarization sharply drops to zero. This makes sharp con-
trol of the valley-filtering functionality of the junction
possible by electrostatic control.

C. Angle-integrated valley polarization

The valley filter here functions in the coherent Klein
tunneling regime, requiring the entire width of the super-
lattice to be small relative to the electron mean free path,
which can reach over 10 um in high-quality graphene
[3,4]. This allows the use of a few tens of periods, with
L~0O(10) nm limited by the lithography of electrodes,
which are sufficient to achieve a high-efficiency valley fil-
ter, as Fig. 2(d) shows. The filtered valley current, on other
hand, can be harvested into channels beyond the ballistic
limit, as long as the valley polarity does not cancel out after
integration over the incidence-outgoing angle. The angle-
averaged valley polarity is therefore a key figure of merit
for practical applications.

Figure 3(b) shows the valley polarization P, and trans-
mission probability 7 as functions of the incident-outgoing
angle ¢ = tan™! (k, /k), for a 20-period superlattice bar-
rier with U = 0.5eV, L = 40qa, and W = 20a. Remarkably,
a large valley polarization is achieved with the same sign
over a significant range of angles. At angle |¢| > 60°,
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FIG. 3.

Valley-filtering performance under angle integration. (a) Energy contour inside the A, gap of the superlattice dispersion, in

comparison with the lead Fermi surface, which can be independently gate controlled. Solid, dashed, and dotted lead Fermi surfaces
correspond to parameters § = 0, 0.04, and 0.08 eV, respectively (cf. inset). Pseudospin projections with |4+x) and |—x) are color
coded in red and blue, respectively. (b) Valley polarization (P,) and probability (7) of transmission as functions of incidence angle,
at § = 0, 0.04, and 0.08 eV. (c) Angle-averaged valley polarization P, and transmission probability 7, as functions of 8. (b) and (c)
use a 20-period superlattice barrier with L = 40a ~ 10 nm, W = 20a ~ 5 nm. (d)~(f) Similar plots for a superlattice of wider barriers
and spacing: L = 120a ~ 30nm and W = 40a ~ 10 nm, where energy dispersion at k, = 0 is shown in the inset. (d) and (f) show the
performance using only five periods of such a superlattice barrier.

where P, drops to zero, the transmission probability T°
is already negligible. This leads to a pronounced angle-
averaged valley polarization (P,) exceeding 70%, with an
angle-averaged transmission probability of 7 ~ 50%.
The wide-angle valley filtering and large P, arise from
the fact that the pseudospin gap exists over a range of
k, that is comparable to or larger than that of the lead
Fermi surface. For the superlattice barrier used in the cal-
culation of Fig. 3(b), we show its energy contour inside
the gap A, color coded with the pseudospin texture, in
Fig. 3(a). The shaded area denotes the k, range over which
pseudospin state |+x) is absent. As long as the Fermi sur-
face in the graphene lead does not exceed this range, the
conservation of k, and pseudospin in scattering leads to
valley filtering over the entire angle range where trans-
mission is significant. This is tested for several sizes of
the Fermi surface in the graphene lead, which is tuned
through an electrostatic shift, §, of the lead Dirac points
[cf. Fig. 3(a), inset]. As shown in Figs. 3(b) and 3(c),
the angle-averaged valley polarization remains large until

the lead Fermi surface gets significantly larger than the
shaded &, range in Fig. 3(a), where both pseudospin states
become available at a large oblique angle. For the given
superlattice, a large angle-integrated valley-filtering effect
is expected for § < 0.04 eV [Fig. 3(¢)].

Figures 3(d)-3(f) show a further example of a superlat-
tice barrier, where a larger period of L = 120a &~ 30 nm
leads to a narrower k, range of pseudospin-polarized
spectrum. Large P, is obtained for § < —0.04eV and,
remarkably, by using only a five-period barrier, the angle-
averaged valley polarization can already reach about 20%
[cf. Fig. 3(d)].

II1. DISCUSSION

For an electrostatically defined superlattice, the poten-
tial steps cannot be made atomically sharp. The lateral
length scale of the potential step is determined by the
vertical distance between the local gate and graphene,
which can be made as small as about a nanometer using
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hexagonal boron nitride (4-BN) as the gate dielectric [34].
In general, a superlattice with smoother potential steps
will have a smaller Fourier component responsible for
intervalley scattering. A reduction of the pseudospin gap
size is therefore expected. To quantify such an effect
on valley filtering, we calculate transmission through a
superlattice barrier with a potential step described by a
hyperbolic function, i.e., U/2{[(tanh 6x/d) /tanh 3] + 1} in
x € [(—=d/2), (d/2)], with d characterizing the length scale
[cf. Fig. 4(a), inset].

Figure 4(a) plots the pseudospin gap A, as a func-
tion of d, for a superlattice with L = 40a, W = 20a, and
U=0.5eV. The gap size drops by half at d = 8a =~
2 nm. While this results in a narrower window for valley-
selective tunneling, the effect on the performance inside the
gap is less significant. Figure 4(b) plots the valley-filtering
effect through 30 periods of the smoothened barriers. The
angle-averaged valley polarization P, shows a remark-
able robustness to the smoothening of potential steps, still
reaching about 70% at d = 8a.

We also examine the effect of statistical fluctuations
in gate potential and gate width. The fluctuation of the
gate potential is simulated by changing the height of bar-
rier i from U to U + §U;, where §U; is randomly chosen
from a uniform distribution in a range [(—38U/2), (§U/2)],
with §U characterizing the fluctuation strength. Similarly,
fluctuation of the gate width is accounted for by adding
a random amount to the width of each barrier, with a
fluctuation strength of §W. We find that the valley-filter
performance is remarkably robust against fluctuations in
the gate-potential strength. Valley polarization P, has a

1..0 2.0
SW (nm)

negligible drop for §U up to 20% of the barrier height U
[cf. Fig. 4(c)]. On the other hand, P, is more sensitive to
fluctuation of the gate width [Fig. 4(d)], which requires the
lithography error to be controlled on about a nanometer
scale.

We also note that, when the superlattice period L is an
integer number of 3a, the pseudospin gaps A, and A_
are both located in the vicinity of the new Dirac points
(El()")), as shown in the inset of Fig. 3(e). The small offset
between A, and A_ comes from the trigonal warping of
the graphene Dirac cone. In such a case, with A, and A_
close in energy, an electrostatic switch of valley-filtering
polarity at a fixed Fermi energy can be realized with a
smaller change of barrier height.

While the calculations shown here are for barriers paral-
lel to the armchair direction, we also obtain similar results
using barriers along other chiral directions, except that the
pseudospin gaps are smaller. The effect disappears only
when the potential barriers are fully parallel to the zigzag
direction, where the intervalley scattering then vanishes
in the transport direction. For gate-defined barriers, while
it is favorable and practical to fabricate the gates paral-
lel to the armchair direction, high-precision control of the
fabrication angle is not necessary.
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