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We study the effects of inversion asymmetry and tunable band gap on the transmission of particles in
bilayer graphene junctions to propose a model for a valley-filter and valley-valve device. The device is
made up of a series of two n-p-n (or p-n-p) junctions produced by electric gate potentials: one of them,
being applied by an out-of-layer magnetic field, functions as a valley filter and the other as a valley valve.
The valley filtering is based on the valley-dependent Zeeman interaction between the applied magnetic
field and the orbital magnetic moment that can exist in a system with broken inversion symmetry. The
valley valve is performed by varying the size of band gap via the gate potential that controls the flow of
valley-polarized particles. We demonstrate that the device can achieve nearly perfect valley polarization
and very high efficiency of valley-valve effect. By fixing magnetic field, the device can be operated by
electric gate potentials only, and the tunable band gap makes a continuous control of valley-separate

switching on and off possible.
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I. INTRODUCTION

Devising a valley-dependent electronic device by man-
aging valley degree of freedom (VDF) in graphene and
other two-dimensional materials with hexagonal lattice
structure, called valleytronics, has attracted much inter-
est in recent years [1—7]. The primary requirement for
realizing such a device is to generate valley-polarized par-
ticles by lifting the intrinsic valley degeneracy of K and
K’ valleys, which are symmetric under time reversal. Var-
ious theoretical schemes of valley filtering [8—38] based
on breaking the time-reversal symmetry and/or inversion
symmetry and some experimental results [39—42] have
been reported. For practical use of a valleytronic device
such as valley logic gates that employ valley-dependent
information, however, it is also desirable to construct a
combined unit of valley filter and valley valve [7,8]. In
this regard, one of the main concerns is to design a device
that can manipulate the VDF in a simplified and viable
way to produce valley-dependant information. While there
are a large number of proposals for the mechanism of val-
ley filtering, practical models for such a combined device
implementing both functions and satisfying the demands
are currently limited [8,9,34].

In this paper, we propose a model with bilayer graphene
(BLG) that can perform both valley filter and valley valve
as a single system. As illustrated in Fig. 1, the valley-filter
and -valve device consists of a series of two electric gates

*olnal@dankook.ac kr.

2331-7019/19/11(4)/044033(9)

044033-1

Vg1 and Vo (with corresponding voltages Vg1 and Vo),
applying an out-of-layer magnetic field B = Be, to the first
gate. Potential barriers (n-p-n) or wells (p-n-p) can be con-
structed by using the electric gates [43]. The first (with
magnetic field) and second gates, respectively, function as
a valley filter and a valley valve.

The operation of the device exploits two important out-
comes of applying gate voltages: breaking the inversion
symmetry and opening a tunable band gap [43—48]. In
a system with broken inversion symmetry, an intrinsic
orbital magnetic moment due to the self-rotation of the
wavepacket of a band electron exists [2]. In BLG this
magnetic moment depends on the VDF, with opposite
directions for K and K’ valleys [see Eq. (5) below]. In the
presence of an external magnetic field the orbital magnetic
moment undergoes Zeeman-like interaction, which breaks
the time-reversal symmetry and causes energy split to band
energy because of the opposite polarity of the two valleys
[3,49]. The valley filter in the first gate Vg is based on this
valley-dependent Zeeman (VZ) splitting: when the inci-
dent energy coincides with the edge of the band in a barrier
or well the energy of one valley may lie inside a band gap,
while that of the other valley remains within a band (see
region II of the top and bottom panels in Fig. 1). The trans-
mission of particles in the band gap is greatly suppressed
due to the absence of states, but the particles inside the
band pass through the barrier or well with high probability
due to the chiral tunneling, exhibiting valley filtering.

The transmitted valley-polarized particles then enter the
second gate Vs, where band gap is tuned by the gate
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voltage V,,. Here, the valley valve is performed by con-
trolling the transport of valley-polarized particles with the
size of band gap (see region IV in Fig. 1): if the gap is large
enough so that the energy of the polarized particles lies
within the band gap the transmission is again greatly sup-
pressed, but for small gap the energy can be located inside
the band where the particles are readily conveyed via the
chiral tunneling. As a result, the transmission of valley-
polarized particles in a large gap becomes much smaller
than in a small gap, giving rise to valley-valve effect. In
the following, we demonstrate that nearly perfect valley
polarization from the first gate and very high efficiency of
valley-valve effect from the second gate can be achieved.

II. VALLEY FILTERING AND VALLEY-VALVE
EFFECT

A. Model and formulation

As illustrated in Fig. 1, we consider a BLG with arm-
chair edges (along the x direction) to avoid possible edge
states within band gap (see the discussion in Sec. 11 C)
[50,51]. With this arrangement our model can be repre-
sented by the Hamiltonian

H = Ho + sU(x) + sUs(x) + Uz (x). (1)

Here, 7:£0 is the effective two-band Hamiltonian of BLG
[44], which, in the presence of magnetic field, is expressed
as

.Y
Ho = [@%m) m

where y; &~ 0.4 eV (interlayer nearest-neighbor hop-
ping), vr ~ 10 m/s (Fermi velocity), [+ = tp, £ i[p, +
eA(x)] (px, = —ihd,,) with T being the valley index (t =
+1 for K valley and v = —1 for K’ valley). We choose
Landau gauge

O e

A(x) = BxO(d*/4 — x1)é, £ (Bd/2)O (£x — d/2)},,
A3)

where ®(x) is the Heaviside step function (taking x = 0
at the center of region II) and the double signs are in the
same order, so that the magnetic field becomes B(x) =
V x A(x) = BO(d?/4 — x*)&.. The two electric gates Vg
and Vg, can produce a series of two potential barriers or
wells sUj (x) and sU, (x), where U (x) = Uy®(d?/4 — x?)
and Us(x) = UB[d*/4 — (x —a — d)*] with Uy = eVy
and U = eV (e > 0) [52] and the index s depicts the type
of potential: s = +1 for barrier and s = —1 for well. They
also determine the band-gap parameter A [43]: we label
the gap size at each gate by A; and A,, respectively. The
last term Uy, (x) is the VZ energy due to the coupling of

K'(off)

K'(on)

FIG. 1. Operation of valley filter and valley valve in bilayer
graphene with armchair edge. Middle: schematic of a valley-
filter and -valve device composed of two electric gates Vg, (with
out-of-layer magnetic field B = Be,) and Vg,. Top and bottom
panels, respectively, show potential profiles of barrier (n-p-n)
and well (p-n-p). The first gate with magnetic field produces
valley-polarized particles due to the valley Zeeman splitting
when the incident energies £ are tuned to the band edges: bar-
rier and well filter off K’- and K-valley particles, respectively.
The second gate controls the flow of valley-polarized particles
by tuning the size of band gap: for small gap +Ex and —Eg
remain inside the band so that particles are well transmitted (on
states), but for large gap they are placed outside the band and
hence the transmission is suppressed (off states).

the orbital magnetic moment m; to the external magnetic
field B, given as

Uze(x) = —m, - B(x) = tU,O(d* /4 —x%), (4)

where U,, = |[m, - B| and m, is defined as [1]

. e
11—

T (Vatte (0] x [ Flo(k) = SE) | [Vaate ()

LAIWVE = (A1)2)? 8

= _t/’LB E2 Z

m, = —

)

with |E| > A1/2 and w} = elwvi/y ~ 1.7 (meV/T)
being the effective Bohr magneton. In the above equation
Ho(k) = e~ *"Hoe'* with B =0 in Eq. (2), satisfying
the eigenvalue equation 7:{0 (k) |ug: (k)) = sE(k)|u; (k)),
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where |us; (k)) is the sublattice pseudospinor given by

juse (K)) = (1//2E) (VE F 55172, —s¢¥JE = sA1]2)"

with T denoting transpose and ¢ = arctan(k, /k,) being
the incident angle and E (k) = \/(7”12111%/(2/)/1)2 + (A1/2)?2
with &% = k2 + kf. Note that the magnetic moment has

maximum value |m.| = uj when E = A/ V2. The spin
Zeeman energy is neglected because it is much smaller
than the VZ energy [2]: the effective Bohr magneton with
given values of y; and vr of BLG is uj 2~ 31up, where
up = eh/2m, is the Bohr magneton of the bare electron.

We solve the wave equation ﬂh/fsr (r)) = sE|Yrs: (1))
by using the method of transfer matrix, where | (r)) =
|use)p(r) with o(r) oc e [k = (k, k) and r= (x,)],
to calculate valley-dependent transmission probability in
each gate [38]. We then obtain valley-dependent conduc-
tance through each gate by using

2 ks ()
Gir =G T 2
0/¢c| WP

cosgpdyp (i=1,2),

(6)

where T;; are the transmission coefficients, Gy =
g:&’kW/2h¢. with gy =2 (spin factor), ¢ is the
incident angle, ¢. = arcsin(l — eBd/2hk) is the crit-
ical angle of incident wave due to the cyclotron
motion inside the barrier and well region [53,54], and
ket (9) = ky/1 — (sing £ eBd/2hk)? with k = /71 (E? —
A2/4)1/4 /hup are the x components of wave vectors for
incident (k,_) and transmitted (k) waves in the first gate:
for the second gate we use k. both in regions III and V.

B. Valley filter

The valley filtering by the first gate V) can be explained
as follows. The wave equation for the barrier or well in
Vei is (Ho +sUD Y5 (1) = SE¢| Y15 (1)), where U =
Uy and E, = E —stU,, with st = (£1) x (£1) is an
effective energy incorporating the VZ effect. When the
incident energy E coincides with the band edge (i.e., £ =
Uy — A1/2), which we refer to as band-edge tunneling
(BET), the effective energy becomes E; = Uy — A/2 —
stU,,. Thus, when st > 0 the effective energy E; is less
than Uy — A1/2 so that it lies within the band. On the
other hand, when st < 0 the effective energy becomes
larger than Uy — A;/2 and hence it enters the band gap.
This implies that in the barrier (well) region K(K')-valley
particles remain inside the band and K’'(K)-valley parti-
cles are pushed outside the band (see region II in Fig. 1):
hereafter we use K or K’ particles, omitting valley. As a
consequence, in the barrier (well), the K(K') particles are
well transmitted while the transmission of K'(K) particles
is suppressed.

More explicitly, we can rewrite the wave equation

as Hol 1 (1) = s(Ec — Up) Y10 (1) = SE1(B) Y11 (1)),

where E)(k) = \/(h2k?/2m*)2 + (A1/2)? is an effective
eigenspectrum  with  m* =y;/2v2 and k=
VK2 + (k, + eBx/h)? being the wave vector inside the first
barrier or well region. From this, using £; = Uy — A /2 —
stU,, for BET with VZ effect, we can obtain the x compo-
nent of the wave vector for transmitting wave ¢ (r) o< e
as

eB \?

12 = :I:hzy—;%\/Um (Up + STAL) — (ky + ﬁx> . )
where, from the conservation of transverse momen-
tum, k, = kinsing with ki, = [y2Us(Up — A]Y*/hop
for BET. Assuming A;/2 > U,, the wave vector k;
becomes complex when st < 0 (outside the band), yield-
ing oscillating waves, but with evanescent amplitudes,
which results in suppressed transmission. When st > 0
(inside the band), however, & is real and hence pure oscil-
lating or evanescent waves exist, which, in association
with the pseudospinor |uy. ), leads to the chiral tunneling
[55,56] with high transmission probability. Consequently,
the barrier (well) transmits K(K') particles, while filtering
off K'(K) particles.

To see the valley-filter effect we calculate the conduc-
tances Gk and G g’ through the first gate Vi using Eq.
(6). The capability of valley filtering can be characterized
by the degree of valley polarization, defined as

_1Gixk — G|

= 0. (8
Gk + Gix

In this calculation, since the magnetic moment m; in
Eq. (5) has maximum value when E = A;/+/2, we
choose the incident energy of BET to be E = Uy —
A1/2 = A/+/2 to maximize the effect of VZ interac-
tion. This gives U,, = uj3B, A = 2(v2 = 1)Uy, and E =
(2 — v/2)U, from which the incident wave vector becomes
k= (2 — 12/ Uy /hvr. The control parameters are
thus reduced to Uy and B if the width of potential d and
sample width W are fixed. In Fig. 2 we present the degree
of polarization P as a function of U, for two different
magnetic fields. As we can see, the ability of valley fil-
ter is very high, reaching almost 100% in the range of
Uy 2 100 meV: note that both barrier and well have P ~ 1
in this range. The results clearly show that nearly perfect
valley filtering of K or K’ particles can be achieved from
the first gate.

The two parameters U and B are determined by the gate
voltage V1 and the external magnetic field B, respectively.
If the direction of magnetic field is reversed the roles of
barrier and well are also reversed because the sign of Uz,
is changed: note that each potential type can generate both
K and K’ particles by reversing the magnetic field (see
Table I). Thus, we have two choices to generate valley-
polarized particles, either by changing the type of potential
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1.000F we also choose U = Uy 4 U,, (U, = ujB) for the height
and depth of the second potential barrier or well [57].
0.995¢ 1 For BET with maximum VZ effect this gives E; = F =
0.990 (2 — +/2)Uj. The transition from inside to outside of the
IR 1 band occurs when A,/2 = U — E = A,/2, from which the
S 985t ] transition gap is A,/2 = (vZ — 1)Up + U,,. With these
choices the x component of the wave vector in the gate
0.980¢} ] Ve 1s obtained as
0.975¢ 2
Bd
‘ ‘ ‘ ‘ R=t-2 N2 (h+22) . ©
50 100 150 200 e e A R T ©)
Uy (meV)

FIG. 2. Degree of polarization P = |Gix — Gig'|/(Gix +
G ) as a function of the height and depth of the potential barrier
or well Uj in the first gate V5; when d = 50 nm. Blue and red
curves represent barrier and well, respectively.

via the gate voltage V,; while fixing the magnetic field or
vice versa. For device application it is more favorable to
fix magnetic field (either B = +B€, or —B¢,) so that only
the electric control of Uy is necessary. We shall return to
this point later in conjunction with the valve-valve effect.

C. Valley valve

We now consider the valley-valve effect in the second
gate V. The transmitted K or K’ particles from the first
gate have effective energies sE; (s = 4 and 7 = K,K'),
which now become incident energies for the second gate
where the size of band gap A, can be tuned by the
gate voltage V,». Here, as in the first gate, depending on
whether sE; is located inside or outside the band, contrast-
ing transmission probabilities of valley-polarized particles
appear.

To illustrate how the flow of valley-polarized parti-
cles through Vg, is controlled by the size of gap we
first examine the wave equation for the second poten-
tial barrier or well, (7:(0 + sUp) |¥sr) = SE|Ys), Where
H, is given in Eq. (1) with A(x) = Bd/2 and U, = U.
Rearranging terms, the effective wave equation can be
written  as HOHIIZS':) = S(Er — UZ)H/str) = EZ(k)h/str)s
where  Es(k) = /(R2k2)2m*)? + (A,/2)?  with k=
VK2 + (k, + eBd/2h)2. To proceed we adjust the effec-
tive energy sE; to sE by lowering (raising) the reference
of barrier (well) (see region III in Fig. 1). In addition,

TABLE I. Summary of valley polarization from the gate V.
The direction of magnetic field is determined by B = +Be,.

Barrier (n-p-n) Well (p-n-p)
+B —B +B —B
K K K K

Thus, when A, < A, (inside the band) the wave vector £,
becomes real to have high transmission probability due to
the chiral tunneling. When A, > A, (outside the band),
however, the wave vector becomes complex to produce
oscillating waves with evanescent amplitudes and hence
the transmission is suppressed (see region IV in Fig. 1).

Based on above analysis we compute the transmission
probability as a function of the size of band gap A,. In
Fig. 3, we show the density plots of transmission proba-
bilities |75, (¢, A2/2)|* for potential barrier (K particles)
and well (K’ particles). A significant change of probability
at A, (indicated by red arrows) is clearly seen. To eluci-
date the contrast of transports between inside and outside
the band we also calculate the conductance G,, in the sec-
ond gate by using Eq. (6): note k. /k._ = 1 in this case.
The results are presented in Figs. 4(a), 4(b), and 5, from
which it is observed that the conductance drops drasti-
cally near the transition gap A, (indicated by arrows). This
manifests the valley-valve effect of the second gate V.
The efficiency of valley valve may be further illustrated by
the relative change of conductances inside and outside the
band, defining it as follows [58]:

<G2in> - G20ut
=" 10
7 GZout ( )

where (Gyiy) 18 an average conductance over the range of
A, for Ay < A, (inside the band) and G,y are the con-
ductances when A, > A, (outside the band): note that the
range of A is |[A; — Ay < A;. As an example, Fig. 4(c)
shows the ratio n when Uy = 100 meV and B=1 T. As
expected from Figs. 4(a) and 4(b) the relative ratio is very
large, ranging 10> < < 10° (more than 10%%), which
confirms very high efficiency of the valley-valve effect
from the second gate. Incidently, we also observe from
Fig. 5 that the high efficiency of valley valve is insensitive
to the interpotential distance a.

The suppression of transport inside the band gap can
be examined qualitatively by using the WKB approxima-
tion. The WKB transmission probability in the gate Vg
can be obtained from the transmission coefficient Twgg
e®WKB where Swkg =i [ ff k. dx is the WKB phase with
x; =a-+d/2and xy = a+ 3d/2 and k. being given in Eq.
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(9). Collecting the leading-order terms in A, the transmis-
sion probability for forward transport can be approximated
as [60] Pwkp o |Twks|> ~ exp(—ad+/A;), where a =
(4y1/h*v2)!/? and A; > A,. From Eq. (6) the leading-
order behavior of conductance is thus G,; « Pwkg. This
shows that the width d is a dominant factor for the sup-
pression, suggesting greater suppression with larger width
of potential. When the width d is fixed the conductance
decays exponentially with the size of band gap A,, which
is consistent with the results in Fig. 4 for large A,.

We discuss here some points relevant to experimental
realization of the present model. First, the arrangement of
the sample used here is a BLG with armchair edges. It has
been reported that for a BLG nanoribbon with zigzag edges
there exist dispersive edge states around K and K’ valleys
within band gap [50,51], which may serve as transmission
channels for particles within band gap. Since our model
requires a band gap that suppresses transmission it is thus
preferable to use the arrangement with armchair edges,
which has no edge states within band gap.

As a second point, we use idealized rectangular poten-
tials with sharp boundaries. For smooth boundaries, which
is closer to a real experiment, the profile of transmission

154 56 58 48 50 52

FIG. 3. Transmission
|To (¢, A2/2)|>  of valley-polarized
particles in the second gate Vgp:
barrier for K particles and well for
K’ particles. Red arrows indicate the
gap A; at which transition from the
inside to the outside of the band occurs,
given by A,/2=(2- 1)U+ U,
(Upn = ugB). Parameters are
d=50nm,a=20nm,and B=1T.

0.6 0.8 1.0

probability

Uy =100 meV

42 1 44 46 48

Up = 125 meV
154 56 58

Uy = 150 meV
164 66 68
Ay/2 (meV)

probabilities inside the band changes (see, for example,
Ref. [61]). This may alter the transmission probabilities,
variation of conductances, and the position of transition
gap A; in Figs. 3 and 4, but the contrasting behavior of
transmission probabilities between inside and outside the
band is still maintained, which can preserve the large rel-
ative change of conductances in Eq. (10). Thus, the high
efficiency of valley-valve effect is expected even in smooth
variation of potentials.

Finally, we estimate the possible temperature range in
which the present model is valid. For this we first note that
the applied magnetic field bend the particle’s path inside
the potential region II because of the cyclotron motion,
which restricts the allowed range of magnetic field. Fol-
lowing Refs. [53] and [54], there exist a critical field for
nonvanishing transmission, which can be determined by
the condition | sin¢| < eBd/2hk < 1. From this, for BET
and maximum VZ effect, the critical field can be obtained
as B, >~ 1.287./y1Uy/edvr. The corresponding VZ energy
is then Uy, = uj3B. = (1.287hvg /d)/Us/y1. In order for
thermal energy not to wash out the valley filtering this
should satisfy kT < U, = kgT., from which we can
define a valid temperature range of the present model as
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FIG. 4. (a) Variation of conductance in the second gate as a

function of band gap A, for barrier (K, blue) and well (K’,
red) with height and depth U = Uy + U, (U, = uj;B). Arrows
indicate the transition gap A, as in Fig. 3. Note the abrupt
change near A,;. Log plots of (b) conductance and (c) rel-
ative change of conductance n = ((Gazin) — Gaout)/G2rout When
Up = 100 meV. The dashed line in (b) indicates A,. Parame-
ters and units are as follows: a =20 nm, d =50 nm, B=1T,
and Gy = e2kW/h¢. with ¢, = arcsin (1 — eBd/2hk) and k =
(V2 = D2 T/ hop [59].

T < T, with T, = (1.287hvr /kpd)/Uy/y1. Note that both
B, and T, depend on the parameters of potential barrier
or well Uy and d. Using A/2 = (v/2 = 1)U, the maxi-
mum allowed value of Uj is, from A, >~ 250 meV [46],
U™ ~ 300 meV. As a numerical example, for d = 50 nm

44 46 48
Ay/2 (meV)

FIG. 5. Variation of conductance in the second gate as a func-
tion of band gap A, for barrier (K, solid curves) and well
(K’, dashed curves) with different inter-potential distances of a.
Parameters and units are as follows: Uy = 100 meV, d = 50 nm,
B=1T, and Gy = €*kW/h¢, with ¢, = arcsin (1 — eBd/2hk)
and k = (v/2 — VY2 /Uy /hvog [59].

and 50 meV < U < 300 meV, we can estimate the range
of critical fields and temperatures as 4 T < B, < 10 T and
70 K < T < 170 K. Noticing 7. o 1/d, the lower and
upper bounds of 7, can be increased by decreasing the
potential width d.

D. Electrical control and valley-separate switch

As mentioned earlier, for device application, it is prefer-
able to have all-electrical control of valley-filter and
valley-valve effects. Although our model employs both
electric and magnetic fields it should be noted that the
magnetic field B can be readily fixed by contacting a fer-
romagnet with easy axis perpendicular to the layer in the
region of the first gate [62—64]. In this case, as shown
in Fig. 1, the valley polarization is determined by the
height (depth) of the barrier (well) Uy, which is controlled
by the electric gate voltage V. As discussed above, the
band gap A, in the second gate is tuned by the gate
potential Vg,. Thus, the two functions of valley filter and
valve can be controlled by the two electric gate poten-
tials only, making all-electrical control possible. Moreover,
by choosing Uy with a high degree of polarization from
Fig. 1, we can also fix Up, so that the size of band
gap A, in the second gate becomes the only controlling
parameter.

We remark here that each of the two gates plays a
distinct role, one for valley filter and the other for val-
ley valve. This is different from other proposals [8,34]
in which a series of two valley filters performs a valve
by arranging them in opposite valley polarizations. The
valley-valve effect in our model is carried out solely in
the second gate by tuning the size of band gap A,. In
addition, the gap can be continuously tuned across the
transition gap A, in the range of |A, — A, < A,, which
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makes a continuous control of valley-separate switching
on and off possible (see regions VI and V in Fig. 1). Since
each of the barrier and well can produce both K and K’
particles by using opposite directions of B (see Table I)
the valley-separate switching effect can be implemented in
each potential type.

Finally, we comment on the possible application of the
present model to classical logic gates, in particular the
NAND gate, which is a universal gate; but it is irre-
versible because the input to output is a two-to-one type.
Recently, the authors in Ref. [34] showed that the two
valley-polarized states together with null polarization can
be used as information storage to produce a reversible
NAND gate: by labeling each of the three output-on states
and one output-off state with extra index such as (1, K),
(1,K"), (1,null), and (0,0) the NAND gate can be expressed
as a 4 x 4 matrix because it becomes two-to-two type
between input and output. In our model, the null-polarized
particles can be generated from the first gate when B = 0
so that no polarization occurs because of zero VZ splitting.
In this case the first gate serves directly as a valve by tun-
ing the band gap A, just like in the second gate: for small
gap such that |E| < |Uy — A1/2| (inside the band) null-
polarized particles are well transmitted and for large gap
such that |[E| > |Uy — A;/2| (outside the band) the trans-
mission is suppressed. Thus, with zero magnetic field, one
electrical gate is enough to generate the null polarization
and perform the valve. This suggests that it is also pos-
sible to make the reversible NAND gate with the present
model, and with fixed magnetic field (=B or 0) it can be
implemented by electrical gates.

II1. CONCLUSION

In conclusion, we demonstrate that a valley-filter and
valley-valve device with bilayer graphene can be con-
structed by exploiting the valley-Zeeman splitting and
tunable band gap. The valley-Zeeman splitting comes
from the coupling of the valley-dependent orbital mag-
netic moment to the external magnetic field and leads to
the valley-filter effect. The tunable band gap, produced by
the electric gate voltage, is responsible for the valley-valve
effect. The device exhibits very high efficiency of valley-
valve effect as well as nearly perfect valley polarization.
With fixed magnetic field the two functions are controlled
solely by electric gate potentials. The continuous tun-
ability of band gap and high efficiency make it possible
for the valley valve to be used as a valley-dependent
switch.
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