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TOPICAL REVIEW — Valleytronics

Valley filtering and valley-polarized collective modes in bulk
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The presence of two sublattices in hexagonal graphene brings two energetically degenerate extremes in the conduc-
tion and valence bands, which are identified by the valley quantum number. Recently, this valley degree of freedom has
been suggested to encode and process information, which develops a new carbon-based electronics named graphene val-
leytronics. In this topical review, we present and discuss valley-related transport properties in bulk graphene monolayers,
which are due to strain-induced pseudomagnetic fields and associated vector potential, sublattice-stagger potential, and
the valley-Zeeman effect. These valley-related interactions can be utilized to obtain valley filtering, valley spatial separa-
tion, valley-resolved guiding modes, and valley-polarized collective modes such as edge or surface plasmons. The present
challenges and the perspectives on graphene valleytronics are also provided in this review.

Keywords: valleytronics, graphene, strain, valley-Zeeman effect, plasmons

PACS: 72.80.Vp, 73.20.Mf, 73.43.Cd, 85.35.—p

1. Introduction

In many crystal semiconductors, there exist several en-
ergetically degenerate minimums in the conduction band or
maximums in the valence band. These nonequivalent ex-
tremes with the same energy, identified by a novel quantum
number dubbed valley, are called valley points. As a coun-
terpart of the spin degree of freedom (DOF), the valley DOF
was suggested as a potential information carrier.!'~” For this
valleytronics routine to next-generation electronic devices, a
fundamental step is to create a distinguishable valley popu-
lation such as valley spatial separation and valley-polarized
current. Valleytronic materials usually possess two or more
valley points with large separation in momentum space. This
feature is useful for circumventing inter-valley scattering due
to thermal fluctuations, but is disadvantageous for manipulat-
ing valley states. Although the investigations on the valley
DOF can be dated back to the 1970s,!-?! valleytronics booms
after the emergence of two-dimensional (2D) materials with
honeycomb structures.

In hexagonal 2D materials such as graphene and mono-
layer transition metal dichalcogenides (TMDs), the presence
of two nonequivalent sublattices leads to two valley points!®]
(K and K') at vertices of the Brillouin zone. The carrier pop-
ulation in the specific K or K’ valley behaves like a spin-up
or spin-down state in a spin 1/2 system. The manipulation
of valley states in graphene is appealing due to the excellent
transport properties of graphene. Valley-polarized current can
be obtained from an unpolarized stream passing through a val-
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ley filter. The seminal proposal of graphene valley filter!!"]
requires a nanoribbon with zigzag edges and a sub-10 nm con-
striction. Valley spatial separation was predicted in a graphene
n—-p-n junction which relies on trigonal warping of the en-

(111 The valley-dependent beams were observed in

ergy bands.
a photonic graphene.!'?! For an electron beam with a large in-
cident angle traversing a grain boundary (named line defect)
in polycrystalline graphene, nearly perfect valley polarization
was predicted.!”-!3! Valley-polarized local states were gener-
ated by an individual atomic-scale defect!® such as single-
carbon vacancy, nitrogen-atom dopant, and hydrogen-atom
chemisorption.

Beyond the methods based on the precise control of
nanostructures, the combination of intrinsic band proper-
ties with optics, mechanics, electrostatics, and nanomagnets
can yield valley-contrasting current. It was predicted that
intense light with proper time dependence can effectively
break the inversion symmetry of graphene and distinguish the
valleys.['413] Pure valley currents in gapped bilayer graphene
were generated by femtosecond laser light combining opti-
cal frequency circularly polarized pulse and a terahertz fre-
quency linearly polarized pulse.l'® Non-dissipative pure val-
ley currents, akin to pure spin currents, offer the possibil-
ity to build electronic devices with low power dissipation.
In a bulk graphene sheet, the combination of local magnetic
fields and substrate strain can generate a remarkable val-

17-1
yL7

ley polarization with gate-tunable polarit I For strained

graphene flakes under a uniform pseudomagnetic field*°! and
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real magnetic field, the two valley states are separated in space
and energy, leading to a robust bulk valley polarization.>!]
For a graphene p—n junction subject to a Gaussian-shaped
strain and vertical magnetic field, an oscillating Hall conduc-
tance and valley-resolved Fano resonances showed up.!?*! Val-
ley polarization, valley inversion,>’! and valley-contrasting
spatial confinement/*! of massless Dirac fermions were
demonstrated experimentally in strained graphene under in-
homogeneous pseudomagnetic fields and tunable real mag-
netic fields. Several physical effects were examined on
strained graphene without external magnetic fields, such as
valley electron optics,[>! valley-related guiding mode, *°!
pure bulk valley current due to quantum pump!>’?8! or light
irradiation,*°! valley-polarized edge plasmons, 33?1 valley-
Hall effect and nonlocal transport,2%-33-34 pseudomagnetic-
field-induced Lorentz force, Aharonov—Bohm phase,*! and
focusing.*®! By placing metagate with specific geometries
and bias voltages within a few nanometers on graphene, com-
plete propagation band gaps were predicted for graphene
surface plasmons with nontrivial valley-linked topological
properties.*’ Due to suppressed intervalley scattering, one
can further obtain highly-localized guiding plasmons without
any reflections. Electrons in valleytronic materials with short-
range potential scattering generally experience a valley con-
trasted intervalley-backscattering due to distinct momentum
transfers. As a result, sizable valley pump effects can be ob-
tained by passing charge current through a region of nonmag-
netic disorder, as demonstrated numerically in Ref. [38]. For
graphene electrons normally incident at a superlattice barrier,
fully valley-selective Klein tunneling!®*! was predicted when
intervalley backscattering and valley contrast in pseudospin
chirality are accounted for. The angle-averaged transmission
can have a net valley polarization exceeding 75% for a 20-
period barrier. For an n—n~—n junction based on 2D graphene,
valley filter and valley source functions were demonstrated
theoretically*?! at small and large band-offset between the n
and n™-regions, which are enabled respectively by intra- and
inter-valley scatterings and depend on the junction orientation.

In gapped graphene with broken inversion symmetry, the
presence of valley-dependent intrinsic magnetic moment and
Berry curvature were proposed to generate and detect valley
polarization by magnetic and electric means.*!l In gapped

graphene systems, topological kink states!*>~44]

were pre-
dicted to form on a domain wall of the gap term. Kink
states in K and K’ valleys possess opposite propagating ve-
locities. These valley-momentum locking kink states were
confirmed by transport measurements.[*>*6! For a four-kink
router device based on bilayer graphene, Li et al. demonstrated

(47 the operations of a valley valve and a tun-

experimentally
able electron beam splitter. Various applications of topologi-

cal kink states were reviewed in Ref. [48]. In a two-terminal

graphene system with a Dirac gap, it was shown theoretically
that!*’! valley-polarized output current can be achieved un-
der the modulation of a single nanomagnet. A double-barrier
structure consisting of electric and vector potentials can filter
massive Dirac electrons based on their valley index. %! For
graphene subject to a combination of a magnetic and electric
barrier, the Fermi velocity modulation on valley transport was

(21 Tn strained and gapped graphene,

reported theoretically.
spin—valley spatial separation and valley-resolved surface
magnetoplasmons were demonstrated theoretically.>*3* The
time-dependent lattice vibration of optical phonon modes was
proposed to realize a topological valley pump in graphene. >
Spin—orbit coupling and staggered potential in graphene could
be generated by the proximity of a TMD monolayer, 27!
which allows quantum spin Hall and valley Hall effects, giant

spin lifetime anisotropy mediated by spin—valley locking, >8]

1591 For graphene under

and field-effect spin—valley locking.
the proximity of some magnetic substrates, several interest-
ing properties were discussed, including universal valley Hall
conductivity,% valley-contrasting quantum anomalous Hall
effect,!!) and valley filtering.[?) For graphene modulated
by patterned dielectric superlattices,®3! Dirac gap was found
by using an unfolding procedure, which leads to a robust
transverse valley current against irregularities in the patterned
dielectric.!%! In graphene-based devices with spatially vary-
ing regions of staggered potential, Aktor et al. reported!®>! the
emergence of valley-polarized bulk currents and nonlocal re-
sistance fingerprints, which are robust against disorder.

In this topical review, we generally introduce the valley
filtering effect and valley-polarized collective modes in bulk
graphene monolayers, mainly based on our own works. For
valleytronics in TMDs, readers can refer to recent reviews. (431
In Section 2, we present a general formulation of valley filter-
ing in bulk graphene monolayers based on strain and staggered
potential. In Section 3, the results of valley filtering and val-
ley electron optics in strained graphene are summarized. In
Section 4, we exhibit valley filtering in gapped graphene. In
Section 5, we introduce valley-polarized collective modes in
graphene, including edge plasmons and surface plasmons. In
Section 6, we review recent theoretical and experimental pro-
gresses on valleytronics beyond graphene. Finally, the conclu-
sion and perspectives are given in Section 7.

2. Valley filtering in bulk graphene monolayers
2.1. Model and formalism

Although the valley DOF is similar to the spin DOF, the
role of the magnetic field in valleytronics differs greatly from
that in spintronics.[%! In semiconductors with a large g fac-
tor, it is well known that electronic spin can be manipulated
directly through the coupling to an external magnetic field.
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The two spin components can be mixed by nonuniform mag-
netic fields with position-dependent orientation. In contrast, in
graphene magnetic fields up to 10* T cannot cause a noticeable
intervalley scattering. The spin—orbit interaction (SOI) in spin-
tronics offers a way to control the spin states of charge carriers
by changing their orbital motion. In graphene valleytronics,
the in-plane strain and the staggered electric potential play a
similar role as the SOI in spintronics.

A mechanical in-plane strain in graphene changes the
hopping amplitude ¢ into ¢ + 8¢(r,n) at the position r along a
given nearest-neighbor vector n. In the continuous model, its
effect can be described by a gauge vector potential®! Ag(r).
The projection of Ag(r) along the zigzag (armchair) direction
of the graphene lattice, denoted as Asz (Asa ), can be expressed
as

Asz +iAsa zz&(r,n)exp(—iK-n), (1)

where K is the wave vector of one Dirac point.

A bulk gap near the Dirac points was created by means of
the sublattice-dependent graphene-substrate interaction.[67-721
Its size 2A depends on the experimental details and ranges
from a few to hundreds of meV. The band gap engineer-
ing in graphene may be also realized through chemical

73741 A spatially-varying staggered potential A (r)

methods. !
was reported in Ref. [69].

Consider a bulk graphene monolayer modulated by a per-
pendicular magnetic field B(r) (with vector potential A(7)),
in-plane strain, staggered potential A (7), and the scalar poten-
tial U (r). The motion of electrons in a given valley 7 (7 = £1
for K/K' valley) can be described by the low-energy effective

Hamiltonian!®

H,;= /dr'f’;”[vlza-(p+eA)+TU-AS+TAGZ+U0'0]'I’r.
2)

Here vg is the Fermi velocity, o = (0, 0y,0;) is the vec-
tor formed by three Pauli matrices, o is a unit matrix, and
p = —ih(dy,dy) is the in-plane momentum of electrons. The
valley-resolved spinor ¥, = (¥, ¥)T and ¥_ = (—%,¥{)T
contain electron fields in two carbon sublattices A and B.
From the Hamiltonian (2) we can see that the strain
term To - Ag and the staggered-potential term TAoC, are
similar to the Rashba SOI caused by an in-plane electric
field!”>! in a conventional 2D electron system. They respect
the time-reversal symmetry and are distinct from the term
evpo - A caused by the magnetic field. The application of
the strain or staggered potential alone can generate the valley-
Hall effect,?>*!1 which is the analog of the spin-Hall ef-
fect.
pressed in dimensionless units by means of the length scale

For convenience, hereafter all quantities will be ex-

Ig, = [/ (eBo)]'/? and energy scale Eo = fivg /Ip,. For a typical
magnetic field By = 0.1 T, the reduced units are /g, = 81.1 nm
and Egp = 7.0 meV.

One can set up a scattering problem from the Hamilto-
nian (2) and proper boundary conditions. For simplicity, we
consider the case that the system has a translational invariance
along a direction which is chosen as the y axis. All potentials
are assumed to be uniform in the ingoing and outgoing regions.
The external magnetic field is local and varies only along the
x axis, which can be generated by depositing ferromagnetic
metal (FM) or superconducting materials on top of the dielec-
tric layer, as the way in semiconductor heterostructures.!’¢-83]
The magnetic vector potential will be taken in the Landau
gauge, A = A (x)e, with dA,/dx = B,(x).
tron from the valley 7 incident with energy E and conserved

For an elec-

transverse momentum p, = hk,, the transmission probability
T:(E,ky) can be determined from its wave function

¥, (r) = etVexp [—ir/x Asx(x/)dx/] ve(x,ky).  (3)

Here the one-dimensional spinor wave function z(x,ky)
meets Hz (ky) Wz (x,ky) = Eyz(x,ky) with

H(ky) = —i0,0x + 0y (ky + A, + TAsy) + A0, +Uoy. (4)

Under the scattering boundary condition and the continuity
of wave function, the transmission probability 7;(E,k,) can
be calculated numerically by means of the scattering matrix
method. 8481

At a low temperature Tx (in unit of Ey/kg) and Fermi en-
ergy Eg, the valley-resolved ballistic conductance G(Eg) can
be expressed in terms of the transmission probability 7% (E, k),
—adf [t dky

aT . T‘L’(E7ky)2n,/Ly7 (5)

G+ (Er) = Go / dE

where Gy = ¢’L,/(2n°hlp,) is taken as the conductance unit,
L, is the sample size along the y direction, and f(E) = {1+
exp[(E — Er)/Tx]} ! is the Fermi-Dirac distribution function.
The valley polarization is defined as

 Gx—Gy
===

P , G= Gk + Gy (©)

2.2. Symmetry analysis

In the absence of magnetic barrier, the Hamiltonian (4)

satisfies[!”]

OH:(ky)o, ' = H_1(—ky), @)

which indicates T¢(E,k,) = T_:(E, —ky). This together with
Eq. (5) results in a vanishing valley polarization P. Thus the
elastic deformation or staggered potential alone can not pro-
duce a valley polarization in two-terminal graphene devices.
The inclusion of a magnetic barrier is necessary to obtain a
valley-polarized current from the considered system.
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For unstrained graphene under a uniform staggered po-
tential, a finite valley polarization requires not only magnetic
barriers but also electric barriers.[*°! This can be readily seen
from the equation that the two components of the spinor y;
satisfy

[8962+F0i+F1:i(:tkyiAy*ax)]l//ﬁ: :0; (8)
Ff=(E-U+1A) Y (£10,4 - d,U), 9)
F‘Oi = (E_U)Z_Az_ (k)7+Ay)2:|:axAy. (10)

In the case dyA = 0 and d,U = 0, F; vanishes and Eq. (8)
becomes valley-independent. Accordingly, no valley polariza-
tion can be produced.

Valley filtering also disappears when A, U, and A are
symmetric (while Ag, is zero or antisymmetric) with respect
to the center line x, = L/2 of the scattering region. In this
case, the reflection operation Ry : x — 2x. — x together with o),
transforms the Hamiltonian H into H_, i.e.,

OyRH.; (ky) OyR, = H_(ky). (11)

If y,(x,ky) is a scattering eigenstate of Eq. (4) for K
electrons incident from one side of the scattering region, then
V_(x,ky) = o,y (L—x,ky) is also a solution of Eq. (4) but for
K’ electrons incident from the opposite side. The transmission
through a single-channel scattering potential is irrelevant to the
incident directions because of the unitary of the scattering ma-
trix. These two facts tell us that the transmission probability is

also valley-independent and satisfies!>’!

TT(Evky) = Tfr(Eaky)- (12)

In the case that Ay and As, are antisymmetric while U
and A are symmetric (with respect to x = x), the transmission
spectrum of either valley electron shows a mirror symmetry
about k, =0, i.e., T;(E,ky) = Ty(E,—ky). For A, = Ag, =0,
this mirror symmetry holds for any U and A.

3. Valley filtering in strained graphene
3.1. Strained graphene under a magnetic barrier

We demonstrate that the combination of a magnetic
barrier and in-plane strain can generate a finite valley
polarization!'” in a two-terminal graphene device (see
Fig. 1(a)). A simplified strain profile!®® is taken to create a
uniform perturbation 6t = Ag of the hopping along the x di-
rection, over a region x € [0,Ls]. Such a strain can be in-
duced by a uniform tension along the x direction applied on
the substrate.'8”! The strain with amplitude ~ |5¢|/(2.7 eV) up
to 15% affects insignificantly the graphene band structure. [33]
The magnetic barrier is created by an FM stripe with mag-
netization along the x direction and at a distance D to the

strained region. The corresponding vector potential is approx-
imated as a rectangular shape with width Ly; and height Ay;.
The distributions of the total (dimensionless) vector poten-
tial Ay(x) = Am(x) +As(x) for the two valleys are shown in
Fig. 1(b). The scalar potential U is Us (Uy) in the strain (mag-
netic barrier) region and zero otherwise. Note that Uy can be
tuned by the voltage applied on the FM stripe.

0 (b)

o Ls

L —As |

Fig. 1. (a) Schematic of a graphene valley filter with a dielectric layer and
a substrate strain (the yellow shaded region with thicker bonds). An FM
stripe with magnetization along the transporting x direction is deposited
on the dielectric layer to create a magnetic barrier. (b) Profile of the total
vector potential Ay (x) for electrons in the K and K’ valleys. Electrons
with valley index 7 feel the strain-induced vector potential TAg in the re-
gion 0 < x < Lg and magnetic-barrier-induced vector potential Ay in the
region Lg + D < x < Ls + D + Ly. Reproduced with permission from
Ref. [17].

Polarization

Eg (Eo)

Fig. 2. Valley-dependent conductance (a) and valley polarization (b) for
the valley filter in Fig. 1(a) plotted as a function of the Fermi energy Er
at a given temperature 7g = 0.5 and height of the scalar potential Us = 3.
The amplitude of strain-induced vector potential Ag is marked in each
curve. Reproduced with permission from Ref. [17].

In the numerical calculations, we take the structural pa-
rameters as Lyy = Ls = D = 1 and set Ay = 2 and Uy = Us.
The transmission |¢;|> exhibits a strong anisotropy of inci-
dent angle and resonant tunneling, which leads to a rich oscil-
lation feature in the zero-temperature conductance spectrum

(not shown here). At a relatively high temperature Tx = 0.5
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the oscillations are washed out, as shown in Fig. 2. One can
see that for Er > Us the conductance Gy is usually larger than
Gy . This can be understood from the shifts of the Dirac point
in the magnetic barrier and the strain region, 8ky; and ks,
which are in the same (opposite) direction for the K (K”) val-
ley (see Fig. 1(b)). There are more available open transmis-
sion channels for the parallel shift (§ky; - ks > 0) than that
for the antiparallel shift. There exists a broad energy region
where Gy is finite while Gy is rather small. Accordingly,
one can achieve a valley polarization exceeding 80% together
with a remarkable total conductance (Fig. 2(b)). Similar to the
spin current, the valley current in the linear-response regime
is characterized by AG = Gx — Gg/. In the high Fermi energy
region, AG varies slowly with Er while P decreases monoton-
ically.

Polarization

|
—
=
!
®©
|
=
|
N
|
N
=
N
o
=
@
—
=

Fig. 3. Valley-dependent conductance (a) and valley polarization (b) plot-
ted as a function of the Fermi energy Ef at a given temperature 7x = 0.5
for the device illustrated in the inset of panel (a). The inclusion of another
FM stripe transforms the system shown in Fig. 1(a) to a valley filtering
switch. The inset in panel (b) plots the profiles of the total vector poten-
tial A (x) for the K and K’ electrons and for the parallel and antiparallel
magnetization configurations of the two FM stripes. The width of each
region (Lg and Lyr) and the distance D between adjacent regions are taken
as 1 while the height of the vector (scalar) potential in each region is set
atAs = Ay =2 (Us = Uy = 3).

Based on the operating principle of this valley filter, one
can design a valley filtering switch!'®! depicted in the inset of
Fig. 3(a). Now the local magnetic field is created by two par-
allel FM stripes (FM1 and FM2) with magnetization along the
+x or direction. When their magnetizations are switched from
the parallel (P) to the antiparallel (AP) alignment, the valley
polarization P and AG change greatly in a wide range of Ef
(see Fig. 3). Actually, AG is rather small for the AP alignment
in the whole considered energy region. The reason is that in
this case the number of open channels for K electrons is al-
most the same as that for the K’ electrons (see the profiles of
the total vector potential in the inset of Fig. 3(b)). Based on
the same reason, the conductance G for the P alignment dif-

fers slightly from that for the device in Fig. 1(a) in the case

As = Am. A large valley polarization or a notable AG thus can
be achieved in this magnetization configuration. We can even
design a valley-related logic AND device!!®! based on smooth
potentials under realistic parameters, which is the same as that
in Fig. 3(a) but with many parallel FM stripes like FM2. The
device is in a low-resistance state if the magnetizations of all
FM stripes are in parallel and in a high-resistance state other-
wise. Only in the low-resistance state can the device output a
remarkable valley current.

The valley polarization in the strained graphene can
be enhanced by the application of a finite magnetic
superlattice.l'”) The coexistence of insulating transmission
gap of one valley and metallic resonant band of the other re-
sults in a substantial current with full valley polarization. The
fully valley-polarized current appears in a wide range of edge
orientation and temperature, and can be effectively tuned by
structural parameters. The valley filtering of massless Dirac
Fermions was also studied!®"! in 2D materials with a tilt Dirac

(901 When the magnetic—

cone (such as 8-Pmmn borophene
electric barrier provided by a single FM gate is perpendicular
to the tilted direction of the Dirac cone, one can yield a nearly
perfect valley polarization for a realistic magnetic barrier. Due
to intrinsic symmetry, the valley polarization vanishes when
the barrier orientation is along the tilted direction. The tilting
of Dirac cones is essential for the anisotropic valley filtering. It
seems that the tilt term plays the role of strain-induced pseudo-
vector potential Ag in graphene. The component of Ag along
the transport direction can be eliminated!!”! by a local unitary
transformation (see Egs. (3) and (4)). In contrast, the tilt term
affects the transmission for all transport directions. This com-
parison indicates the difference between the tilt term and As.

3.2. Goos-Hinchen shift in strained graphene

From the symmetry analysis, the elastic deformation
alone cannot produce a valley polarization in two-terminal
graphene devices when valley-unpolarized electrons incident
from all directions are detected. This constraint may be cir-
cumvented by either collecting part of the output current or
injecting a collimated electron beam, as the way in two pro-

91921 ytilizing only the SOL

posed spin-filter devices!

Electrons ballistically propagating in graphene have deep
analogies with light because of the massless linear dispersion
and the chirality. Electronic analogies of optical phenomena
such as reflection, refraction, polarization, focusing, and colli-
mation inspired several graphene-based proposals such as the
Veselago lens and spin lenses.[?>4 A well-known wave effect
in optics is the Goos—Hiinchen (GH) shift,[>>! which is the lat-
eral shift of a totally reflected beam of light with respect to the
position predicted by geometrical optics. In graphene p—n—p
junctions, the GH effect of Dirac electrons was predicted to

result in an 82 /h conductance plateau. %)
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To discuss valley filtering based on optical-like behav-
iors of Dirac electrons, we consider an interface in graphene
separating an unstrained normal (N) region and a strained
(S) region (Fig. 4(a)). A constant gauge potential Ag > 0
and electric potential Us exist in the S region. A valley-
unpolarized beam y;, with energy E is incident from the N

d[97,98]

region. It is assumed to be well-collimate around an

angle Oy = arcsin(k, /E), i.e.,

Vin(v) = [ YRR~ )k, (1)
Un (k) = e 0N (1 (ko + ik,) /E]T /2, (14)

where the profile of the beam is taken as a Gaussian with width
Ay ie., f(q) = exp[—q*/(2A2)]. and ko = sgn(E),/E? — k2.
The incident beam has a central position yj, at the N/S inter-
face xy = 0.

An electron in the beam center and from the 7 valley will

transmit partly into the S region with the refraction angle!>!

GST(GN) :arcsin[(EsinGN+TAS)/(E—US)]. (15)
It is partly reflected into the N region with reflection amplitude

s __exp(is:) —exp(ify)

T exp(—i6sg) +exp(ibn)’ (16)

Figure 4(b) shows the refraction angle 6s as a function
of the incident angle Oy for the simplest case Us = 0. For nor-
mal incidence, the two refraction angles satisfy g, = —0s_ #
0. This valley beam splitting is distinct from the optical double
refraction in uniaxial crystals and the SOI-induced beam split-

5.[921 The angular sep-

ting in semiconductor heterostructure
aration of the two refraction beams, Afs = |65, — 0s_|, in-

creases with |Oy| and can be controlled by the strain strength.

/2

. -nt/2
Strain ;) 0 )

Normal

Fig. 4. (a) Schematic of valley double refraction of Dirac electrons in
graphene at a N/S interface. The incident beam is valley-unpolarized.
(b) Refraction angle 051 plotted as a function of the incident angle 6y
for incident energy E = 5As (As is the amplitude of strain-induced vector
potential) and scalar potential Us = 0. Reproduced with permission from
Ref. [25].
The characteristic angles marked in Figs. 4(b) are related
to valley filtering. 6s. is the maximal outgoing angle of K’
electrons. One will obtain a fully valley-polarized current if
electrons are collected only in the angle interval (Os, /2).

Valley double refraction happens for Oy € (—6Onc, Onc ), Where

On. is the critical incident angle for total reflection of K elec-
trons. To achieve a valley beam splitter, one can restrict the
incident angle to be within an interval (Ong, Onc) so that K
electrons are scattered into the angle interval (6sy,, 77/2) while
K’ electrons are scattered into the angle interval (6s, O ).
Here Ospy, = 0s_(Onc) = Os+(On¢) is the separation angle of
two valley-polarized beams, which is negative for 1 < (E —
Us) /AS < 2.

At the interface x = xn, the central position of the re-
flected beam for 7 electron differs from y;,. Their difference
is the valley-resolved GH shift[%¢]

dInrYS(E k)  96n
NS T ) Ky
o, =-Im————=+ —. 17
rt m aky + aky ( )
In the case of total reflection (Imfs; # 0), one gets!°]
2k A
NS y+ TAs (18)

O, = .
r k()|(E— Us)COS 957;|

The GH shift 6> can be utilized to construct a valley-filtered
In the de-
vice, the middle waveguide is unstrained and sandwiched by

graphene guiding device depicted in Fig. 5(a).

two strained regions. When electrons are incident into the
waveguide with incident angle Oy > 6O, the GH shifts at
each N/S interface accumulate during all reflection processes.
Under this condition, guiding modes may be formed in the
waveguide.””) A semiclassical analysis!®®! revealed that the
GH shift G,l\%s can change the propagating velocity v of elec-
trons along the waveguide. The presence of guiding modes
requires the decrease of v, which depends on the valley in-
dex.

The dispersion relation E(k,) of guiding modes can be
calculated numerically from a tight-binding model, which is
plotted in Fig. 5(b) (red lines). The dispersion relation sat-
isfies E(ky) = E(—ky) and has particle-hole symmetry. For
the considered parameters, forward-going guiding modes with
0 < E < 3 eV exist only for K’ electrons. The density dis-
tribution of the two lowest forward-going modes with k, =
—0.60| K | are shown in Fig. 5(c). These guiding modes in K’
valley and corresponding bulk modes in K valley are well sep-
arated spatially in the lateral direction. One can connect the
strained graphene ribbon to two wide leads (from upper and
lower) and calculate the ballistic conductance. The conduc-
tance shown in Fig. 5(d) follows the number of guiding modes
rather than the number of transmission modes in leads. Elec-
trons leak out of the waveguide can be sinked by two electrical
grounds G1 and G2 on the strained regions. Then the guiding
modes will dominantly carry fully valley-filtered current from
the injector to the collector.

The valley double refraction at a N/S interface serves as a
basis for creating valley-splitting beams in another unstrained
region O, as depicted in the inset of Fig. 6(a). The transmitted
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beam w7, (x,y) is formed by 7T electrons traversing the mid-
dle S region with transmission amplitude #;(E,ky). The ex-
iting position of this beam at the S/O interface xo = Lg be-
, the
stationary-phase approximation!'%! gives the formula of the
GH shift for the transmitted beam!?>!

comes Yo, = Yin + O¢. For a narrow beam with A < |E
[100

malntT(E,ky).

dk, (19)

Or (E7 GN) = _I

One can place a detector to collect only the K (K') elec-
trons, whose position depends on the valley spatial separation
D = [you = Youl = o — 0. (20)

The GH shift o is generally unequal to the classical re-

sult Gﬂ = Lgtan O and thus the wave effect should be con-

sidered. At a resonant incident angle 65, we obtain the ex-
pression for the lateral displacement

1 —sin 6
G;es = FyLgtan Gsris, Fy= N

1 res
sin 0gS}

2n

res res
cos 0 cos 655

The magnified factor Fy equals approximately the peak-to-
trough ratio of the transmission resonance.

The angular dependence of o is shown in Fig. 6(a) for
a strained graphene n—n’—n junction where valley double re-
fraction occurs for all incident angles. The valley spatial sep-
aration D can exceed D = |6¢! — 69| greatly at large |6\
whereas the transmitted beam may be difficult to detect. For
strained graphene n—p—n junctions (Figs. 6(b) and 6(c)), nega-
tive refraction occurs for K electrons (crjl < 0). It can be seen
from Figs. 6(c) and 6(d) that the maximum of |o;| appears at
resonant incident angles. Around the transmission peaks of K
electrons with a large Fp, o_ is almost the same as o Ac-
cordingly, the valley spatial separation D can be enhanced at
the transmission resonance.

For a typical tilted Dirac system (8-Pmmn borophene),
the valley-resolved lateral shift of electrons traversing an n—p—

1011 We derive a gauge-

n junction was studied theoretically.!
invariant formula on the GH shift of transmitted beams, which
holds for any anisotropic isoenergy surface. Due to the sim-
ilarity between the tilting effect of the Dirac cone and strain-
induced vector potential in graphene, valley double refraction
also occurs at the considered n—p interface. The valley spa-
tial separation D can be enhanced to be ten to hundred times
larger than the barrier width. However, D is always zero when

the junction is along the tilt direction of Dirac cones.

(b) 6
5
2 4
2 4 3%
2 - 2 ~
1 = =
=3 3 ) 1
N 0
-0.7 -0.6 -05 -04 -03
ke
(©) (@ Ky /K]
Middle channel
0.08 7ky=-0.6(/V/ y=-0.18 12" Confinement modes
_ % .y 10 in middle channel
0.06 ky=-0.60 y 0.18
K vall ié‘ i K vall ~8—— Transmission modes
o (in K valley) fig"}_ (in K valley) 5 6 in incident lead
= 0.04 ;:j?ji 13 —— Conductance
0.02 ‘ &) )
0.00M Lﬁﬁj”‘@:m 0 Sy

Strained region D'Strained region

0.0 0.5 1.0 1.5 2.0 2.5 3.0
E (eV)

Fig. 5. (a) Schematic of a graphene guiding device with strain in shaded regions. It includes an injector (I), a collector (C), and two electrical
grounds (G1 and G2). The black and red/blue arrows denote the unpolarized incident electron beam and K /K’-valley-polarized propagating
beams. (b) Energy dispersion near ky, = —0.5| K| of the graphene ribbon in panel (a) consisting of W = 61 zigzag chains. Outside the unstrained
region with D = 6 zigzag chains, the hopping variation induces a strain of ~ 10%. (c) Density distributions of the lowest two forward-going
modes with k, = —0.60| K| in K’ valley and ky, = —0.18| K| in K valley. (d) Conductance G, number of propagating modes in the channel and
in the lead plotted as a function of incident energy E. Reproduced with permission from Ref. [26].
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Fig. 6. (a)—(c) Valley-resolved GH shift o (red solid lines) and o_ (blue
dash-dotted lines) together with their classical values cf (black dashed
lines) and 6! (black dotted lines) plotted as a function of the incident
angle Oy. (d) Valley-resolved transmission probability versus incident
angle. Some values of the resonant GH shift for K electrons are marked
in panels (b) and (c). The values of incident energy E and Eg = E — Us
(Us is the height of the scalar potential) are given in each panel. The
pseudo-vector potential has amplitude Ag = 1 in the S region with width
Ls = 3. The inset in panel (a) depicts schematically the lateral displace-

ments o of transmitted electron beams I[Iéfu) (L,y). A detector placed in
the outgoing region can collect only the K (K’) electrons. Reproduced
with permission from Ref. [25].

4. Valley filtering in gapped graphene
4.1. Gapped graphene under a magnetic barrier

For many proposed valley filters, the detection of the
generated valley polarization requires additional elaborate
setup. It was shown theoretically that in graphene with bro-
ken inversion symmetry, the injection of valley-polarized cur-
rent will generate a transverse voltage,*!l in a similar way

t.[102103] valley filters based on

as inverse spin-Hall effec
gapped graphene thus could be integrated with valley detec-
tors. We demonstrated that for a two-terminal graphene sys-
tem with a Dirac gap, a proper magnetic—electric barrier pro-
vided by a single FM gate can produce a remarkable valley
polarization. ]

The considered graphene system is illustrated in Fig. 7(a),
where a Dirac gap 2A is created by means of substrate engi-
neering. A single FM gate together with a dielectric spacer is
deposited on top of graphene. The FM gate has a rectangu-
lar cross section (see Fig. 7(a)) with width Lr and a magne-

5.77:80811 The obtained magnetic—

tization M along the z axi
electric barrier can be simplified as a rectangular shape, i.e.,
B(r) =Bs®(x)O(Lr —x) and U (r) = U;® (x)O (Lr —x). Here
O(x) is the Heaviside step function, and Bg # 0 and Us are
constant. We obtain an analytical expression'*°! of the trans-
mission 7z (E, k) from Eq. (4), which depends on the valley

index only through the parameter y; defined by

Ye = /2Bs(E +tA)/(E + 1A - Uy). (22)

The transmission probability is plotted in Fig. 7 as a func-
tion of k, for a typical incident energy E = 7, Dirac gap
2A = 8, and width Lg = 2. All transmission curves exhibit
a mirror symmetry about k, = 0, which results from the sym-
metry of the considered structure. Pronounced resonances ap-
pear in the case of interband tunneling (Us > 2A). They stem
from the quasibound states in the barrier region. It was shown
that!'%! a uniform magnetic field can lift the valley degeneracy
of quantum dots formed electrostatically in gapped graphene.
When B # 0, the quasibound states discussed here have a sim-
ilar valley-splitting, leading to a valley-dependent resonant en-
hancement and suppression. The valley contrast of the trans-
mission in interband tunneling is more remarkable than that
in intraband tunneling (Us < 0). This observation is due to
the dependence of ¥+ (Eq. (22)) on the electric barrier. Since
the area under the T;—ky curve is proportional to the conduc-
tance G; (Eq. (5)), the valley-dependent transmission shown
in Figs. 7(c)-7(e) results in a finite valley polarization.

Fig. 7. (a) Valley filter based on gapped graphene modulated by the
magnetic—electric barrier provided by a single FM gate with height h,
width Ly and distance zg to the graphene plane. The generated valley po-
larization can be detected by the inverse valley-Hall effect. (b)—(e) Valley-
resolved transmission 7'y and 7 as a function of the wave vector for elec-
trons traversing a square magnetic—electric barrier with height of electric
barrier Us = £15.5 and amplitude of magnetic field Bs = 0, 1, 2, and 3.
Other parameters are: the incident energy E = 7, the barrier width Lg = 2,
and the Dirac gap 2A = 8. Reproduced with permission from Ref. [49].

When the magnetization of the FM gate in Fig. 7(a)
changes to the current direction, an antisymmetric magnetic
barrier is obtained, which together with a symmetric elec-
tric potential can not generate a valley-polarized current.>"!
In this situation, the system is invariant under the operation
OyR,. One can break this symmetry by placing a normal-metal
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(NM) gate (with width Ly) parallel to the FM gate, as shown
in Fig. 8(a). The antisymmetric magnetic barrier leads to a
valley-dependent change of the reflection phase, which is uti-
lized to create a valley contrast of transmission probability by
the inclusion of an electric barrier. For a realistic smoothing
profile of potentials, the valley-resolved conductance and val-
ley polarization are plotted in Fig. 8 as a function of the poten-
tial height of the NM gate. The FM gate has a height 7 = 0.6,
magnetization oM, = 1.8 T (for cobalt material), and a dis-
tance zo = 0.3 to the graphene plane.

Conductance

=
n

Polarization
>

-5 0 5 10 15 20 25 3

Fig. 8. (a) Valley-resolved zero-temperature conductance G+ and (b) val-
ley polarization P as a function of the barrier height Un (controlled by the
NM gate) under different temperatures 7x = 0, 0.05 and 0.1 (0 K, 4 K,
and 8 K). The inset in panel (a) depicts the proposed valley filter based
on a gapped graphene with an FM gate and an NM gate on top. The FM
gate has a rectangular cross section and a magnetization along the current
direction. We set Er = 8 and the barrier height Ur = 20 (controlled by the
FM gate). Reproduced with permission from Ref. [50].

Under the setting Up = 20 and Er = 8, interband tunnel-
ing happens in the region covered by the FM gate. When
Un > Ep+ A, one can see regular oscillations in the con-
ductance spectrum. Significant valley polarization can be
achieved at zero temperature when the maximum of G is near
a minimum of G_. A finite temperature reduces the valley po-
larization. At the temperature Tx = 0.05 (4 K) the valley polar-
ization still has remarkable maximums and minimums close to
zero. Therefore, in the low-temperature regime the valley po-
larization is remarkable and can be tuned by voltages on the

NM gate.

4.2. Valley-Zeeman effect

In gapped graphene with a broken inversion symmetry,
Berry curvature and orbital magnetic moment (OMM) are fi-
nite and can be used to distinguish valley states.*!! Berry cur-
vature describes the geometric characteristics of the electronic
energy bands, while the OMM results from the rotation of
the wave packet of Bloch electrons around its center. For the
Hamiltonian in Eq. (2) without external fields, the Berry curva-
ture 2 and OMM m are along the z axis. Their z components

are given by

Q. (k) = —nin*A/2[E(R)P), (23)
E(k) = +/ (hvek + TAs)? + A2, 24)
m. (k) = [A/E(k)]*m, (25)
my = —telive/(2A). (26)

Here the energy E (k) is positive (negative) for electrons in the
conduction (valence) band. Both Q,(k) and m, (k) are oppo-
site in the two valleys, which respects the time-reversal sym-
metry. For vg ~ 10° m /s and A ~ 50 meV, one can estimate
lm,o| = 114up, where tg = 5.788 x 10~2 meV/T is the Bohr
magneton.

The Berry curvature can be viewed as another pseudo-
magnetic field, which presents in the momentum space and

(41 of electrons.

brings a valley-dependent anomalous velocity
Therefore, the application of an in-plane electric field can gen-
erate a transverse pure valley current. This phenomenon is
called the valley Hall effect, which is similar to the spin Hall
effect in 2D electron systems with spin—orbit coupling.!®6]
By aligning graphene with an underlying layer of hexagonal

105 reported the long-range

boron nitride, Gorbachev et al.!
character and transistor-like gate control of valley Hall cur-
rents. In Ref. [106], pure valley current was generated in
dual-gated bilayer graphene and detected by nonlocal resis-
tance measurements.

The finite OMM can be manifested by external magnetic

fields through the valley-Zeeman coupling!107-110]

. E
HVZ:TUméo, Um:Bz|mzo‘F <‘A‘> , 27)
FX)=X"20(X-1). (28)

The valley-splitting energy 2|Uy,| depends on the energy E of
electron states, gap 2A, and vertical component B; of the mag-
netic field. The valley g factor gy = 2|Uy,/(UB;)| was mea-
sured in graphene bilayer'7! and trilayer.!'%® For a quantum
point contact in bilayer graphene, Lee ez al.!'%7! used the finite
bias spectroscopy to measure the energy spectrum due to the
lateral confinement and Zeeman splitting. They reported a spin
g factor of about 2 and a gate-tunable valley g-factor ranging
from 40 to 120. Ge et al.!'% studied the gate and sublattice-
resolved scanning tunneling spectroscopy for Bernal-stacked
graphene trilayer under perpendicular electric and magnetic
fields. They demonstrated a large and tunable valley g-factor
up to 1050.

Based on the valley-Zeeman coupling (27) and gate-
tunable band gap in bilayer graphene, Park et al.!'%°! proposed
a valley filter and valley valve device. The valley filter is made
of a n—p—n (or p—n—p) junction subject to a vertical magnetic
field. The valley valve is realized in another junction, where
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the gate voltage is changed to tune the size of the energy gap.
They demonstrate numerically a nearly perfect valley polar-
ization and high efficiency of the valley-valve effect.

4.3. Valley filtering due to magnetic proximity

Pristine graphene stands as a promising spin-channel

111-115] pro-

material.l”) The exchange—proximity interaction!
vides a way to design graphene-based spin-logic devices. The
magnetism in graphene is introduced by the hybridation be-
tween the p, orbitals of electrons in graphene and the d or
f orbitals of neighboring magnetic ions in a ferromagnetic
insulator (FI) or ferrimagnet. For graphene under the mag-

H2] and ac-

netic proximity, quantized anomalous Hall effect!
companying high mobility were reported, while giant proxim-
ity magnetoresistance,!'>~!17! and chiral charge pumping!!!8]
were predicted.

For electrons in graphene under magnetic proximity, the

effective Hamiltonian!!'!°]

around the K and K valleys includes
not only the exchange splitting, but also a spin-dependent
Fermi velocity and gap opening. The model parameters satu-
rate for FI film with a thickness of several layers. The stray
field emanated from the FI modulates the motion of elec-
trons in graphene. It can couple with the OMM, leading to a
valley-Zeeman coupling. We study the valley-dependent elec-
tron transport properties of graphene in proximity to the FI
Eu0.[%?]' A metallic gate on top of the thick EuO layer is used
to create an electrostatic potential with height Ur.

3

—— K,Um#0
— K, Un#0
= 2 = o _
g 9 K,Um—o
r = K, Um=0
&) 14 Qo
0 L (b)
1.0
0.51]
05 - Um=0 T
Lo O\ | " ¥ @
“16 18 20 22 24 16 18 20 22 24
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Fig. 9. Conductance and polarization plotted as functions of Fermi
energy Er (a) and (b) valley-resolved conductances Gy and G| for
spin-up and spin-down electrons. (c) Spin polarization Ps = (G4 +
G*T — G+l — G*i)/(G+T + G*T + G+L + G*i)‘ (d) Valley polarization
Py =(G1+G1 -Gy — G—i)/(G*’T +G_++Gy + G_)). The cal-
culations are made in the presence (Up, # 0) or absence (Uy, = 0) of the
valley-Zeeman coupling given by Eq. (27). Reproduced with permission
from Ref. [62].

In the case of interband tunneling (at a large Up), the
spin and valley-related conductance is plotted in Fig. 9. The
spin-up conductance shows several valley-resolved peaks with

a large peak-to-trough ratio. The spin-down conductance is
mainly contributed by the K branch and is remarkable only for
Er near Ur. Consequently, spin-resolved valley filtering can be
achieved in graphene by magnetic proximity. In this situation,
the valley-Zeeman splitting can change greatly the spin and
valley polarization. In the case of intraband tunneling, our nu-
merical results indicate that the valley-Zeeman coupling plays
a minor role, although both the spin and valley polarization
can approach —100% in a window of Fermi energy.

5. Valley-related collective motions
5.1. Valley-polarized edge plasmons

In a 2D material, charges accumulated near its edges
can oscillate collectively. Subsequently, a distinct plasmon
mode called edge plasmon arises, where the accompanied
electromagnetic fields are localized near the edges and have
a stronger confinement than those for surface plasmons. Edge
plasmons were first observed experimentally in a bounded 2D
electron gas!'?l subject to a perpendicular external magnetic
field (named edge magnetoplasmons). For edge magnetoplas-

1211 measured the dis-

mons in a graphene disk, Kumada et al.!
persion relation and decay time. Owing to the linear and gap-
less band structure of graphene, the dissipation of edge mag-
netoplasmons in graphene was indicated to be lower than that
in conventional 2D systems. For a 2D electron system mod-
ulated by opposite magnetic domains, a new type of one-way
edge magnetoplasmons was predicted,!'??! which is topologi-
cally analogous to the zero modes of a 2D topological p+ ip
superconductor.

In strained graphene, due to the presence of strain-
induced pseudomagnetic field, edge plasmons can be formed
without external magnetic fields. A uniform pseudomagnetic
field up to hundreds of Teslal?”! can be achieved by designed
strains in graphene. For graphene grown on a platinum sur-

123] reported that the highly strained nanobub-

face, Levy et al.!
bles therein lead to Landau levels due to pseudomagnetic
fields in excess of 300 T. Giant pseudo-magnetic fields up to
800 T were reported recently by placing strain-free monolayer

1241 This nanoscale

graphene on architected nanostructures.
strain engineering at room temperature paved a pathway to-
ward scalable graphene-based valleytronics. Recently, Prin-
cipi et al.®Y predicted that two counterpropagating acous-
tic plasmons exist at the edge of a strained graphene system.
Note that electrons in the two valleys are always electrostat-
ically coupled. In the limit of strong pseudomagnetic field,
they found that the excited plasmon is valley-polarized, i.e.,
is contributed mainly by electrons from a specific valley. In
Ref. [30], the Navier—Stokes equations for electron velocities
in two valleys were linearized to yield an analytical solution.
With the pseudomagnetic field increasing, the calculated val-
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ley polarization for either edge plasmon varies monotonously
but cannot be perfect.

We study valley-polarized collective motion3!! of elec-
trons in a strained graphene sheet with a boundary x = 0. As
depicted in the inset of Fig. 10(b), the strain-induced pseudo-
magnetic field is opposite for electrons in the K and K’ valleys,
which is assumed to be uniform, i.e., Bx = B and Bgr = —B.
In the Fermi-liquid regime and under the hydrodynamic trans-
port, local electron densities n¢(x,y,) and velocities w(x,y,1)
in the two valleys (7 = 1) satisfy3%3!] the continuity equa-
tion, the momentum-balance equation, and the Poisson equa-

tion,
d
% +V - (ncur) =0, (29)
t
du e eB VB
a[T + ('U/r : V) Ur = _mi*V(P - Tm*CeZ XU — T’ivnﬁ
(30)
V29 =4me(n i +n_1 —2ng). 3D

Here, Gaussian units are adopted, m, = h\/%/vls is the
plasmon mass, ng is the initial equilibrium density for both
valleys, vp is the Fermi velocity, c is the light velocity, e, is the
normal of the graphene plane, and @ (x,y,?) is the Coulomb po-
tential due to the electron density fluctuations n4| —ng. On the
right side of Eq. (30), the three terms are respectively the elec-
trostatic force, the Lorentz force, and the Fermi pressure. Out-
side the graphene sheet (x < 0), both n;(x,y,7) and wc(x,y,t)
vanish.

By solving self-consistently these nonlinear two-
component hydrodynamic equations, we confirm the existence
of valley-polarized edge plasmons caused by strain-induced
pseudomagnetic fields in the steady-state limit ¢t — +oco. In
an edge plasmon, both n; —ny and w; approach zero at posi-
tions away from the boundary x = 0 (see Fig. 2 of Ref. [31]).
As plotted in Fig. 10(a), the electron density n_;|,_y+ in the
K’ valley exhibits a nonmonotous variation with the pseudo-
magnetic field B. It reaches the maximum at B = 17.5 T and
then drops quickly to zero. This drastic change results from
the remarkable nonlinear effect in the considered hydrody-
namic model. Actually, under a high pseudomagnetic field,
the convective velocity term in the momentum-balance equa-
tion varies quickly near the edge. The flux corrected transport
(FCT) method adopted in the calculation can treat efficiently
such a strong nonlinearity. For B > 19.2 T, the collective edge
plasmon oscillation is only contributed by the density in the
K valley. The valley polarization P, of the edge plasmon is
defined as the relative difference between ny; and n_; at the
boundary

”+1(X’)’J) _nfl(xﬂy?t)

P, = .
' n+1(x,y,t)+n,1(x,y,t) x=0+

(32)

From Fig. 10(b) one can observe that the edge plasmon is
firstly K’-polarized for B < 17.5 T, and then becomes K-
polarized at B > 18 T. A full valley polarization appears at
B =19.2 T. The polarity reversal of P, was not observed in the
linearized model of Ref. [30]. It is due to the direction change
of the longitudinal plasmon velocities under strong pseudo-
magnetic fields. Under a low pseudomagnetic field, the edge
plasmon is always K’-polarized despite the value of initial den-
sity ng. Under a strong pseudomagnetic field, P, can reverse
its polarity at a low initial density n.

4.0

354
n, in K vall
@ —a—n_ /n, in K valley J‘
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Fig. 10. The variation of (a) normalized density n41/ng in the K and K’
valleys and (b) degree of valley polarization P, at the boundary (x = 0 in
the inset of panel (b)) with the strength of the pseudomagnetic field B for
one edge plasmon mode. For each valley, we take a uniform initial den-
sity ngp = 6 x 10'® cm~2 and set the initial plasmon velocity at the edge
at vo; = 1.2vg. The valley polarization changes its polarity at B=17.5T.
Reproduced with permission from Ref. [31].

A dynamical control of valley polarization P, is desir-
able for the applications of valley-polarized edge plasmons.
In a graphene mechanical resonator, quantum pumping was
proposed to generate valley-polarized bulk currents.?”) For
edge pseudomagnetoplasmons in strained graphene, we stud-
ied the dynamical control of valley polarization!*?! by a time-
dependent voltage consisting of multiple harmonics. With-
out the applied voltage and under a low pseudomagnetic field
(B =1T), there existed two unidirectional-propagating edge-
plasmon modes with weak valley polarization P,. We demon-
strated that both the amplitude and the polarity of P, can be
altered by varying the amplitude of multiple harmonics with
frequency in the THz regime. Two perfect valley-polarized
states, P, = 1 and P, = —1, can appear successively in a cy-
cle of the multiple harmonics. The frozen valley possesses a
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vanishing edge-plasmon density and transverse velocity. With
the increasing of time, more electrons away from the edge can
contribute to the edge plasmon excitation. During the positive
or negative part of the voltage waveform, they move near or
further to the edge. Accordingly, the valley polarization un-
der a weak multiple harmonics increases with time and can
become significant after several cycles.

5.2. Valley-polarized surface magnetoplasmons

Electron hydrodynamics provides a universal long-
wavelength description of collective plasmon modes in many-
body systems.!'>>128] For an electron system in graphene
with an ultrahigh mobility, momentum-conserving electron—
electron collisions are the dominant scattering process at low
temperatures so that electron transport behaves as a hydro-
dynamic flow. The hydrodynamic effect of electron fluids in
graphene was reported by several groups.!!23-127]

For 2D electron systems with broken inversion symme-
try and under a vertical magnetic field, a theory of electron
hydrodynamics was formulated in Ref. [129]. In the hydrody-
namic equations, novel terms emerge due to the coupling of
the magnetic field, Berry curvature and OMM, which lead to
nonreciprocal surface magnetoplasmons and the nonreciproc-
ity in magneto-optical responses. Here surface magnetoplas-
mons refer to collective excitations of electrons coupled to the
electromagnetic field at an interface between a dielectric ma-
terial and graphene under a vertical static magnetic field. Non-
reciprocal responses are characterized by the directional trans-
port of particles, which enable the one-way chiral mode of the
information carrier.!!30!

We study the influence of the valley Zeeman effect on
electron hydrodynamics®* in a graphene monolayer with a
hexagonal boron nitride (h-BN) film on top. The coupling be-
tween h-BN and graphene in Fig. 11(a) brings a sublattice-
staggered potential and strain-related vector potential Ag for
electrons in graphene. The sublattice-staggered potential gives
a mass gap, allowing a finitt OMM and Berry curvature (see
Egs. (23) and (25)). The system is modulated by a uniform
vertical magnetic field By and a transverse magnetic wave
propagating with frequency ®, wave vector k = (ky,k,), and
perpendicular magnetic field B;; = B exp(—iwr). In the hy-
drodynamic regime, the electron system in graphene reaches a
local equilibrium through electron—electron scatterings, which
results in a local equilibrium distribution

-1
Slocal (Tvpv 7;) = |:e(E‘r(p>—u‘c'P_l~1)/(kBT) +1 . (33)

Here E;(p) = E(p) — Biowm;(p) is the energy of an electron
with quasimomentum p and valley index T under magnetic
field Biot = Bo + B;1, m;(p) is the OMM given by Eq. (25), the
valley-dependent drift velocity w; may vary with the position

r and time ¢, kg is the Boltzmann constant, 7 is the tempera-
ture, and u is the chemical potential.

/
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Fig. 11. (a) Schematics of Kretschmann configuration: a hexagonal
boron nitride film (h-BN) placed on a graphene monolayer. Electrons
in graphene are modulated by a perpendicular magnetic field (By) and a
transverse magnetic wave with frequency . The propagation direction
of the incident light is determined by the angles & and 6. (b) Real part
of conductivity component Ozyy in K (T = 1) and K' (t = —1) valleys at
By = 3.5 kG, a = 37/8 and different values of the geometrical tensor
component M, (in unit of g-cm/s). Reproduced with permission from
Ref. [54].

By multiplying the Boltzmann equation with the quasi-
particle velocity and then summing over all single-particle
states!12% 1311 with the distribution function (33), one yields
the continuity equation and Euler equation for electron density
n; and drift velocity w;. The extremes of OMM and Berry
curvature in the momentum space are valley-resolved due to
the strain-related vector potential. As a result, in the general-
ized Euler equation,!'?! an anomalous driving force appears,
which is proportional to the vertical magnetic field and a geo-
metrical tensor M. Indeed, M is the integral over occupied
states for the momentum gradient of the OMM, which is pecu-
liar to the noncentrosymmetric fluids. The anomalous driving
force due to M is similar to the Stern—Gerlach force for a
spinful particle moving in a nonuniform magnetic field.

One can derive the linear optical conductivity tensor!>*!
o;j for a small deviation of the hydrodynamic velocity from
its equilibrium value. Here i, j € {x,y} represents the direc-
tion of local current and the electric field of light. For Ag
along the y direction, the diagonal optical conductivity 0.,y is
shown in Fig. 11(b). Here the geometrical tensor M has only
a nonzero component My,. One can observe a valley splitting
for the longitudinal conductivity in all cases. The valley sepa-
ration increases with the light frequency @ and the amplitude
of My,. We check that this valley splitting disappears when the
valley Zeeman effect turns off. The valley separation of opti-
cal conductivity can be tuned by the direction (angle ) of the
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incident light. The nondiagonal optical conductivity satisfies
0_;j = —04;; and the nonreciprocity Ozyy 7 Oryx.

6. Recent progress of valleytronics beyond
graphene

Symmetry-breaking fields including mechanical strain,
electric and magnetic fields, were also utilized to tune the
valley polarization of other 2D materials. By fabricating
a strain-inducing grating on the surface of an AlAs quan-

tum well, Mueed er al.l13%

realized a valley superlattice,
i.e., a valley-related spatial modulation of electron population.
In newly discovered ferroelectric SnTe monolayers, standing
waves of holes confined by electrically neutral domain walls

[133] This novel confinement was ascribed to

were observed.
the partial lift of valley degeneracy under the ferroelectric
phase transition and the momentum mismatch of holes across
neighboring domains. In piezotronic valley transistors made of
normal/ferromagnetic/normal structure of monolayer TMDs,
Rabi frequency approaching 4200 MHz was reported.[!34! The
strain-induced strong polarization can be applied to manipu-
late the valley qubit. In conventional valleytronic materials,
it is usually difficult to generate valley polarization only by a
gate field. The inspiring concept of valley-layer coupling!!!
in some 2D materials (such as monolayer TiSiCO) harnessed
electronic states with valley-contrasted layer polarization. It
provides an all-electric means to tune continuously the polar-
ity and amplitude of the valley polarization.

It was reported theoretically that!'3¢! in VAgP,Ses mono-
layer with suitable doping, the Zeeman-type valley splitting
results in a permanent valley polarization, which can be used
to design a valley pseudospin field effect transistor. Valley-
mechanical interaction!'3”! was realized in a resonator made
of monolayer MoS; by the application of a magnetic field gra-
dient. As the valleys were populated optically, mechanical ac-
tuation was observed by means of laser interferometry. Ac-
cordingly, valley information was transduced into mechanical
states. In a twisted bilayer graphene under perpendicular mag-

138] reported selective focusing

netic fields, Berdyugin et al.!
of electrons in different minivalleys by voltage bias between
the layers. It was predicted that!'3°) intrinsic ferromagnetic
2H-RuCl; and Janus VSSe monolayers host nontrivial corner
states along different magnetization directions and huge val-
ley polarization. These materials could provide platform for
valleytronics and topological spintronics.

The effect of electron—electron and electron—phonon in-
teraction on valley polarization was examined recently. In an

1401 demonstrated the-

itinerant electron system, Hossain et al. [
oretically that the electron—electron interaction prefers single-
valley occupancy of electrons below a critical density. Con-
sequently, one can switch the valley polarization from O to 1

by a small reduction in density and thus design a valleytronic

transistor device. In TMDs under circularly polarized light,
phonon-limited valley polarization was calculated by Lin et
al.1"*1 entirely from the first principles, which is around 70%
at room temperature. In both n- and p-type valleytronic tran-
sistors made of monolayer MoS; and WSe,, a large valley on—

off ratio (nearly 10%) was reported experimentally. ['4?]

7. Conclusions and outlook

We have provided an overview of valley filtering and
valley-polarized collective modes in bulk graphene monolay-
ers. The valley-related interactions concerned include the
strain-induced pseudomagnetic fields and associated vector
potential, the gap due to the sublattice-stagger potential, and
the valley-Zeeman effect. Theoretical investigations have
demonstrated the features and mechanism of valley filtering
in bulk graphene monolayers due to these valley-related inter-
actions and local magnetic fields or magnetic proximity. On
the other hand, these valley-related interactions can be uti-
lized to obtain valley spatial separation, valley-resolved guid-
ing modes, and valley-polarized edge or surface plasmons.

Although great triumphs have been achieved in graphene
valleytronics, there are still some fundamental theoretical
questions to be solved. A basic problem in valleytronics is
to define a proper physical quantity to characterize the valley-
polarized current and pure valley current. In spintronics, how
to define properly a spin current in spin-nonconserved sys-
tems is of controversy.!'43] The valley current is actually fic-
titious due to the absence of an associated physical opera-
tor. The valley index of a propagating state is usually de-
termined by the distance between its momentum to the val-
ley points. This description needs an artificial cutoff for the
valley-restricted integrals in the valley Hall conductivity. For
gapped graphene where the valley Hall effect was observed,
Bhowal and Vignale!'**! argued that the ambiguous valley in-
dices can be replaced by the OMM. Accordingly, the valley
Hall effect belongs to the orbital Hall effect and can be de-
scribed by the physical quantity called valley orbital Hall con-
ductivity. However, this approach cannot be applied to the
gapless case and depends on special gap terms in the Hamilto-
nian.

For valley-related transport, intervalley scattering was
studied in deformed graphene with merging Dirac cones!!*]
and in superlattice made of monolayer TMDs.[1*9 In this
case, it is also necessary to find a physical quantity to de-
scribe the valley polarization for the output current. The con-
trol of intervalley scattering is indispensable for realistic val-
leytronic applications, which is a challenge for experiments
but scarcely studied. For the valley-polarized collective modes
in graphene, intervalley scattering leads to propagation loss
of plasmon in a specific valley, especially in the presence of
strong nonlinear effect.
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The proximity effect brings a new perspective to the

spintronic applications of graphene. Similarly, the hybri-

dation between graphene and other materials with peculiar
crystal or band structures could pave a way for graphene
valleytronics. When the substrate has a honeycomb lattice
commensurating with graphene, its superlattice potential can

be viewed as a pseudomagnetic field that rotates the valley

[147,148

pseudospin. I Beenakker et al.!"*”) mapped the scatter-

ing problem at a pristine-graphene—superlattice—graphene in-
terface onto that of Andreev reflection from a topological
superconductor. They predicted that electrons near normal
incidence are reflected in the opposite valley. For a sheet
of graphene coupled to a Weyl semimetal with appropriate
alignment, Khalifa et al.!'>°! demonstrated numerically that
the Weyl semimetal can draw away current only in a spe-
cific valley of the bulk graphene monolayer. With the rapid
development of 2D materials, more valley-related transport

phenomena are awaiting to be discovered in graphene-related

[151

heterostructure ! devices.
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