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A valley plasmonic crystal for graphene surface plasmons is proposed. We demonstrate that
a designer metagate, placed within a few nanometers from graphene, can be used to impose a
periodic Fermi energy landscape on graphene. For specific metagate geometries and bias voltages,
the combined metagate-graphene structure is shown to produce complete propagation bandgaps
for the plasmons, and to impart them with nontrivial valley-linked topological properties. Sharply
curved domain walls between differently patterned metagates are shown to guide highly localized
plasmons without any reflections owing to suppressed inter-valley scattering. Our approach paves
the way for non-magnetic and dynamically reconfigurable topological nanophotonic devices.
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FIG. 1. (a) Schematic of a GSP-based valley crystal: a patterned metagate biased by a static voltage V0 with respect to graphene
imprints (b) a periodic landscape of chemical potential EF (x, y) onto graphene. (c) Brillouin zone of a triangular lattice and
its high symmetry points. (d) Band dispersion of GSPs with homogeneous doping (V0 = 0, but assuming EF (r) = EF0

6= 0).
(e) Same as (d), but with periodic chemical potential from (b); the complete bandgap is shaded. Geometrical parameters:
θ = 30◦, L/r = 4, and L/h = 25.

Graphene is a promising material platform for nanoscale terahertz photonic devices because it supports deeply
subwavelength graphene surface plasmons (GSPs) [1], whose propagation can be dynamically controlled by field-effect
electrostatic gating [2–4]. Recently reported demonstration of electrical control of the GSP’s phase [5], as well as the
successful demonstration their extremely long propagation [6–10] in high-quality graphene suggests that graphene-
based nanophotonic devices can be now envisioned [11, 12]. The natural next step in developing such devices is to
investigate the possibility of topological protection of GSPs, similarly to the way it has been done in microwave and
micron-scale photonic structures [13–18].

Several recent proposals to produce topological GSPs [19, 20] utilize large magnetic fields to break the time-
reversal symmetry in nanopatterned graphene. Among the practical limitations of this approach are the lack of
reconfigurability—large magnetic fields cannot be rapidly turned off—and the degradation of graphene’s quality due
to patterning [20, 21]. In this Letter, we propose an alternative approach that requires neither graphene patterning
nor magnetic field. Instead, we demonstrate that periodic landscapes of chemical potential can be ”imprinted” into
graphene by placing it in close proximity of an electrically-biased patterned metagate shown in Fig. 1(a). Because
graphene’s optical conductivity is related to its chemical potential, such nanoscale landscapes present periodic patterns
of the effective refractive index to the GSPs, causing their Bragg scattering and producing a controllable propagation
band structure. Remarkably, optical conductivity patterns in graphene has already been demonstrated on the scale
well below 50nm in a different context using electric gating through a structured dielectric spacer [22].

When the metagate pattern is a two-dimensional(2D) triangular crystal with broken mirror symmetry, GSPs acquire
topological properties linked to the valley degree of freedom. Historically, such valley crystals were originally discovered
in electronic systems and studied in the context of valley-polarized Hall conductivities [23–27], giving rise to the field
of valleytronics [28, 29]. More recently, the study of valley-based topological phases was extended to bosonic systems,
in which particularly interesting is the emergence of topologically protected chiral kink states (CKSs) localized at the
interface between two domains that are mirror images of each other. Such topologically robust transport of valley-
locked CKSs under suppressed inter-valley scattering has been extensively studied in diverse systems: electronic[30–
37], photonic/plasmonic[38–43], and phononic[44, 45].

In this Letter, we show that a monolayer graphene electrostatically doped by a metagate provides a nanoscale
plasmonic platform for mid-infrared valleytronics. The specific metagate design shown in Fig. 1(a) consists of a
half-infinite perfectly conducting metal penetrated by a triangular lattice of infinitely deep equilateral triangular
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FIG. 2. (a) Current density profiles J = σ∇δφ of GSPs at K (or K′) on the lower/upper bands respect to the bandgap; the blue

arrows indicate the rotation direction of local J vectors. (b) Bandgap at the Dirac points. (c) Composite Berry flux F (U)(k)
of the upper(2 ⊕ 3) bands in θ = +30◦ case, and the associated valley Chern numbers. (d) Valley chern numbers at several
values of θ.

holes (corrections due to finite resolution in patterning or finite depths of the holes are discussed in Supplemental
Material[46]). When a static voltage V0 = VMG − Vgr is applied between the metagate (at an electric potential VMG)
and graphene (at an electrochemical potential Vgr: −eVgr = EF (r) − eφgr(r)[47]), the latter acuqires a spatially-

dependent static electron density n(r). Here, EF (r) = ~vF
√

πn(r)(vF ∼ 106m/s is the Fermi velocity) is the Fermi
energy, r ≡ (x, y) and the graphene sheet is located at z = 0. The vF−renormalization from electron-electron
interactions [48, 49] is ignored for the discussions below because its influence on the GSP dispersion was calculated
to be negligible, see Supplemental Material [46]. An example of the chemical potential landscape EF (r) is shown in
Fig. 1(b) for the geometrical parameters listed in the caption. Clearly, the metagate imprints the spatial symmetry
(C3) required for realizing a valley-Hall photonic topological insulator [38].
n(r) is determined from n(r) = (ǫ0/e) [∂zφ(r, z)|z=−0 − ∂zφ(r, z)|z=+0], where the static potential φ(r, z) is a

solution to the Laplace equation ∇2φ = 0 with self-consistent boundary conditions: φ(r, z = 0) = φgr(r) = Vgr +
~vF
e

√

πn(r) and φ(MG) = VMG. Due to graphene quantum capacitance (GQC) [50], the boundary conditions are
dependent on the solution n(r), thus requiring an iterative numerical solver for the Laplace problem (see Supplemental
Materials [46]). GQC can be neglected in the limit ρ1 ≡ ls/h ≪ 1 (equivalently, EF (r) ≪ e|V0|) [47, 48], where

ls =
πǫs~

2v2

F

e2EF0

is the graphene static screening length [51] (ǫs is the static permittivity of the spacer material, and EF0

is the averaged value of EF (r) over a unit cell). We note that the length scale ratio ρ1 also determines the velocity
of the acoustic GSPs vac ≡ ωac(q)/|q| according to vac/vF = (1 + ρ1/2)/(ρ1 + ρ21/4)

1/2 > 1 [9, 49]. With GQC
ignored, graphene in the static limit can be treated as a classical conducting sheet (φgr(r) = Vgr). Then, the solution
of the Laplace equation (subject to n(r)-independent boundary conditions) is scale-invariant, i.e. the normalized
chemical potential profile θ(r/L) ≡ EF (r/L)/

√

V0/h depends only on the geometric proportions (e.g., L : r : h) of
the structure.
The band dispersion of GSPs is obtained from coupled integral equations for the optical perturbations of the

potential δφ̃ and electron density δñ [52]:

δφ̃(q, ω) =
∑

q′

ṽ (q,q′, ω) δñ(q′, ω) (1a)

δñ(q, ω) =
∑

q′

χ̃nn (q,q
′, ω) δφ̃(q′, ω) (1b)

where the quantities under tilde are calculated in the momentum/frequency Fourier domains. Equation (1a) represents
the Poisson’s equation for 2D charge distributions, where ṽ describes the 2D screened Coulomb interaction in the pres-
ence of surrounding dielectrics and metagates. While ṽ ∝ δq,q′ for un-patterned gates, non-trivial (q,q′)-dependence
of ṽ arises as the structured metagate induces a periodic array of image charges. Thus, a density perturbation with
the wavevector q induces harmonic overtones of the potential with a set of wavevectors q′ = q + {G} ({G} is the
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FIG. 3. Valley-selective CKSs at interfaces of two domains, θ = ±30◦. (a) Two types of domain walls. (b) Projected 1D BZ
(c) 1D edge dispersion and topological CKSs; CKSs are labeled by the type of supported domain walls (subscripts) and the
direction of the group velocity (superscripts). (d) Potential profiles of CKSs on graphene plane (left) and on a y − z(x = 0)
cut-plane (right).

set of the reciprocal lattice vectors). An exact analytic form of ṽ (q,q′, ω) in the presence of a periodic metagate is
derived in the Supplemental Material [46].

Equation (1b) expresses the charge continuity, and contains the density response function χ̃nn that is related to the

non-local conductivity σ̃ according to χ̃nn (q,q
′, ω) = q·q′

iωe2 σ̃ (q,q′, ω) (see Supplemental Material [46] for more detailed
derivation). Non-trivial (q,q′)-dependence of σ̃ originates from two sources: (i) the non-uniform spatial distribution
of the unperturbed static electron density n(r), and (ii) the inherently non-local electron response (NLER) in graphene
[53] that grows as fourth-order in ρ2 = |q|lNL, where lNL = vF /ω is a non-local Thomas-Fermi screening length [54, 55].
Note that while standard commercial finite-element electromagnetics codes (e.g. COMSOL Multiphysics) can capture
(i) by assuming the standard(local) Drude conductivity, they cannot account for (ii). Therefore, even though Eqs.(1)
are limited to the relevant electrostatic limit [56], they can model additional, and potentially more important, physical
effects.

When GQC and NLER are negligible in ρ1, ρ2 ≪ 1 limits, a scale-invariant EF (r) and a local Drude conductivity

σ (r, r′, ω) = ie2EF (r)δ(r−r′)
π~2ω (equivalently, χ̃nn(q,q

′, ω) = ẼF (q−q′)q·q′

π~2ω2 ) can be assumed. If the permittivity dispersion
of the medium encapsulating graphene is negligible as well, Equations (1) can be recast as a linear eigenvalue matrix
problem, see Supplemental Material [46], and the resulting plasmonic dispersions are also scale-invariant with the
natural frequency scale given by ω0 =

√

e2EF0
/ǫ0~2L. With L = 200nm and EF0

= 0.2eV, for example, we get
ω0/2π = 33THz∼ 0.02c/L, which confirms that our model lies well in the electrostatic limit.

On the other hand, if GQC, NLER or the permittivity dispersion of the spacer medium cannot be ignored, the
plasmonic dispersions are no longer scalable as the operator of the eigenvalue problem itself acquires frequency
dependences. For simplicity in demonstrating generic concepts of GSP-based valley-topological transport, we start
by neglecting those non-scalable effects, which is valid in vacuum under experimentally reasonable system sizes and
bias field gradients (L > 100nm and V0/h > 0.5V/nm, see Supplemental Material [46]). The example corresponding
to significant GQC and NLER corrections in the presence of dispersive graphene-encapsulating materials (e.g. hBN)
is discussed later. We ignore the hybridization of the metagate-supported spoof surface plasmons (SSP)[57] with
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GSPs because the SSP-GSP coupling is negligible[58] in the strongly-electrostatic limit. Finite temperature effects
are ignored as well since 2EF ≫ kBT [49].
Before examining the effect of EF (r) landscaping, we first consider a situation where GSPs propagate in graphene

homogeneously doped by other means (i.e. V0 = 0 in Fig. 1(a), but EF (r) = EF0 6= 0). A propagation bandgap
opens at K point of Brillouin zone (BZ) due to the broken mirror symmetry in the metagate structure as observed in
Figure. 1(d). The overall effect of the metagate screening and the emergence of acoustic GSPs [9, 59] is also apparent
from the linear ω = vac|q| dispersion near Γ-point. Periodic screening from the metagate itself is, however, insufficient
for opening a complete bandgap despite its proximity(L/h = 25) to graphene. The complete bandgap opens over the
whole BZ, as shown in Fig. 1(e), only when a periodic EF (r) landscape (Fig. 1(b)) is introduced by biasing(V0 6= 0)
the metagate respect to graphene.
The magnitude of bandgap depends on the orientation angle θ of the triangular holes defined in Fig. 1(a). For

θ ≡ 0(mod 60◦), the system is mirror-symmetric with respect to K and K′ directions. Therefore, the spatial profiles of
the two lowest energy eigenstates at each valley are mirror images of each other, see Fig. 2(a), thus forming degenerate
Dirac points [39]. In contrast, these two states are no longer degenerate, see Fig. 2(b), when the mirror symmetry is
broken for θ 6≡ 0(mod 60◦), thereby producing valley-topological bandgaps.
Topological properties of our GSP-based valley crystal are investigated first through the valley Chern numbers,

C
(L,U)
ν ≡ (2πi)−1

∫

△Γ
ν

F (L,U)(k)d2k, evaluated numerically from the computed eigenstates δφ̃(L,U) [60]. Here, ν is

the valley index (K or K′), L/U corresponds to the lower(L) and upper(U) bands with respect to the bandgap,

F (L,U)(k) ≡ ∇k×
〈

δφ̃nk

∣

∣

∣
∇k

∣

∣

∣
δφ̃nk

〉

is the Berry curvature, and △Γ
ν is a triangle defined by the nearest Γ points from

ν. As expected, the valley Chern numbers are close to ±0.5 [23], and their signs are reversed as the binary valley
index is changed from K to K′, or as θ mod 60◦ crosses 0◦, see Fig. 2(c)-(d). Small deviations of the valley Chern
numbers from ±0.5 are due to the contribution near Γ points, which is irrelevant to valley-based dynamics.
When two domains with opposite signs of θ are interfaced, the difference between the valley Chern numbers from

each domain, ∆Cν , is ±1, resulting in a CKS at each valley [61]. The sign of ∆C
(U)
ν indicates the propagation

direction of CKSs. As illustrated in Fig. 3(a), there are two types of domain walls, which we label as P(positive)-type
or N(negative)-type. At the P-type domain wall, θ = +30◦ domain is placed above θ = −30◦ domain. Because

∆C
(U)
K = +1 and ∆C

(U)
K′ = −1, the P-type domain wall supports a forward-(backward-) propagating CKS in the

K(K′) valley. The situation is reversed at the N-type domain wall, where the θ = +30◦ domain is placed below
θ = −30◦ domain.
To confirm these predictions, we numerically calculated the dispersion relations of the CKSs along the x-direction

of a 1D BZ (defined as kx ∈ (−π/L, π/L)) aligned with the domain wall separating the two domains, each consisting
of 20 unit cells. This is effectively a projection of the original 2D BZ (Fig. 1(c)) into kx axis, see Fig. 3(b). The
two valleys of the 2D BZ correspond to kK,K′

x = ±2π/3L under this projection. As expected, the CKSs cross the
bandgap near kKx and kK

′

x as shown in Fig. 3(c). The phase and group velocities of the CKS supported by the
P(N)-type domain wall are in the same(opposite) direction(s) as if the waves are propagating in a medium with a
positive(negative) refractive index. Figure. 3(d) depicts the confinement of CKSs at two types of domain walls. We
note that these valley-locked CKSs can be excited by subwavelength scatterers[5] or swift electrons[62]; however, they
don’t naturally scatter into or couple to free space because kK,K′

x is much greater than the free space wavevector.
Next, we demonstrate that valley-selective CKSs are immune to back-scattering along sharply-curved pathways. A

phased array of point dipoles emitting at the mid-gap frequency ωmid [46] was used to excite a CKS in the K−valley,
and the non-radiative losses were modeled by assuming a finite electron scattering rate γ = ωmid/300. The robust
topologically-protected propagation is observed in Figs. 4(a)-(c). The key condition for topological protection is
the valley conservation [39, 42], which can be analytically proven for 120◦-turn(Fig. 4(b)) using C3-symmetry of the
system. On the other hand, the valley conservation during 60◦-turn(Fig. 4(c)) involves a more complicated mechanism
because the domain wall type changes after the turn. At the 60◦ turn, φ+

P state (at K) is transferred into φ+
N state,

which belongs to K′-valley with respect to the coordinate frame rotated by 60◦, thus effectively remaining in K-valley
in the original coordinates. Figure. 4(d) confirms that the Drude loss is the only source of attenuation of CKSs with
or without a structural defect. Abrupt jumps in the attenuation curves are numerical artifacts due to abrupt rotation
of the integration box at turning points. Attenuation in the presence of structural defects appears to be even less
than that in linear propagation, which results from overestimated propagation lengths since the CKSs don’t exactly
follow the prescribed zigzag domain wall [63].
Finally, we show that the non-scalable effects from GQC and NLER become significant when a realistic heterostructure—

graphene encapsulated between hBN layers—is considered. Accounting for NLER beyond the Drude approximation
requires retaining the terms at least upto the fourth-order in ρ2 in the Taylor expansion of χ̃nn (q,q

′, ω). For inho-
mogeneously doped graphene, the results obtained for the homogeneous case[65] were extended using the following
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FIG. 4. Topological valley transport of GSPs (γ = ωmid/300). (a) Linear Propagation of φ+
P state. (b) Reflection-free 120◦

turn. (c) Reflection-free 60◦ turn. (d) Attenuation of the CKSs in (a)-(c); the gray dotted line shows the attenuation rate
estimated from γ/vg , where vg is the group velocity of φ+

P .
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FIG. 5. Non-scalable effects in hBN-encapsulated graphene (L = 60nm, r = 15nm, h = 3nm, V0 = 2.5V, and 3 nm of
additional hBN layer above graphene); the hBN permittivity data is taken from Refs. [1, 64] (a) Left: the induced Fermi energy
calculated ignoring GQC, Right: GQC taken into calculation. (b) The calculated Fermi energy along y−axis within a unit cell
calculated with(solid, dark green) and without(dotted, blue) taking GQC into consideration. (c) Bulk dispersions computed
ignoring both GQC and NLER (Blue, dotted), taking only GQC into account (Red, dashed), or taking both GQC and NLER
into account (Dark green, solid).

substitutions[5, 53]: |q|2 → q · q′ and EF δq,q′ → ẼF (q − q′) (see Supplemental Material [46] for more details). The
specific parameters of the metagate, see Fig. 5 caption, were used to locate the mid-gap frequency close to one of the
principal wavelengths(λ = 10.6µm) of CO2 lasers. First, we observe from Fig. 5(a,b) that the depth and sharpness
of EF (r) variation are reduced by GQC. Second, according to Fig. 5(c), the inclusion of the GQC effect red-shifts
the GSP frequencies, which is attributed to the overall reduction of EF (r) due to GQC-related charge screening.
Finally, the inclusion of the NLER results in a large(comparable with the total bandgap size) blue-shift, which can
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be interpreted as enhanced response due to GSP-electron velocity matching (ρ2 → 1) [49].

In conclusion, we have described an active plasmonic system—metagate-tuned graphene—that supports GSPs with
nontrivial topological properties linked to their valley degree of freedom. Robust transport of the GSPs localized in
all three dimensions is enabled under highly suppressed inter-valley scattering. Our scheme requires neither magnetic
fields nor physical patterning of graphene, and enables rapid switching of topological plasmons via simple electric
gating. Inherent quantum and non-local effects in graphene are shown to play an important role in realistic designs
involving hBN-encapsulated graphene.
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