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Nonreciprocal plasmons in one-dimensional
carbon nanostructures

Álvaro Rodríguez Echarri 1,2, F. Javier García de Abajo 3,4 & Joel D. Cox 5,6

The directional control of light in miniaturized plasmonic waveguides holds
appealing possibilities for emerging nanophotonic technologies, but is hin-
dered by the intrinsic reciprocal optical response of conventional plasmonic
materials. While the ability of graphene to sustain large electrical currents
shows promise for nonreciprocal plasmonics, studies have been limited to
extended samples characterized by linear electrical dispersion. Here, we the-
oretically explore quantum finite-size and nonlocal effects in the non-
reciprocal response of mesoscale plasmonic waveguides comprised of drift-
biased graphene nanoribbons (GNRs) and carbon nanotubes (CNTs). Using
atomistic simulation methods based on tight-binding electronic states and
self-consistent quantum mean-field optical response, we reveal that a mod-
erate electrical bias can appreciably break reciprocity for propagation of gui-
ded plasmon modes in GNRs and CNTs exhibiting electronic band gaps. The
excitation by a nearby point dipole emitter and subsequent propagation of
guided plasmonmodes can thus be actively controlled by the applied current,
which can further be leveraged to mediate nonlocal interactions of multiple
emitters. Our results establish graphene nanostructures as a promising
atomically thin platform for nonreciprocal nanophotonics.

Plasmon polaritons at metal-dielectric interfaces have been widely
explored to control the flow of electromagnetic energy on nan-
ometer length scales1. Ordinarily, the directionality of light propa-
gation in plasmonic materials is governed by Lorentz reciprocity,
which ensures a symmetric response when the light source and
detector are exchanged2. However, nonreciprocal responses in
plasmonics, where electromagnetic wave propagation differs
depending on direction, enable important functionalities such as
optical isolation3,4, unidirectional waveguiding5–7, and control of
radiative heat flow8,9.

Reciprocity can be broken by applying static magnetic fields10,
where the enhanced light-matter interactions associated with plas-
mon resonances can boost the otherwise intrinsically low magneto-
optical response of noble metals3. In an alternative approach,
plasmon-driven nonlinear optical phenomena can trigger

nonreciprocal effects11, although strategies for nonreciprocal pho-
tonics based on nonlinear optics present inherent limitations asso-
ciated with unwanted backward-propagating noise12,13. These
constraints underscore the need for compact nanophotonic plat-
forms that exhibit robust nonreciprocal behavior without relying on
cumbersome magnetic biasing or power-intensive nonlinear optical
processes8,14,15.

Electrically doped graphene has emerged as a promising two-
dimensional (2D) material platform for plasmonics, supporting
plasmon resonances with high spatial dispersion that can be actively
tuned by injecting charge carriers16. Beyond enabling active mod-
ulation of plasmon resonances through electrostatic gating, the
ability of graphene to sustain ultrahigh current densities17–20 can be
harnessed for nonreciprocal plasmonics, circumventing the use of
large applied magnetic fields21–23. Experimental studies of graphene
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subjected to applied direct currents have demonstrated that drifting
charge carriers in the carbon monolayer can appreciably break the
reciprocity of plasmon propagation along the direction of current
flow24–26.

Nonreciprocal plasmon polaritons in drift-biased graphene
have been widely studied in a semiclassical electrodynamic frame-
work, adopting nonlocal 2D conductivity models obtained by
populating the conical electronic band structure of graphene with a
skewed Fermi-Dirac distribution21–23,27 or by introducing a Doppler-
shifted frequency in the local conductivity28–30. In analogy to the
Doppler shift, Fizeau shifts in the plasmon wavelength of drift-
biased graphene have been experimentally measured using scan-
ning near-field optical microscopy24,25. In the presence of an applied
direct current, graphene plasmons launched by localized light
sources, such as point dipoles and energetic free electrons, are
predicted to more efficiently transport optical energy in a pre-
ferential direction31–33.

The patterning of graphene on nanometer length scales offers
further possibilities to tailor plasmon resonances and engineer
nanoscale light-matter interactions. In particular, one-dimensional (1D)
carbon nanostructures, such as graphene nanoribbons (GNRs) and
carbon nanotubes (CNTs), have been recognized as ideal candidates
for plasmonicwaveguiding that can be tunedpassively by selecting the
structure sizeor actively bymodifying charge carrier doping levels34–39.
In the mesoscopic regime, quantum confinement effects in the elec-
tronic band structure of these systems can considerably impact not
only their transport properties40–43, but also the associated plasmonic
response44–46. These effects have yet to be explored in thedispersionof
plasmon polariton modes supported by 1D carbon nanostructures
with ≲ 10 nm lateral size, with plasmons in GNRs and CNTs exhibiting
high sensitivity to edge termination (armchair or zigzag) and structural
chirality, respectively.

Here, we explore nonreciprocal plasmon polaritons in drift-
biased GNRs and CNTs. Our analysis is based on an atomistic tight-
binding description of carbon nanostructures that captures salient
features in the electronic band structure due to edge termination in
GNRs and structural chirality in CNTs. Nonlocal effects in the optical
response of 1D carbon nanostructures to a point dipole excitation
source are incorporated in the framework of the random-phase
approximation (RPA), employed here to resolve the dispersion of
waveguided plasmons propagating along or against a drifting equi-
librium electron distribution. Atomistic results predict a much
greater dependence on drift current compared to estimates based on
an electrodynamic description of analogous 1D carbon nanos-
tructures, adopting a bulk 2D conductivity obtained from a semi-
classical description of drift-biased graphene. In particular,
topological effects in the electronic structure of zigzag GNRs and
CNTs are shown to strongly impact the nonreciprocal response. Our
results indicate that a strong imbalance of plasmon emission in
opposite directions along these 1D carbon nanostructures, which can
be controlled by the direction and magnitude of the applied cur-
rents, establishes these systems as a viable platform for active non-
reciprocal nanophotonics.

Results
In what follows, we simulate the local density of optical states (LDOS)
using atomistic and semiclassical descriptions of GNRs and CNTs
under an applied drift bias. The LDOS at r0 = (x0, y0, z0) is characterized
by the self-interaction of a point dipole with moment p that oscillates
with frequency ω, so we have LDOS / Imfp* � Eindðr0,ωÞg, where Eind

denotes the electric field produced by the nanostructure in response
to the dipole at r0. To study the nonreciprocal response of 1D systems
characterized by translational invariance in the y-direction, we
decompose the frequency-dependent field induced by the dipole as
Eindðr0,ωÞ= ð2πÞ�1 R dq~Eqðx0, z0,ωÞeiqy0 in terms of spatial Fourier

components~Eq, and define the wave-vector-resolved LDOS function1

Dqðx0, z0,ωÞ=
1

2π2ωjpj2 Im p* �~Eqðx0, z0,ωÞ
n o

: ð1Þ

The directional emission of a dipole near a GNR or CNT can then be
quantified by defining a dissymmetry factor as

g = 2

P
±

R ±1
0 dqDqR1

�1dqDq
, ð2Þ

which measures the relative difference of contributions to the LDOS
fromwaves propagatingwith positive (q > 0) and negative (q < 0) wave
vectors.

Graphene nanoribbons
We consider guided plasmon polaritons launched by a nearby point
dipole source in drift-biased graphene nanoribbons (GNRs) with finite
width W along bx, lying in the z = 0 plane, and having exclusively arm-
chair (AC) or zigzag (ZZ) edge terminations, as illustrated schemati-
cally in the upper and lower panels of Fig. 1a, respectively. In this
scenario, guided plasmons that propagate along (against) the drift
current parallel to by are Doppler shifted to longer (shorter) wave-
lengths. Accordingly, the rate at which the dipole excites waveguided
plasmons will exhibit a directional dependence. To explore this phe-
nomenon, wecalculate the LDOS in the frameworkof the RPA from the
tight-binding (TB) electronic Bloch states of the considered AC and ZZ
GNRs (see Methods). In Fig. 1b, we plot the energies ħεj,k of electronic
bands indexed by j as a function of Blochwave vector k in the direction
of translational lattice symmetry for GNRs of width W ≈ 10 nm (grey
dots). Following the prescription that we introduce in Methods, the
effect of drift currents induced by an in-plane electric field EDC polar-
ized along by (the direction of translational invariance) is contained in
the electronic occupation factors fj,k satisfying the steady-state limit of
the Boltzmann transport equation,

1� eτ
_
EDC ∂

∂k

� �
f j, k = f

ð0Þ
j, k , ð3Þ

where τ is a phenomenological relaxation time introduced here to
account for inelastic scattering and

f ð0Þj, k = eð_εj, k�μÞ=kBT + 1
h i�1 ð4Þ

are the occupation factors in the absenceof any drift current, specified
by the Fermi-Dirac distribution for a chemical potential μ and an
electron temperature T. Within this framework, we specify the carrier
relaxation time entering Eq. (3) through the relation τ =μDCEF=ðev2FÞ for
extended graphene47, where μDC is the DC electron mobility, EF is the
Fermi energy, and vF ≈ c/300 is the Fermi velocity. Unless otherwise
specified, we use a conservative value for the electron mobility
μDC = 500 cm2V-1s-1 throughout this work. In practice, Eq. (3) is solved
for a discrete set of wave vectors k within the first Brillouin zone of
each band by discretizing the differential operator and imposing
periodic boundary conditions. For GNRs dopedwith additional charge
carriers corresponding to μ = 0.5 eV at room temperature T = 300 K,
such that states with energies ħεj,k≲ μ (indicated by the orange shaded
regions in Fig. 1b) are occupied when EDC = 0, the drifting electron
distribution induced by an applied field EDC = 5.2MVm−1 is indicated by
the color of the electronic bands in Fig. 1b (see vertical colorbar).
Notable asymmetry in the occupation factors appears around the
Dirac points in drift-biased GNRs, resulting in a distinguishable optical
response for fields with positive or negative in-plane optical momenta.
In the Supporting Information (SI), we present calculations of the
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electronic band structures and occupation factors of the considered
W ≈ 10 nm AC (Supplementary Fig. S1) and ZZ (Supplementary Fig. S2)
GNRs under different configurations of charge carrier doping and
applied field strength.

To explore the effects of drift current on the GNR plasmon dis-
persion, we simulate the LDOS in Fig. 1c for the W ≈ 10 nm AC (upper
panel) and ZZ (lower panel) GNRs, obtained in each case for a dipole
polarized along bx and positioned in the GNR plane 5 nm away from the
ribbon edge. Prominent features associated with guided plasmon
polaritons appearing in the LDOS show that their dispersion is inde-
pendent of propagation direction in the absence of a drift current (left
panels). In general, the ZZ GNR exhibits a weaker plasmonic response
due to the presence of zero-energy edge states in the electronic
spectrum44, while thesemodes also decaymore rapidlywith increasing
wave vector due to Landau damping. We note, however, that edge
disorder in fabricated structures may partially lift the degeneracy of
these edge states, thereby mitigating their contribution to plasmon
damping, although strong disorder would likely introduce additional
scattering channels and further broaden the plasmon resonances. In
the presence of a finite DC field, the drift current not only induces an
asymmetry in the plasmon dispersion, but also damps the guided
plasmonmodes. Specifically, in both AC and ZZ GNRs, the low-energy
monopole mode is diminished at high optical wave vectors and the
dipolar GNRmodes are generally quenched. Incidentally, the plasmon
dispersion relations obtained from atomistic simulations are in rea-
sonable agreement with the predictions based on a classical electro-
static model (see Methods), which are indicated in Fig. 1c by the
dashed curves. To compare atomistic and classical models of drift-
biased GNRs, we estimate the drift velocity v = βvF (expressed here in
terms of the Fermi velocity vF ≈ c/300 in extended graphene) from
v = μDCEDC. Additional details on the interdependence of the drift

velocity, electron mobility, and charge carrier doping level entering
the classicalmodel are presented in the SI (see Supplementary Fig. S3).

The nonreciprocal response of the drift-biased GNRs is quantified
according to Eq. (2) by integrating the LDOS data shown in Fig. 1c over
either exclusively positive (q > 0) or negative (q < 0) in-plane optical
wave vectors. The resulting dissymmetry factors shown in Fig. 2a
indicate a distinguishable response for AC (blue curve) and ZZ (red
curve) GNRs predicted by atomistic simulations, reflecting the distinct
plasmon dispersion relations shown in the LDOS plots of Fig. 1c, while
the qualitative behavior of the emission into forward- and backward-
propagating modes is captured by the classical simulations (dashed
black curve) at higher energies. In Fig. 2b, we plot the dissymmetry
factors g obtained when the dipole is instead oriented normally to the
ribbon plane and centered 5 nm above the GNR (see inset), which, as
shown in the SI, modifies the wave-vector-dependent coupling to
waveguided plasmon modes predicted in atomistic (Supplementary
Fig. S4) and classical (Supplementary Fig. S5) simulations, and thus
also the spectral dependence of the corresponding dissymmetry fac-
tors. Qualitatively similar dissymmetry factors g are obtained at higher
energies when the dipole is aligned with the ribbon and centered
above it (Figs. S6), a configuration for which symmetry prohibits
coupling of the lowest-order plasmon mode to the dipole. In Fig. 2c
and d we show near-field maps of the electric field intensity ∣E∣ and the
difference in amplitude Δ∣E∣ ≡ ∣E(x, -y, z)∣ − ∣E(x, y, z)∣ along the drift
current direction in the plane 5 nm above the ZZ GNR under the con-
ditions indicated in Fig. 2a and b, respectively. As shown in Supple-
mentary Fig. S7 of the SI, this notable asymmetry can be more or less
pronounced for different electric field components depending on the
dipole position and orientation.

The nonreciprocal response of plasmons in drift-biased GNRs
predicted in Figs. 1 and 2 above is based on a conservative estimate of

Fig. 1 | Nonreciprocal plasmons in drift-biasedgraphenenanoribbons. aGuided
plasmon polaritons are launched by a point dipole emitter and propagate with
different dispersion relative to the applied direct current (DC) in graphene
nanoribbons (GNRs) with either armchair (AC, upper panel) or zigzag (ZZ, lower
panel) edge terminations. b The one-dimensional electronic band structures of AC
(upper panel) and ZZ (lower panel) GNRs of W ≈ 10 nm width are plotted as func-
tions of the Bloch wave vector k in the direction of lattice translational symmetry,
normalized in each case to the respective GNR unit cell period b. In the absence of
an applied DC field (EDC = 0), the bands are occupied up to the Fermi energy

EF = 0.5 eV (shadedorange region),while the occupation factors of GNRs for a static
field of amplitude EDC = 5.2MVm−1 are indicated by the colors of the bands (see
colorbar). c Wave-vector-resolved local photonic density of states (LDOS) for AC
(upper panels) and ZZ (lower panels) GNRs obtained from atomistic simulations
(contour plots) in the absence (EDC = 0) and presence (EDC = 5.2MVm−1) of an
applied DC field, with corresponding plasmon dispersions predicted by the semi-
classical electrodynamic model for the indicated drift velocities v = βvF (dashed
curves).
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the carrier mobility μDC = 500 cm2/(V s), which accounts for scattering
due to structural disorder and other inelastic processes that are
inevitable in fabricated structures. Considerably higher values, on the
order of 103 cm2V-1s-1, can be obtained through chemical synthesis of
GNRs48, and further enhanced upon encapsulation in hexagonal boron
nitride (hBN)49. Such higher mobilities would further enhance the drift
velocity attainable at a given bias field, therefore increasing the degree
of plasmonic nonreciprocity, while also reducing plasmon damping.
To effectively probe the asymmetry of guided polaritons, we have
considered the self-interaction of dipoles near drift-biased GNRs. The
dipole field amplitude decays approximately with the inverse of the
distance, reducing the excitation efficiency of plasmon modes with
enhanced dispersion leading to a larger nonreciprocal response. We
have considered situations where dipoles are placed 5 nm away from
the GNRs, a distance that is experimentally accessible in near-field
spectroscopy and photoluminescence experiments employing quan-
tum light sources.

Carbon nanotubes
The structural arrangement of carbon atoms in CNTs is characterized
by indices (n,m) that define the tube type, with electronic structure
varying frommetallic to insulating. In Fig. 3, we simulate the plasmonic
response of metallic (12,12), moderately semiconducting (20,0), and
small-gap semiconducting (21,0) CNTs with diameters D =
ð0:246nm=πÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 +m2 +mn

p
, which are all approximately D ≈ 1.6 nm.

Figure 3a illustrates the considered CNTs, which support guided
polaritons that can be launched by a nearby point dipole source and
mayexhibit directional-dependent dispersion according to the applied
DC field. In Fig. 3b, we present the electronic bands (curves) of the
consideredCNTs, uniformlypopulated up to a Fermi energy EF =0.5 eV
in the absence of a drift current (shaded orange region), and occupied
according to Eq. (3) (see colorbar) in the presence of a static field
EDC = 5.2MVm−1. In the SI, we present the occupation factors of these
CNTs under different carrier doping levels (see Supplementary
Fig. S8). Thewave-vector-resolved LDOS for a point dipole placed 5 nm
away from the CNT centers is shown in Fig. 3c for unbiased (left) and

biased (right) CNTs, respectively, superimposing the classical disper-
sion (dashed curves) on the results obtained from atomistic simula-
tions (contours).

The wave-vector-resolved LDOS in Fig. 3c indicates that the non-
reciprocal plasmonic response of drift-biased CNTs is negligible for
dopedmetallic and semimetallicCNTs,while the semiconductingdrift-
biased CNT exhibits a large nonreciprocal response, presumably due
to the drastic difference in the available virtual electron-hole-pair
excitations that configure theplasmonwhen theplasmonwavevectors
are directed to the right or left sides (along or against the region of
depletion in the electronic population of the conduction band). These
conclusions are supported by the corresponding dissymmetry factors
shown in Fig. 4a,while amorepronounced dissymmetry appears in the
response of all considered CNTs at higher doping levels, when the
noted difference in virtual excitations for right or left propagation are
exacerbated. Figure 4b shows near-field maps of the electric field
intensity and its difference produced by the (20,0) CNT, in the plane
containing the dipole andoriented normally to it, at the photon energy
0.5 eV for which its dissymmetry is maximal.

Like GNRs, the nonreciprocal response of plasmons in CNTs
(showcased in Figs. 3 and 4) is based on simulations adopting an
electron mobility μDC = 500 cm2V-1s-1. However, CNTs can exhibit
much higher carrier mobilities, on the order of ∼104 cm2V-1s-150, as
their edge-free structure minimizes scattering from edge disorder
that limits transport in narrow GNRs. High-quality CNTs with tailored
electronic structure can be grown via chemical vapor deposition or
by sorting chirality-selected tubes from bulk ensembles51. For
representative drift fields of EDC ≈ 5MVm−1 and device lengths on the
order of a few micrometers, the corresponding voltages are well
within the range of standard transport geometries. Directional plas-
mon propagation and Doppler-like shifts may be probed using
scattering-type scanning near-field optical microscopy (s-SNOM),
which has already been demonstrated on current-biased graphene
systems24,25, or by coupling to proximal optical emitters or nanoan-
tennas to access the direction-dependent local density of optical
states. Furthermore, pulsed or microwave biasing schemes can be

Fig. 2 | Dissymmetry of guided plasmon propagation in drift-biased graphene
nanoribbons. The dissymmetry factor of Eq. (2) is calculated through atomistic
simulations (solid curves) of the armchair (AC, blue curves) and zigzag (ZZ, red
curves) edge-terminated graphene nanoribbons (GNRs) of W ≈ 10nm width con-
sidered in Fig. 1 for (a) a dipole oriented parallel to and placed in the GNR plane, at a
distance d = 5nm from the GNR edge, and (b) a dipole oriented normally to the

ribbon plane and centered d = 5 nm above the GNR (pink arrows indicate dipole
positions and orientations). The dissymmetry factors predicted by semiclassical
simulationsof the sameconfigurations are also shown (CL, dashed curves) (c,d)Maps
of the electric field intensity ∣E∣ and amplitude differenceΔ∣E∣ ≡ ∣E(x, −y, z)∣ − ∣E(x, y, z)∣
in the parallel plane 5nm above the ZZ GNRs for the configurations shown in (a, b),
respectively, at the photon energies indicated by the arrows in those panels.
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employed to maintain a well-defined carrier drift during a fraction of
the optical period, effectively mitigating Joule heating while preser-
ving the nonreciprocal response. Taken together, these considera-
tions demonstrate that the proposed effects are experimentally
accessible using state-of-the-art material platforms and measure-
ment techniques.

Dipole-dipole interaction
Nonreciprocal photonic environments offer appealing possibilities to
manipulate nonlocal interactions between light scatterers, such as

nanoparticles or quantum light emitters (QEs). To explore this possi-
bility in drift-biased carbon nanostructures, we consider the decay rate
enhancement of a QE with dipole moment p1 placed at r1 due to the
field produced by a second emitter with dipole moment p2 located at
r2. The dipole-dipole interaction is quantified by the coupling rate
Γij = ð2=_Þ

R1
�1dqDðijÞ

q ðxj , zj ,ωÞ, where the analogous cross density of
optical states (CDOS) function

DðijÞ
q = Im p*

i �~Ei,qðxj, zj,ωÞ
n o

ð5Þ

Fig. 4 | Dissymmetry factors for plasmons in drift-biased CNTs. a The dis-
symmetry factors for the (12,12), (20,0), and (21,0) electrically doped and drift-
biased CNTs considered in Fig. 3 are plotted as blue, red, and yellow curves,
respectively, under excitation by a dipole (indicated by the pink arrow) placed at
a distance d = 5 nm away from the center and oriented along the radial direction

(see inset). The corresponding dissymmetry predicted from a classical model of a
1.6 nm diameter CNT (dashed curve) is shown for comparison. b Maps of the
electric field intensity ∣E∣ and amplitude differenceΔ∣E∣ ≡ ∣E(x, −y, z)∣ − ∣E(x, y, z)∣ for
the (20,0) CNT in the plane normal to and containing the dipole at a photon energy
of 0.5 eV indicated by the red arrow in (a).

Fig. 3 | Nonreciprocal plasmons in drift-biased carbon nanotubes. a For CNTs
with diameter D ≈ 1.6 nm characterized by chiralities (12,12), (20, 0), and (21,0) in
the upper, middle, and lower rows, respectively, we present schematic illustrations
of the nanotubes interacting with a point dipole emitter. b Electronic band struc-
ture as a function of the Bloch wave vector k in the direction of translational
invariance (grey curves), normalized in each case to the respective CNT unit cell
period b, with the shaded orange region indicating fully occupied bands up to
EF = 0.5 eV doping in the absence of an applied DC field (EDC = 0), while the

occupation factors for a static field of amplitude EDC = 5.2MVm−1 are indicated by
the colors of the bands (see colorbar). c Wave-vector-resolved local photonic
density of states (LDOS) obtained from atomistic simulations (contour plots) and
presented along with the corresponding plasmon dispersion predicted from a
classical electrodynamic model (dashed curves) are shown in the absence of a DC
field (left column) and when applying a DC field with amplitude EDC = 5.2MVm−1

(right column). In all LDOS calculations, the dipole is considered to be oriented
normally to and a distance d = 5 nm away from the tube axes.
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is expressed in terms of the Fourier components ~Ei,qðxj, zj,ωÞ of the
electric field produced by pi at rj. Owing to the extreme field con-
finement of graphene plasmons, QEs can experience strongly
enhanced spontaneous emission rates Γii

52, while collective effects
arising from plasmon-mediated interactions have been predicted to
yield large inter-emitter coupling rates Γij in nanoribbons35 and
nanodisks53. Results for interacting emitters are presented in Fig. 5a,
where we show the normalized decay rate35

γ12 =
Γ12ðΔyÞ
Γ11

ð6Þ

for two dipoles centered 5 nm above an AC edge-terminated GNR and
separated by a distanceΔy = y2 − y1 along the symmetry axis. The decay
rate exhibits distinct behavior when the first dipole is placed in front
(Δy > 0) or behind (Δy < 0) the second dipole (the drift current
direction is set to y > 0). In analogy to the Doppler shift, the spatial
oscillation of the dipole-dipole coupling, quantified by γ12, exhibits a
longer or shorter period depending on the relative positions of the
dipoles and drift current flow direction. We explore this phenomenon
in Fig. 5b, where the normalized decay rates computed for AC and ZZ
GNRs are shown at the indicated photon energies, also highlighted by
the color-coded horizontal dashed lines in Fig. 5a. The atomistic
calculations reveal that the AC GNR enables stronger light-matter
interaction than the ZZ edge-terminated GNR, resulting in a longer
range of interaction as well as a larger dissymmetry in γ12.

In Fig. 5c, d we explore nonreciprocal dipole-dipole coupling for
CNTs. In analogy to the results for the AC edge-terminated GNR shown
in Fig. 5a, we present the spatially resolved dipole-dipole interaction
rate γ12 computed for the (20,0) CNT when the two interacting dipoles
are each placed 5 nm away from the CNT axis and separated by a

distance Δy = y2 − y1 (see inset). The results for the (20,0) CNT are
qualitatively similar to those obtained for the AC GNR. In Fig. 5d, we
compare the nonreciprocal dipole-dipole interaction for dipoles oscil-
lating at ħω = 0.3 eV, for (12,12), (20,0), and (21,0) CNTs in the upper,
middle (c.f. the horizontal dashed line in Fig. 5c), and lower panels. The
(12,12) and (21,0) CNTs exhibit an almost fully reciprocal response, as
anticipated from the minor effect of the applied drift current observed
in the LDOS results of Fig. 3. In contrast, the moderately semi-
conducting (20,0) drift-biased CNT exhibits a strong nonreciprocal
plasmonic response, as indicated by comparing the dipole-dipole
coupling rates γ12 and γ21. Overall, the relative variations in the dipole-
dipole interaction produced by nonreciprocal effects are substantial
and can reach similar values as the dipole-dipole interaction in the
reciprocal structures. The directionally biased plasmon modes provide
a natural platform for tunable, nonreciprocal coupling between QEs
and controlled emission pathways for quantum photonic applications.

Discussion
We have shown that drift currents in one-dimensional carbon nanos-
tructures can induce a large nonreciprocal response that dramatically
affects the propagation of guided plasmon polaritons on nanometer
length scales. Our atomistic simulations indicate that the non-
reciprocal plasmonic response is highly sensitive to features in the
electronic band structure of GNRs andCNTs,where a particularly large
asymmetry in the response can be induced due to the presence of
electronic band gaps and topological features of their band structure.
We further show that the nonlocal interaction between distant emit-
ters can be manipulated by a drift current. The nonreciprocal plas-
monic phenomena studied here depend crucially on the electron
mobility μDC in GNRs and CNTs, a parameter related to the quality of
the one-dimensional nanostructures that determines both the induced

Fig. 5 | Dipole-dipole interactions mediated by nonreciprocal plasmons in 1D
carbon nanostructures. a The normalized dipole-dipole interaction rate γ12
(associatedwith the field produced on dipole 1 at r1 by dipole 2 at r2) is plotted as a
a function of the dipole separationΔy = y2 − y1 along theGNR symmetry direction by
when both dipoles are centered 5 nm above and oriented normally to the drift-
biased (EDC = 5.2MVm−1) W ≈ 10 nm wide AC edge-terminated GNR (see inset).
b The interaction rates γ21 (blue curves) and γ12 (red curves) for AC (solid curves)
and ZZ (dashed curves) edge-terminated GNRs are shown for dipoles emitting at
ħω = 0.3 eV (upper panel) and ħω = 0.5 eV (lower panel), at the photon energies

indicated in (a) by the dashed horizontal lines color-coordinated with the panel
outlines in (b). Panel (c) shows results analogous to those in (a) when the dipoles
are oriented normally to and positioned 5 nm away from the axis of a (20,0) CNT,
while (d) compares the directional dipole-dipole interaction rates of (12,12), (20,0),
and (21,0) CNTs in the upper, middle, and lower panels, respectively, in analogy to
(b) for GNRs, when the dipoles are emitting at ℏω = 0.3 eV, indicated by the hor-
izontal dashed line in (c). All results are shown for charge carrier doping levels
corresponding to EF = 0.5 eV in the absence of drift currents.
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drift current and the plasmon lifetimes. In our simulations we have
adopted a conservative estimate for μDC = 500 cm2V-1s-1, accounting for
defects and other inelastic scattering mechanisms in fabricated
structures. In practice, GNRs of ∼10 nm width can be fabricated
through bottom-up chemical synthesis—yielding atomically defined
edges—or via top-down lithography followed by edge smoothing54,
while high-quality CNTs can be produced via chemical vapor deposi-
tion growth or by sorting chirality-selected tubes from bulk
ensembles51. While the applied DC field strength used to establish the
drift current is commensurate with that used in experiments, we
envision that qualitatively similar effects can be produced by using
microwave fields, such that a drift current with awell-defined direction
ismaintained during a fraction of the optical period in the nanosecond
regime, enabling nonreciprocal optical responses over shorter times at
infrared frequencies. The directional-dependent phase accumulation
of guided plasmon modes in drift-biased CNTs and GNRs offers a
versatile platform for nonreciprocal light-matter interactions, poten-
tially enabling on-chip optical isolators and plasmonic diodes.

Methods
We develop models to describe the nonlocal optical response of drift-
biased one-dimensional graphene nanostructures. We begin by
deriving analytical expressions for the conductivity associated with
free electrons in highly doped graphene, using the Boltzmann trans-
port equation (BTE). We then outline a prescription to implement the
nonlocal conductivity of drift-biased graphene in classical electro-
dynamic models for GNRs and CNTs. Classical models are contrasted
with atomistic simulations of 1D graphene structures based on tight-
binding electronic states and the RPA.

Conductivity of drift-biased graphene
We consider conduction electrons in a graphene sheet spanning the
R = (x, y) plane, characterized by their parallel wave vector k and
energy Ek = ±ℏvFjkj for electron (upper sign) and hole (lower sign)
doping. In the presence of a DC field EDC, the drifting of electrons at
velocity v can be described by a skewed Fermi-Dirac distribution55

f ð0Þk = eðEk�μ�ℏv�kÞ=kBT + 1
h i�1

, ð7Þ

where μ is the chemical potential and T is the electronic temperature.
The linear response to an applied opticalfield E is then given in the BTE
formalism as

∂f ð1Þk
∂t

± vF
bk � ∇Rf

ð1Þ
k � γf ð1Þk = � e

ℏ
E � ∇kf

ð0Þ
k , ð8Þ

from which the 2D current density is obtained as

JðR, tÞ= � evFgsgv

4π2

Z
d2k bkf ð1Þk ðR, tÞ, ð9Þ

where gs = 2 and gv = 2 are spin and valley degeneracies, respectively.
Decomposing the field and associated response functions in spatial
and temporal Fourier components as E(R, t) = E ei(Q⋅R−iωt), the linear
distribution becomes

f ð1Þk = � ie
_

∇kf
ð0Þ
k � E

ω+ iγ∓vF
bk �Q

, ð10Þ

which, after evaluating the gradient and inserting the result into Eq.
(9), leads to the current

J=
ie2μD

π2_2

Z 2π

0
dφk

vF
bk

ω+ iγ∓vF
bk �Q

ðvFbk� vÞ � E
ðvF � v � kÞ2

: ð11Þ

Here, μD =μ+2kBT logð1 + e�μ=kBT Þ is a temperature-dependent Drude
weight, and the angular integral is performed over all electron wave
vector directions. The current in Eq. (11) implicitly defines the
conductivity tensor σ through Ohm’s law J = σ ⋅ E.

In the specific casewhere the drift velocity v= βvFbv is parallel to the
in-plane optical wave vector Q, the anisotropic conductivity tensor ele-
ments for the electric fieldparallel (σ∥) andperpendicular (σ⊥) to thedrift
direction can be obtained analytically from Eq. (11) and Ohm’s law as

σkðQÞ=
2σω

ðα +βÞ2
1 +αβffiffiffiffiffiffiffiffiffiffiffiffiffi
1� α2

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� β2

q� �
, ð12aÞ

σ?ðQÞ=
2σω

ðα + βÞ2
1 +αβffiffiffiffiffiffiffiffiffiffiffiffiffi
1� β2

q �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� α2

p
0
B@

1
CA, ð12bÞ

whereσω = ie2μD/πℏ2(ω+ iγ) is the localDrude conductivity of graphene
and α = ∓ vFQ/(ω + iγ). In what follows, we employ the above nonlocal
conductivity of drift-biased graphene to perform classical electro-
dynamic calculations of GNRs and CNTs.

The temperature- and drift-dependent chemical potential μ(β) is
determined by imposing conservation of electron population such
that

Ne =4
X
k

f ð0Þk ðμ,βÞ: ð13Þ

The chemical potential μ(β) depends on the bias electric DC field EDC,
and Ne is fixed by imposing the condition μ = EF when β = 0. The factor
of 4 includes the spin and valley degeneracies (see Supplementary
Fig. S4a in the SI).

Classical description of graphene nanoribbons (GNRs)
In the quasistatic approximation, the optical response of a 2D system
to an external potential Φext is characterized by the self-consistent
scalar potential

ΦðrÞ=ΦextðrÞ+ 1
ϵeff

Z
d2R0 ρ

indðR0Þ
jr� R0j , ð14Þ

where the Coulomb interaction has been corrected with the average
permittivity ϵeff ≡ (ϵa + ϵb)/2 to account for the effect of screening by the
homogeneous dielectric media above (ϵa) and below (ϵb) the 2D mate-
rial, and ρind(R) is the induced 2D charge density in the material, placed
in the z = 0 plane. Invoking the continuity equation ρind = − (i/ω) ∇ ⋅ J,
Ohm’s law J = σ ⋅ E, and the electrostatic relation E = − ∇Φ, the potential
at points within the 2D material can be expressed self-consistently as

1� i
ϵeffω

M
� �

ΦðRÞ=ΦextðRÞ, ð15Þ

where

MΦðRÞ=
Z

d2R0 1
jR � R0j∇R0 � σðR0Þ � ∇R0ΦðR0Þ� � ð16Þ

is a linear integro-differential operator. Here, we are interested in
studying the local photonic density of states in the vicinity of the 2D
structure, characterized by the induced field generated by a point
dipole p at r0 acting back on itself, that is,

Eindðr0Þ= � 1
ϵeff

∇r0

Z
d2R0 ρ

indðR0Þ
jr0 � R0j , ð17Þ
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where ρindðRÞ= ði=ωÞ∇R � ½σðRÞ � ∇RΦðRÞ� is the induced charge pro-
duced in the ribbon by the external potential
ΦextðrÞ= ϵ�1

a p � ∇r0
jr� r0j�1.

For a nanoribbon of finite widthW along bx and infinite extension
along by, the scalar potentials are conveniently decomposed in-plane
waves with wave vector q as Φ(R) = (2π)−1 ∫ dqϕq(x) e

iqy, such that the
spatial Fourier components satisfy the relation

1� i
ϵeffω

Mq

� �
ϕqðxÞ=ϕext

q ðxÞ, ð18Þ

where we use the integro-differential operator

MqϕqðxÞ=2
Z

dx0K0ðjqjjx � x0jÞ

× f∂x0 ½σ?ðx0Þ∂x0ϕqðx0Þ� � q2σkðx0Þϕqðx0Þg
ð19Þ

and

ϕext
q ðxÞ= 2

ϵa
p � ∇r0

K0 jqj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx � x0Þ2 + z20

q� �
e�iqy0

	 

ð20Þ

is the Fourier transform of the external potential. Following the pre-
scription of refs. 56,57, Eq. (18) is solved by discretizing the spatial
coordinate x in the ribbon domain defined through the conductivity as
σ(x) = f(x)σ(ω), where f(x) is a scalar function that is unity for points
inside the ribbon and vanishes elsewhere, so that the potential can be
obtained through matrix inversion. From Eq. (17), the induced field
acting back on the dipole at r0 can then be found by evaluating

Eindðr0Þ=
Z 1

�1

dq
2π

~Eqðr0Þeiqy0 , ð21Þ
where

~Eqðr0Þ= � i
ϵeffω

∇r0

Z
dx0K0 jqj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx0 � x0Þ2 + z20

q� �

× ∂x0 σ?ðx0Þ∂x0ϕqðx0Þ
h i

� q2σkðx0Þϕqðx0Þ
n o ð22Þ

is the induced electric field decomposed in wave vectors q, which we
use in Eq. (1) to compute the LDOS.

Classical description of carbon nanotubes (CNTs)
Following the procedure described in ref. 36, the induced electric field
produced by a point dipole p in the presence of a CNT of radius a can
be written as

EindðrÞ= � ∇r½ðp � ∇rÞW indðr, r0,ωÞ�jr0 = r, ð23Þ

whereWind denotes the induced part of the total screened interaction
W(r, r0) = ∣r − r0∣−1 +Wind(r, r0). The functionW is defined as the electric
scalar potential created at r by an oscillating point charge e−iωt located
at r0, and is obtained by solving Poisson’s equation. For r and r0 both
outside the cylindrical surface defined by the CNT, Wind adopts the
following analytical form:

W indðr, r0,ωÞ=
2
π

X1
m=0

ð2� δm0Þ cos½mðφ� φ0Þ�

×
Z 1

�1
dq rmðqÞ eiqðz�z0ÞKmðjqjρÞKmðjqjρ0Þ,

ð24Þ

where

rmðqÞ= � I2mðjqjaÞΔ
KmðjqjaÞImðjqjaÞΔ+ 1

ð25Þ

is a reflection coefficient expressed in terms of the quantity

ΔðqÞ= 4πi
ωa

m2σ?ðqÞ+ ðqaÞ2σkðqÞ
h i

: ð26Þ

Using the screened interaction and taking the gradient of the potential,
the wave-vector components of the induced electric field [see Eq. (21)]
are found to be

~Eqðr0Þ=2bρ X1
m=0

ðδm0 � 2Þ q2 rmðqÞ K 0
mðjqjρ0Þ

� �2 ð27Þ

for a unit dipole oriented along the bρ direction and placed at the
positionof thedipole r0 = (ρ0, 0, 0). The above expression isused in Eq.
(1) to compute the direction-dependent LDOS.

Atomistic description of one-dimensional carbon
nanostructures
Following the approach of refs. 44,45, the electrons in carbon pz

orbitals jl,mi (located at the carbon atom positionsRl in each unit cell
m of a one-dimensional GNR or CNT) are described as Bloch states

jj, ki= 1ffiffiffiffiffi
M

p
X
l,m

ajl, ke
ikmbjl,mi: ð28Þ

Here, M denotes a (large) number of unit cells, k is the Bloch wave
vector in the direction of translational lattice invariance, b is the unit
cell period, and the coefficients ajl,k are determined by diagonalizing
the tight-binding HamiltonianHTB

ll0 , k as

X
l0

HTB
ll0 , kajl0 , k = _εj, kajl, k ð29Þ

to yield the energies ħεj,k of electrons in each band j as a function of
Bloch wave vector k in the direction of translational invariance.

In analogy to Eqs. (14) and (18), we write the spatial Fourier
components of the self-consistent potential at site l produced in
response to an external potential ϕext

q, le
iqy as

ϕq, l =ϕ
ext
q, l +

X
l0

vq, ll0ρ
ind
q, l , ð30Þ

where vq, ll0 =
P

mvl0, l0me
�iqmb is the Fourier transform of vl0, l0m (the

spatial dependence of the Coulomb interaction between electrons in
orbitals l and l0 separated by m unit cells), and

ρind
q, l =

X
l0

χ0q, ll0ϕq, l0 ð31Þ

is the induced charge,which, in the framework of theRPA, is expressed
in terms of the noninteracting susceptibility

χ0q, ll0 =
2e2

_

b
2π

Z π=b

�π=b
dk

X
jj0

ðf j0 , k�q � f j, kÞ

×
ajl, ka

*
j0l, k�qa

*
jl0 , kaj0l0 , k�q

ω+ i=ð2τÞ � ðεj, k � εj0 , k�qÞ
,

ð32Þ

comprising a sum over electronic transitions weighted by occupation
factors fj,k.

In the absence of an applied DC field, the occupation factors
entering Eq. (32) are determined by the Fermi-Dirac statistics,
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that is,

f j, k = f
ð0Þ
j, k � eð_εj, k�μÞ=kBT + 1

h i�1
: ð33Þ

To incorporate the applied DC field in atomistic calculations that
capture the full one-dimensional multi-band electronic structure of
GNRs and CNTs, we obtain fj,k by solving the Boltzmann transport
equation [see Eq. (8)] in the static limit:

1� eτ
_
EDC ∂

∂k

� �
f j, k = f

ð0Þ
j, k , ð34Þ

which is the same as Eq. (3) in the main text. Note that the chemical
potential is chosen to preserve the number of electrons [see Eq. (13)].

For a specified in-plane field EDC oriented along the 1D structure,
the electron drift velocity is estimated from v = μDCEDC, where μDC is the
electronmobility, which dictates themean-free path via the relaxation
time47

τ =
μDCEF

ev2F
ð35Þ

and is related to the damping as γ = τ−1 (see Supplementary Fig. S4b in
the SI for different choices of parameters). The above expressions thus
relate the parameter β = v/vF entering the semiclassical calculations to
the applied static field EDC used in the TB-RPA formalism. In the SI, we
study the electronic band structures of AC and ZZ GNRs in
Figs. S5 and S6, respectively, as well as the occupation factors fj,k, for
different configurations of charge carrier doping and appliedfields EDC.
Similarly, we show in Supplementary Fig. S7 the electronic bands for
the CNTs of ≈ 1.6 nm diameter studied in this work.

Data availability
All data needed to evaluate the conclusions in the paper are present in
the paper and the Supplementary Material. Additional data related to
this paper may be requested from the authors.

Code availability
The formalisms described in the Methods provide a self-contained
framework for implementing the semiclassical and atomistic calcula-
tions used in this study. The custom codebases used are not publicly
available due to their complexity, but relevant code and information
can be obtained from the corresponding author upon request.
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