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Plasmons in graphene nanoribbons
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We calculate the dielectric function and plasmonic response of armchair (aGNRs) and zigzag (zGNRs)
graphene nanoribbons using the self-consistent-field approach within the Markovian master equation formalism
(SCF-MMEF). We accurately account for electron scattering with phonons, ionized impurities, and line-edge
roughness and show that electron scattering with surface optical phonons is much more prominent in GNRs
than in graphene. We calculate the loss function, plasmon dispersion, and the plasmon propagation length in
supported GNRs. Midinfrared plasmons in supported (3N+2)-aGNRs can propagate as far as several microns at
room temperature, with 4-5-nm-wide ribbons having the longest propagation length. In other types of aGNRs
and in ZGNRs, the plasmon propagation length seldom exceeds 100 nm. Plasmon propagation lengths are much
longer on nonpolar (e.g., diamondlike carbon) than on polar substrates (e.g., SiO, or hBN), where electrons scatter
strongly with surface optical phonons. We also show that the aGNR plasmon density is nearly uniform across
the ribbon, while in zGNRs, because of the highly localized edge states, plasmons of different spin polarization

are accumulated near the opposite edges.
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I. INTRODUCTION

Surface plasmon polaritons or simply plasmons are col-
lective oscillations of free carriers at the surface of good
conductors [1,2]. They can be guided below the diffraction
limit, i.e., their wavelength is shorter than the free-space
wavelength of electromagnetic waves with the same frequency
[1]. Plasmons have been studied for many applications,
such as integrated nanophotonics [3—5], metamaterials [6-9],
sensing [10,11], photovoltaics [12], and metasurfaces [13—15].
Plasmons were first experimentally realized at the interface of
a noble metal, such as gold or silver, and a dielectric [16].
In metals, plasmons are mostly in the visible part of the
electromagnetic spectrum, owing to the high carrier density
[17]. Two key shortcomings of metal plasmonics are a lack
of tunability of the plasmon frequency and large plasmon loss
(small plasmon propagation length) [17].

Graphene plasmonics [18-26] offers several advantages
over metal plasmonics. First, graphene plasmons are found
in the terahertz-to-midinfrared frequency range, which is
important for application in security, communications, and
sensing. Second, carrier density in supported graphene is
tunable by a back gate, which enables electrostatic control of
graphene’s electronic and optical properties [27,28]. However,
the electron scattering mechanisms present in supported
graphene significantly degrade the plasmon propagation length
[29]. One solution is to reduce plasmon damping and improve
the plasmon propagation length by lowering the system
dimensionality, from two-dimensional (2D) graphene to quasi-
one-dimensional (quasi-1D) graphene nanoribbons (GNRs).

Supported GNRs provide almost the same interesting plas-
monic features as graphene, with the added benefit of a less dis-
sipative environment for electrons, owing to the low electronic
density of states and thus lower electron scattering rates. GNRs
have different electronic and optical properties than pristine

“karimi2 @wisc.edu
Tiknezevic @wisc.edu

2469-9950/2017/96(12)/125417(12)

125417-1

graphene and have been studied for applications such as
resonators [30] and field-effect transistors [31,32]. Plasmons in
wide GNRs have been experimentally measured [18,20,33,34].
However, in order to minimize electron scattering and obtain
the best electronic and plasmonic properties, we need to
look at ultranarrow GNRs (width < 10 nm), where very few
subbands are involved in electron transport. Ultranarrow GNRs
can be fabricated by top-down methods [35](conventional
lithography [36], local-probe lithography [37-39], or chemical
synthesis [40]) or bottom-up synthesis [41-45]. To date,
there have been no experimental reports on the plasmon
behavior in these structures. On the theoretical front, previous
studies of plasmons in ultranarrow GNRs have relied on
the random-phase approximation to treat electron-electron
interaction and have either assumed ballistic (scattering-free)
electron transport [46-54] or have employed the relaxation-
time approximation for a simplified treatment of scattering
[55,56]. However, electrons in GNRs are subject to several
concurrent scattering mechanisms that are both inelastic and
anisotropic and whose rates have widely varying dependencies
on the electron energy; consequently, the relaxation-time
approximation with a single energy-independent relaxation
time is not accurate for treating dissipation in GNRs [29].

In this paper, we calculate the optical and plasmonic
response of ultranarrow GNRs by employing an accurate and
computationally affordable technique: the self-consistent-field
approach within a Markovian master equation formalism
(SCF-MMEF) for the single-electron density matrix [29].
SCF-MMEEF captures interband electron-hole-pair generations
and all the concurrent electron scattering mechanisms, such as
with intrinsic phonons, ionized impurities, surface optical (SO)
phonons, and line-edge roughness (LER). The technique uses
the Bloch wave functions and dispersions calculated via the
third-nearest-neighbor tight binding with a nonorthonormal
basis and, in the case of zigzag GNRs, also a Hubbard term
to account for the strong electron-electron interaction and
spin polarization (Appendix A). We calculate the dielectric
function, loss function, as well as the plasmon dispersion
and propagation length in supported armchair GNRs (aGNRs)
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FIG. 1. Schematic of a GNR of length L and width W lying on a
dielectric substrate of width Wy and thickness T.

and zigzag GNRs (zGNRs) on various dielectric substrates
[polar SiO, and hBN and nonpolar diamondlike carbon
(DLC)]. We show that the SO-phonon scattering rates (the
interaction Hamiltonian between electrons and SO phonons in
quasi-one-dimensional systems is derived in Appendix C) is
at least as prominent as ionized-impurity scattering in GNRs,
unlike in bulk graphene, where impurity scattering dominates
(Sec. II); this has repercussions on the plasmonic response in
supported GNRs. In the midinfrared, at room temperature, and
for typical sheet carrier densities (up to 10'* cm~2), plasmons
in supported (3N+2)-aGNRs of width 4-5 nm can propagate
as far as several microns (Sec. III). In other types of aGNRs and
in ZGNRs, plasmons are strongly damped and the propagation
length seldom exceeds 100 nm. Plasmon propagation lengths
are much longer on nonpolar (e.g., diamondlike carbon) than
on polar substrates (e.g., SiO, or hBN), where electrons scatter
strongly with surface optical phonons. Also, we obtain the
plasmon distribution profile from the SCF-MMEF. aGNR
plasmons are distributed almost uniformly across the ribbon
(Sec. III). Owing to the highly localized edge states, zGNR
plasmons are spin polarized and different spin polarizations are
accumulated near the opposite edges of the ribbon (Sec. IV).
We conclude with Sec. V.

II. ELECTRON SCATTERING IN GNRs
SCF-MMEF OVERVIEW

We analyze a graphene nanoribbon of width W and length
L, placed on a substrate of thickness 7 and width Wg > W
(Fig. 1). It is assumed that a back gate can be used to tune
the carrier density and Fermi level in the GNRs and that
both n-type (Fermi level in the conduction band; electrons
are majority carriers) and p-type (Fermi level in the valence
band; holes are majority carriers) GNRs are accessible. In
order to calculate the dynamic dielectric response and plasmon
properties of GNRs, we need to compute the full dynamic
dielectric function, &(q,), where ¢ is the wave number in the
GNR length direction (along x in Fig. 1) and w is the angular
frequency. In short, this task requires the knowledge of the
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FIG. 2. Electron scattering rates for different mechanisms vs
energy with respect to the top of the valence band for an n-type
35-zGNR on SiO,. The active scattering mechanisms are longitudinal
acoustic (LA) phonons, ionized impurities (II), line-edge roughness
(LER), longitudinal optical (LO) phonons, and surface optical (SO)
phonons from the polar substrate. The impurity density is N; =
4 x 10" cm™2. The LER is assumed to be exponentially correlated,
with an rms height of 0.2 A and a correlation length of 3 nm.

electron dispersion and Bloch wave functions for the quasi-1D
GNR, as well as an accurate account of all the electron
dissipative pathways. In GNRs, there are several competing
scattering mechanisms with different energy dependencies;
some of them, like SO-phonon scattering, are both anisotropic
and inelastic. Therefore, methods like the Mermin-Lindhard
dielectric function [22,57] that rely on the relaxation-time ap-
proximation fail to capture the dissipation accurately. Instead,
we use the SCF-MMEF, which was previously successfully
applied to graphene [29], in order to calculate the dielectric
function &(q,w) for GNRs. The SCF-MMEF provides an
equation of motion for the single-particle density matrix of the
electron system interacting with a perturbing electromagnetic
field and a dissipative environment. The equation of motion is
Markovian and guarantees that the density matrix will remain
positive throughout the evolution. From it, in the frequency do-
main, we can obtain the information about off-diagonal terms,
the so-called coherences, which are critical for calculating
the polarization and from it the susceptibility and dielectric
function. The dissipative terms in the SCF-MMEF equation
of motion capture scattering much more rigorously than the
relaxation-time approximation. Details of the calculations are
given in Appendix B, as well as in Ref. [29].

Here, we will focus on building an intuitive understanding
of the strength of different scattering mechanisms in GNRs.
Therefore, we use Fermi’s golden rule to calculate the
electron scattering rates (see Appendix C) for the different
mechanisms in a representative n-type armchair GNR of width
approximately 4 nm on the SiO, substrate (Fig. 2). It is
important to note that electron-SO-phonon scattering is the
most prominent mechanism in GNRs at typical carrier and
impurity densities; this is unlike in bulk graphene, where
impurity scattering dominates. (We derive the appropriate
form of the Hamiltonian for the interaction between the
quasi-1D electrons in the GNR and the 2D SO phonons
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FIG. 3. (a) Schematic of an aGNR, denoting different bond
lengths at the edge and near the middle. Several dimers are encircled.
aGNRs are classified based on the number of dimers in a unit cell.
(b)—(d) Energy dispersions of a (b) 37-aGNR, (c) 36-aGNR, and (d)
35-aGNR.

from the substrate in Appendix C3). The relatively high
SO-phonon scattering rates in narrow GNRs occur because
the momentum conservation across the GNR is relaxed and
each electron transition in narrow GNRs can be mediated by
many SO-phonon modes. The wider the ribbon, the fewer SO
phonons aid an electron transition, and, in the limit of very
wide ribbons (W — 00), the momentum conservation across
the ribbon is recovered and the 2D SO-phonon scattering holds.
The high relative importance of electron-SO-phonon scattering
means that the dielectric function and plasmonic response in
narrow supported GNRs are much more sensitive to the choice
of a substrate than those of bulk graphene or wide GNRs.

III. PLASMONS IN ARMCHAIR GNRs

Armchair GNRs (aGNRs) can be categorized in three
groups based on the number of dimers in a unit cell: 3N,
3N+1, and 3N+2 (N is a positive integer). (3N+2)-aGNRs
have the smallest band gap and are semimetallic; the rest are
semiconducting. Representative band structures for the three
types of aGNRs of width 4-5 nm, obtained using third-nearest-
neighbor tight binding that accounts for bond shortening near
the edge that accompanies hydrogen termination, are depicted
in Fig. 3. Details of the band structure calculation can be
found in Appendix A I; the agreement with the results of
first-principles calculation [58] is excellent.

Based on the SCF-MMEF (see Appendix B), we calculate
the dynamic dielectric function £(g,w). In the ballistic regime
(no scattering), the imaginary part of the dielectric function
is zero and the plasmon dispersion is obtained from the zeros
of the real part of the dielectric function [46—52]. However, in
the presence of scattering, the imaginary part of the dielectric
function is no longer zero. In order to obtain the plasmon
dispersion, we follow the maximum of the loss function, which
is proportional to —3{ - (ql. > } and is directly measured in exper-
iment. The loss function has a peak of finite height and width at
the plasmon resonance. The higher and narrower the peak, the
lower the dissipation, and the farther the plasmons can propa-
gate. The plasmon propagation length, L ,, quantifies plasmon
loss. L, = 1/Aq, where Ag is the half width at half maximum
of the loss-function peak in the wave-number direction.
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FIG. 4. (a)—(c) Loss functions in 3N+1, 3N, and 3N+2 n-type
aGNRs of similar widths: (a) 37-aGNR, (b) 36-aGNR, and (c)
35-aGNR. Substrate is SiO,, the sheet electron density is ny, =
7 x 102 cm™2, and the impurity density is N; =4 x 10'" cm™2.
(d) The plasmon spatial distribution (i.e., induced charge density
distribution) at different atomic sites throughout a unit cell of the
35-aGNR at the star-marked plasmon resonance from (c). Blue
is negative, red is positive, and larger circle radius means greater
absolute value of the induced charge density near a site.

In Fig. 4, we show the loss functions for the same three
aGNRs as in Fig. 3, which are placed on an SiO; substrate.
All aGNRs have the same sheet electron density (ny, = 7 X
10'2 cm~2). Just by inspecting the loss functions, we expect
the plasmons in (3N+42)-aGNRs to have significantly longer
propagation lengths than other types of aGNRs, which we will
discuss in more detail below.

Using the SCF-MMEF, we also calculate the induced
charge distribution. The induced charge density distribution
at the plasmon resonances corresponds to the plasmon
distribution. In Fig. 4(d), we see the plasmon distribution
at the star-marked plasmon resonance from Fig. 4(c). The
distribution is nearly spatially uniform.
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FIG. 5. Plasmon propagation length L, for different types of
a-GNRs on (a) SiO,, (b) hBN, and (c) DLC. The electron sheet
density isn; = 7 x 10'> cm~2. The impurity densities are N; = 4.0 x
10" em™2 (Si0,), 0.9 x 10''cm™2 (hBN), and 4.2 x 10! cm™2
(DLC). These impurity densities were chosen to yield the room-
temperature electron mobilities of 2500 % (Si05), 9900 % (hBN),

and 3000 % (DLC), which were reported in measurements of several
groups for bulk graphene [29]. The dips in the L, curves correspond
to the hybrid plasmon-SO-phonon modes.

125417-3



F. KARIMI AND I. KNEZEVIC

03 nE 7x10"2cm® /
800 . ’ )— —20
— 3 02 ; ! ||/
g 600 [w* e/ 1 |—35
£ 0.11 / '/r d —3%
14 29 44 59 41
7400 N(width)y /= 7/‘ 44

A

- 2 —A7
200 L 7aZ e A=y

1T L ® =200 meVT

4 6 8

ng (1012 cm'2)

FIG. 6. Plasmon propagation length L, vs sheet electron density
for different-width (3N-+2)-aGNRs on SiO, at the frequency w =
0.2 eV (above the highest SO-phonon angular frequency). (Inset)
Fermi energy vs width for (3N+2)-aGNRs at the sheet electron
density n, = 7 x 10" cm™2,

Figure 5 shows the plasmon propagation length for different
types of aGNRs on SiO,, hBN, and diamond-like carbon
(DLC) with the same sheet carrier density. There are two
important points that can be inferred from the figure: (1)
Among the three substrates, DLC provides the least dissipative
environment for plasmons. As DLC is a nonpolar material,
SO-phonon scattering is absent and the electron mobility is
high. (2) (3N+2)-aGNRs have significantly (at least an order
of magnitude) longer L, than other aGNR types. The reason
is that (3N+4-2)-aGNRs have the smallest band gap and lightest
electron effective mass and a large separation between the first
and second subband in both the conduction and valence bands,
which means infrequent intersubband scattering. In contrast,
(3N+1)-aGNRs not only have heavy electrons, but the first
two conduction subbands are very close to one another, which
results in frequent intersubband scattering and more plasmon
damping (thus a shorter propagation length).

In Fig. 5, we see the effect of ribbon width. As the
width increases, L, increases, reaches a maximum, and
then decreases. To get a better understanding, we plot the
(3N+2)-aGNRs plasmon propagation length as a function of
the sheet carrier density (n,) for different widths at frequency
o =0.2 eV (Fig. 6). L, has a maximum in terms of the
sheet carrier density. The reason is that, by increasing the
sheet carrier density, the Fermi energy rises until it reaches
the second conduction subband. Thereafter, the Fermi level
does not rise and more subbands get involved, so intersubband
scattering rates increase. For wider ribbons, the maximum
of the plasmon propagation length appears at lower sheet
carrier densities, because the second conduction subband has
a lower energy in wider GNRs. The inset of Fig. 6 shows the
dependence of the Fermi level on the width of the ribbon for
ny =7 x 10'2 cm~2. The maximal propagation length occurs
when the Fermi level reaches the second conduction subband.

We calculated the static (dc) conductivity of (3N+2)-
aGNRs on different substrates for different carrier densities
(Fig. 7). We see that, for typical values of the sheet carrier
density, the conductivity is highest for the 32—41-aGNRs,
which corresponds to 4-5-nm width. The impurity densities
are chosen so as to yield the room-temperature electron

mobilities of 2500 <= C"‘ < (5102), 9900 7+ °m < (hBN), and 3000 <7 Cm'
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FIG. 7. Static conductivity (in the units of oy = €?/h) vs width
for (3N+2)-aGNRs at different carrier densities. The impurity
densities are the same as in Fig. 5: N; = 4.0 x 10'' cm™? (5i0,),
0.9 x 10" cm~2 (hBN), and 4.2 x 10" cm~2 (DLC), chosen to yield
experimentally reported room temperature electron mobilities of
2500 ‘m (Si0,), 9900 “m (hBN), and 3000 ‘m (DLC). Note that
the GNR conductivity on the nonpolar DLC is the same as on polar
hBN, despite the bulk mobility (and thus conductivity) being over
three times higher on hBN than on SiO;.

(DLC), which were reported in measurements of several
groups for bulk graphene [29]. In supported bulk graphene,
ionized-impurity scattering dominates and limits carrier mo-
bility. However, in GNRs, SO-phonon scattering is very strong
(Fig. 2), so the conductivity of electrons in aGNRs on the
nonpolar DLC is higher than on the polar hBN, even though
the bulk mobility on hBN is more than three times higher (the
impurity density is nearly five times lower) than in DLC. The
strong SO-phonon scattering is also the reason that peaks in
the GNR conductivity on SiO, [Fig. 7(a)] are slightly shifted
toward the narrower ribbons.

In Fig. 8, we focus on the (3N+2)-aGNRs of different
widths on DLC. The sheet electron density n; is kept constant.
Without SO-phonon scattering, we can see two clear plasmon
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FIG. 8. (a—) Loss functions of (3N+2) n-type aGNRs of
different widths on the nonpolar DLC substrate: (a)29-aGNR, (b)
35-aGNR, and (c) 41-aGNR. The sheet electron density is ny; =
3 x 10" ¢cm™? and the impurity density is N; = 4.2 x 10'" cm™2.
Note the two plasmon branches in the ultranarrow aGNR (a), which
merge into one when width is increased while keeping n; constant.
The two branches are only visible on nonpolar substrates.
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FIG. 9. (a) Schematic of a zGNR. (b) Energy dispersion for a 20-
zZGNR. (c) Spin distribution across the 20-zGNR. “Up” and “down”
refer to two opposite spin orientations.

branches in the narrowest aGNR [Fig. 8(a)]. With increasing
width, the two branches merge into one [Figs. 8(b), 8(c)]. The
first branch, occurring at lower energies, emerges because of
intrasubband excitations in the first conduction subband, while
the second branch is related to interband excitations between
the first conduction subband and the first valence subband.
However, the two branches are distinct and visible only for
a low Fermi level, far from the second subband; that means
either low ng or small width W (Er depends on the line density
nyW). As we are keeping n, constant and increasing W in
Fig. 8, the Fermi level increases and the interband excitations
get weaker (fewer empty states in the conduction band) and
their rates become comparable to those of intraband excitations
(both intra- and intersubband); consequently, the two branches
merge.

IV. PLASMONS IN ZIGZAG GNRs

Single-electron dispersions for zGNRs are obtained using
the third-nearest-neighbor tight binding (3NN TB), with an
added Hubbard term in the Hamiltonian to capture the electron-
electron interaction between electrons of opposite spins. The
implementation details are given in Appendix A 2. Figure 9
shows the dispersions for a 20-zGNR. The 20-zGNR has a
width of 4.1 nm, comparable to that of the 35-aGNR (width
4.2 nm), which has the best plasmonic response among aGNRs.
Note that the electron and hole subband dispersions near the
gap are fairly flat, i.e., both electron and hole masses in
the lowest subband are high, with electrons being heavier
(m, = 0.18mg and m;, = 0.08mg; mg is the rest mass of a
free electron). As a result, the densities of states (DOS) in
the conduction and valence subbands are also high. At typical
carrier densities observed in experiment (of order 10'> cm~2),
the Fermi level is inside the gap for back-gate bias resulting in
electrons as majority carriers, because electron DOS in the first
subband is very high. In the case of holes as majority carriers,
the Fermi level enters the valence band, as the hole DOS in the
first subband is lower. Consequently, p-type zGNRs are more
metallic than the n-type zGNRs, which has repercussions on
the plasmonic response.

Figures 10(a) and 10(b) show the loss function for n-
type and p-type 20-zGNRs, respectively, supported on SiO»,
with a sheet carrier density of 7 x 10'> cm™? (the same
density we analyzed for aGNRs) and the impurity density of
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FIG. 10. Loss function of 20-zGNRs on SiO,. (a) n-type, with
a sheet electron density n, = 7 x 10'> cm™2 and (b) p-type, with a
sheet hole density p, = 7 x 10'2 cm~2. Impurity density in (a) and
(b) is N; =4 x 10" ecm™2. (c) Plasmon distribution across a unit
cell of the p-type 20-zGNR for two opposite spin orientations at the
plasmon resonance denoted with a star in panel (b).

N; =4 x 10" cm™2. In the case of the n-type zGNR, the plas-
mon resonance is barely visible. It is much more pronounced
for the p-type zGNR, whose response is more akin to that of
a metal because the Fermi level is inside the valence band.
Figure 10(c) shows the plasmon spatial distribution (i.e., the
induced charge density) across the zZGNR for the star-marked
plasmon resonance from Fig. 10(b). It is noteworthy that we
have spin-polarized edge plasmons in p-type ZGNRs at typical
carrier densities. Because plasmons in ZGNRs fall in the mid-
infrared range and are accumulated near the edges, they could
couple strongly with the vibrational modes of nearby biochem-
ical molecules, such as proteins and DNA [59]. Therefore,
p-type zGNRs might be a promising material for biosensing.

Plasmons in zGNR have short propagation lengths, as
evidenced by the broad resonances in the loss function
(Fig. 10); the short propagation lengths stem from the high
electron and hole DOS and the resulting high scattering rates
for these particles. In Fig. 11, we show the propagation
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FIG. 11. Plasmon propagation length vs frequency for the p-type
20-zGNR on SiO,, hBN, and DLC. p, = 7 x 10'> cm™2.
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length versus frequency for the p-type 20-zGNR on different
substrates. The propagation lengths are overall very short (tens
of nanometers) and are lower on polar substrates (SiO, and
hBN) than on the nonpolar DLC. The plasmon propagation
length drops precipitously at the frequencies corresponding to
substrate SO phonons, similar to what we observed in Fig. 5
for a-GNRs, which further underscores the importance of this
scattering mechanism in the plasmonic response of GNRs.

V. CONCLUSION

In summary, we employed the SCF-MMEF along with
accurate electron dispersions and Bloch wave function ob-
tained using 3NN TB to calculate the plasmon dispersion
and propagation lengths in narrow GNRs on polar (SiO;
and hBN) and nonpolar (DLC) substrates. For narrow GNRs,
SO-phonon scattering is considerably more effective than other
mechanisms. For typical sheet carrier and impurity densities
and at room temperature, semimetallic (3N+2)-aGNRs have
the best plasmonic properties among all GNRs. Plasmons
in 4-5-nm-wide (3N+2)-aGNRs can propagate as far as a
few microns, with the nonpolar DLC substrate supporting
the longest propagation lengths. The plasmonic response of
zGNRs is weak, but ZzGNRs feature midinfrared spin-polarized
plasmons localized near the edges, which might hold promise
for the detection of biomolecules.
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APPENDIX A: GNR BAND STRUCTURE

We assume that a GNR of length L (along x) and width
W lies in the z = d plane, as shown in Fig. 1. A substrate of
dielectric constant g;(w) = ok (w) fills the z < 0 half-space.
The substrate volume is V; = LW, T,, where L, W, and T, are
its length, width, and thickness, respectively.

To calculate the energy dispersion and wave functions, we
use the tight-binding Hamiltonian

_ T
He = Hrp = E (tR,",R;"CR?UCR;”v + H.c.),
RI.R"v

(A)

where Cim and cgr, are electron creation and destruction

operators at atomic site R} with spin v, respectively. R} =
X, + r; with X, being the position vector of the nth unit cell,
and r; being the position vector of the ith atomic site in the unit
cell. The eigenkets and eigenenergies of H, are represented as
|klv) and €, respectively. k is the wave vector along the x
axis, / is the band index, and v denotes the spin orientation.
The TB wave function reads

|klv) = N Zelkx K Cklv,jcli;’u|®>y
uc R™v
J

(A2)
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FIG. 12. Band gap versus width for 3N, 3N+1, and 3N+-2 aGNRs
as obtained from first principles within the LDA approximation [58]
(dashed line) and from our tight-binding calculation (solid line).

where |&) is the vacuum state. To obtain |k/v) and €,
we write the secular equations derived from the Schrédinger

equation
(DlcryHelklv) = € (Bler,vlklv),Vri, (A3)

and solve them as a generalized eigenvalue
problem. However, to do so, the hopping energies

yR:;V,RT,,=(®|cR;vaTBcL,,lU|®)8.,_,, and overlap elements
J
(®|cmvc;mv|®) are required. It should be noted that in
S

general, c;m|® ) does not generate an orthonormal basis. So,
we define the overlap matrix S as

Skrvyn = (DIcR;vCien, 1900 (A4)

1. aGNRs

In aGNRs, we drop the spin quantum number, as the
solutions are spin degenerate. The values we used for y and
S are from Ref. [60] and benchmarked against first-principles
calculations in Ref. [58]:

neighbor | y(eV) | S

T 278 10117
pnd 0.15 | 0.07 (AS)
34| 0.095 | 0.023

Because there is no translational symmetry in the y
direction, the bonds lengths are not all the same (see Fig. 3).
The bond lengths at the edges of the hydrogen-passivated
aGNRs are assumed to be 0.97a,., a.. = 1.42 A being the bulk
carbon-carbon bond length (Fig. 3). To calculate the overlap
integrals of (kl|k + ql’), we define S as

Sjuin = Srrvye TR, (A6)

then the overlap integrals are
(kinlk + q.0'n) = €, SCuy. (A7)
where C vector is defined as (fk,m,- = Cuy,i- In Fig. 12, we

see that there is excellent agreement between the tight-binding
calculation and the density functional theory (DFT) calculation
within the local-density approximation (LDA).
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2. ZzGNRs

In order to capture the strong electron-electron interaction
in the zGNRs, we amend Htg with the Hubbard Hamiltonian
within the mean-field approximation

i T
He = Hrg + U E CRZIVCR?V(CR:},-)CR;’D%

R!.v

(A8)

where U is the Hubbard factor, ¥ is the opposite of spin
v, and (-) denotes the zero-temperature expectation value
corresponding to the many-particle ground state

GS) = (1"[ %) 12),

klv

(A9)

where 1}2 1, Creates an electron at state |k/v). In a nonorthonor-
mal basis, CTR_HUCR;;,, and the number operator n Rrv are not
necessarily e(iual. The overlap matrix S is Hermitian and
positive definite, so it can be decomposed as S = L{DZ/IT,
where U is a unitary matrix, and D is a positive-definite
diagonal matrix. As aresult, S 2 ,and S =1 are well defined. The
orthonormal basis of CT operators may be obtained through
the so-called Lowdin transformation,

Chp = (S DrmRpuChe- (A10)

One can prove {cRu,c}e,v,} = Spry.rv. Knowing the anticom-
mutation relation, we obtain

t n = _—
(CR?vCRi V) ; % VN

QIR RY)
Sgrv, &7y Cran.m
(A11)

The number operator is n gy =C ;z_n ,Crry. S0, the expectation
value of the number of electrons at a specific site is

e
npen = —_—
< R, V> Zkl RZ;;,” /Nuc

ik%-(R"—R") 2
J i 1
(‘S 2 )R;‘v,R'j?’anln,m

(A12)

In our calculations for zZGNRs, U = —2.2 eV, while the y
and S values are from Ref. [61]:

neighbor | yeV) | S

T 278 10117
ond 0.09 | 0.045 (AL3)
34| 027 | 0065

We neglect the off-diagonal terms due to the Hubbard term.
For calculating the overlap integrals of (klv|k + gl'v), we use
equations (A6) and (A7). In Fig. 13, we see the excellent
agreement between the tight-binding calculation and the
density functional theory (DFT) calculation within the local-
density approximation (LDA) [58].

APPENDIX B: SCF-MMEF IN 1D

In Ref. [29], we derived the SCF-MMEF for a quasi-
two-dimensional system. Here, we re-derive the SCF-MMEF

PHYSICAL REVIEW B 96, 125417 (2017)

— TB |
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FIG. 13. Band gap and the gap at K point versus width for zZGNRs

as obtained from first principles within the LDA approximation [58]
(dashed line) and from our tight-binding calculation (solid line).

for a quasi-one-dimensional system. It should be noted that
the SCF-MMEF can be generalized for nanoislands and
nanodisks, which are essentially large molecules and thus
quasi-zero-dimensional.

The induced charge density in GNRs can be written as

1
Nind(x,¥,2,1) =n1(x,f)[Wn(%>i|5(Z)- BD)

The inhomogeneous electromagnetic wave equation describ-
ing the induced potential energy is

0 0 . N2
|:8_2Z + % + (i Q) :|Vind(q’y’z’a))

__e Ll 2 ]s B2
——grgonl(l],w)[w (W)] (2), (B2)

where we took the temporal Fourier transform and the spatial

. . . 2
Fourier transform over the x coordinate. Also, (i Q) = ar -

q - q. We use the standard Green’s function analysis to solve
Eq. (B2):

Vina(g.z = 0,0) = ni(q,w)3(q), (B3)

—e
2 e, €
where the overbar denotes the average along the width of
— w
the system, i.e., V = fjﬂ V(y). To simplify the notation,
henceforth we drop the overbar and z = 0 but keep in mind that
the potential energies are at averaged over y at z = 0. Also, in
[ .
Eq. (B3)Z(q) = [, J2 dw'dnKo(Wlq(n — n)]), where Ko is
the modified Bessel function of the second kind. We define the
linear polarization as

Pi(q,w) = M

_ , B4
Vscr(g,o) 6D

where Vscr is the self-consistent field, i.e., the sum of external
and induced fields. The susceptibility reads

Vina(q,0)
Vscr(g.w)  2me g

x(q,0) = I(g)Pi(q,w), (B5)
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and consequently the dielectric function is

e
e(g,w) =1+

3 I(q) Pi(q,w). (B6)
TTELE

Also, by solving the continuity equation, we obtain the
conductivity

—iewW
olq.0) = — 5

Pi(q.). (B7)

To obtain the dielectric function [Eq. (B6)] and conductivity
[Eq. (B7)], we need to know the linear polarization. We obtain
P, quantum mechanically. The induced charge density in the

J

PHYSICAL REVIEW B 96, 125417 (2017)

second quantization representation is
e

nr.o)=—— > up,pOua@e " (] ).
U kgl
(B3)
So, the linear polarization in the second quantization represen-
tation reads

P = =3 ) oy (o)
' L 7 Vscr(q,0) .

f
To calculate 4% we exploit the SCF-MMEEF [29]:

Vscr(q,w)’

(ex1 — €xrqr + fiw)(chcirgr) = (fu — frsqr)k + gl kD) Ver(q, @)

Wki'—k,u + AWe ko fu

(k + ql'\k' + gmYK'mK1)(ch,,,cusqm)

+ih Y T

kK'mm’v k'

€vm=¢€u F hiwy

+
We—iw £ AWe—iv firqr

+ih Z

kK'mm’v |
€1 pgm! = €xiqr F Ry

361{/

+
Wk’—k,v + AWe_k v fiom

(k + ql' |k + gm' YK mIkD){(c},,cr-sqm)

+q.m’ i

—ih Yy

kK'mm’v
€1/ ! =€km £ N,

+
ka,k’v =+ AVvk’—k,v fk’+qm

(e |K'm")(k'm’ [KI){cl,, Cicrqr)

—ih Y

K'mm'v |
€17 gm=€xrgm’ L 0y

86k’+q,m |

(k + ql'|K' + gm)(K' + gmlk 4 gm") el crsqm)-

(B10)
By discretizing the Brillouin zone, Eq. (B10) can be written in the matrix form and solved numerically for X.
EX =F+ihi(R—-R —R"HX. (B11)
Each pair (¢, w) results in its own Eq. (B11). The matrices and vectors in Eq. (B11) are defined as
Ertyemmy = Spartyemmy(€xt — €xyqr + iw), (B12a)
Xy = (Cllck-ﬁ-ql’)a (B12b)
Fuay = (fu — firqr)k + ql'|kD), (B12c)
Wil o E AW ko fua L ,
Rirtyiemmy = Z Kok, G S k4 ql'|K 4 gm)(K'm kD)
v Bk; }
€xm=€x F iy
W o £ AWy frerqr
+ Y kgl K A gm)K mIk),
v | ok’
€k’ +gm’ = €k4q1 F hw,
, Wﬂf:_ ) + AVvk’—k, fk’+ m
R wrnypomny = > Ll T Tk + ql' |k + gm)(K + qmlk + qm’),
K mv | =5
€1 4 gm=C€pqm’ T Ry
WE L+ AWe_io fiom
” k'—k,v SUJKm ’oy ’o !
R wiyirm) = > o (km|k'm")(k'm'|kI). (B12d)
k'm'v ok’

€1/ m! =€km £ iy
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The set of variables {kl’l} corresponds to a position in
the X vector. Equation (B11) is solved for X for every
(¢,w). We introduce a vector V as Vi = (kl|k + gl'), so
the polarization is

)
Pi(q.0) = TeVTX. (B13)

The factor of 2 captures the spin degeneracy, like in aGNRs.
In the case of zGNRs, where the spin degeneracy is broken,
Eq. (B10) should be solved for each spin orientation
separately, and the total linear polarization is the sum of the
linear polarization corresponding to each spin. By knowing
P;, we calculate the dielectric function [Eq. (B6)] and the
conductivity [Eq. (B7)].

APPENDIX C: INTERACTION HAMILTONIAN IN
QUASI-1D SYSTEMS

As before, we assume that a GNR of length L (along x)
and width W lies in the z = d plane, as shown in Fig. 1. A
substrate of dielectric constant &;(w) = goky(w) fills the z < 0
half-space. The substrate volume is Vy = LW, T, where L,
Wi, and T are its length, width, and thickness, respectively.
For calculation of the electron energy dispersion and the Bloch
wave functions, see Appendix A.

For each perturbation operator [§ V(r)], we define M(q) =
8V (q) as the interaction strength. 5V (¢) is the Fourier transfer
of §V(r) over x and the overline denotes the average over y. All
the interaction Hamiltonians can be written in the following
general form

Hin = Y Min@)(k + qU'lkDel yyca @B, (C)
kq.l'l

where ¢ and ¢! are the electron annihilation and creation
operators, respectively. For phononic mechanisms B, , =

by —l—biq,v, while b and b' are the phonon annihilation
and creation operators, respectively. The overlap integrals are
defined as (k + ql'|kl) = fuc d3ru,"<‘+q,,(r)ukl(r). The details
of their calculation is in Appendix A. For nonphononic
mechanisms, B, , is an identity operator. Based on Fermi’s
golden rule, the scattering rate [Fvi(kl )] for the mechanism v is

>, 2
I
€y =¢€x £ how,

36k/1/

—1
S| WELKT DL,

TE(kl) =

(C2)
where W]?F_k.v is the scattering weight. For the phononic
mechanisms, W | = &M (k' — (N, + 1 £ 1), N,
being the number of vth-type phonons. 4+ and — signs corre-
spond to absorption and emission processes, respectively. For
the nonphononic mechanisms, W,ik’v = ﬁ [Min(k' — k)|

1. Electron scattering with intrinsic phonons

The scattering weight for the acoustic (LA) and nonpolar
optical (LO) phonons can be readily written as

L 1 D? ,kgT
Wkt = 3 g2
1 1 1\ D?
Wi =—(m — 4 - | Lo C3
K-kLo 2( ot s 2)2wa ©3)

PHYSICAL REVIEW B 96, 125417 (2017)

where o is the line mass density of the GNR. We ap-
proximate w,, s = v|g| where v; =2 x 10*2, and wy L0 =

wLo =194 meV. Diy = 12meV and Dio =505 are the
deformation potentials. We assume the LA phonon scattering
elastic.

2. Electron scattering with ionized impurities
The bare potential energy seen at z = d due to an impurity
located at R; = (x;,;,z;) in the substrate is
—*Ko(lgy/ = 3’ + @ = 27D gy,
2 EoK bL ’

SV(g.Vlr =
(€4

where we took the Fourier transform with respect to x. «, =
w denotes the background permittivity and Ky(-) is
the second type modified Bessel function. To find the total
electric potential energy, we should take a sum of Eq. (C4) over
the location of all impurities. But, we only know the average
density of impurities. So, we take an average of ®(g) over
all possible ensemble of impurities, ({R;}’s) [62]. Here, we
assume that impurities are distributed uniformly on the z = 0
plane with the sheet density of N;. For a uniform distribution
the average over all possible ensemble of impurities vanishes,
so we approximate ®(g,y) withits rms. After taking an average
over y, including the screening, and in the limit of W <« W,
the interaction strength [Mii(q) = 8V (q)] is

iy~ dyKollg s + )P
Milq) = L 2meokpe(q,w = 0) '
(C5)

Accordingly, the scattering weight is
Ws
2

[ 2, dyKo(lk — K1y +d?)’

2

letk — k', = 0)|2

1 N,~e4

4 Arlhiel}

+ —
Wk'—k,ii -

(Co)

3. Electron scattering with surface optical phonons

Applying the electromagnetic boundary conditions yields
the dispersion relation of «;(w) + 1 = 0, which its solutions
are the surface optical modes, wsp. SO phonon modes for
hBN and SiO, are provided in Ref. [29]. Assuming that the
substrate has only one transverse optical mode, «;(w) = koo +
o (Ko—Kso)

———, wso and wro are related by
(1)1-0 (O}

W3o(Keo + 1) = @k (o + 1). (CN

Now, we calculate the electric potential due to SO phonons. In
the nonretarded regime, the electric potential can be written as

P(r) = ZCIQE_leHiQ'py (C8)
0

where r = p + zZ (the cylindrical coordinates). Q = 00 is
a two-dimensional vector on the xy plane, i.e., Q = Q% +
Q,3. The polarization, the dynamic equation of motion, and
the electric displacement field in the crystal lattice are given
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by
P(r) = e*Nye, V. 'u(r), (C9a)
—pa’u(r) = —pwiou(r) + e E(r), (C9b)
D(r) = gois(W)E(r) = goko E(r) + P(r).  (C9Yc)

Vs and Ny s are the volume and the number of unit cells of
the substrate, respectively. u(r) is the relative displacement of
two adjacent atoms, with the reduced mass of p. Incorporating
Egs. (C9c) and (C8) into Eq. (C9a), we obtain

e*Nuc,su(r)

5 1L N2t 0 P () —
2200 +iQeeMErO(—2) = 5 Tl

0
(C10)

Considering the above equation, here is an ansatz for the
displacement operator of mode Q, ug(r):

MQ@QZHQ"O ~
—(E +iQ)0(—2)By,

uc,s

where ©(z) is the heavyside step function, and By = bg +

bi . The total displacement is u(r) = ZQ ug(r). Yet, ug
needs to be determined. The energy of each mode is (2Nso +
1)}%. Also, the average energy of each mode over time is
half the potential energy and half the kinetic energy. So for
each mode of u g(r) we can write [63-71]

/d3r%Qsa)§O(unQ(r)un o'(r) = -(ZNQ + 1)M—Q

(C12)

0s 18 N“{,‘” We solve the above equation for u g, replace it in
Eq. (C11), and get

Z \/_eQz-HQ P
v/205Asws0

Also, by using Eq. (C7), we solve Egs. (C9) for e* at w = wso:

V,w? 1 1
2 =B %o, e+ 1)2( - ) (C14)
Nuc,s Koo + 1 Ko+ 1

Incorporating Eq. (C14) and Eq. (C13) into Eq. (C10), we
solve for a, and substitute it in Eq. (C8) to get

u(r) = ¢+i0)O(-2)Bg.  (C13)

—~

) 2th B okeiign,
A o

=2 _ ezwso 1 _ 1 . _
where E- = TG — o) Consequently, the interac

tion Hamiltonian is

O(r) =

(C15)

2rh E

SV(r) = Z f o~ QI+ Q- "Bg

We take the Fourier transform of §V(r) with respect to x at
z = d, take an average over y, and change variables to obtain

2mh e~ INr+a? q’W
sinc B.q
vVar+4q”

(C16)

§V(g) =

(C17)
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where s1nc(q—) = sm(q (5 4W)=1 The equation of motion

of any electronic operator is at least parabolic in terms of 8 V(q).
Also, the SO-phonon modes are assumed to be dispersionless,
i.e., the number of SO phonons are independent of their wave
vector. So, we can rewrite the interaction strength as

h =
Mso(g) = [m
|:/‘ e MNVTTE 0 W2
X do, sinc( J >i| ,
Y /qz + Q% 2

(C18)

and yet, nothing changes in the equation of motion of electronic
operators. The sincz(’g—nw) term in Eq. (C18) is a window
function which mimics the momentum conservation along
the width of the ribbon. Unlike narrow ribbons, for wide
ribbons (larger W) this window function narrows down and
asymptotically goes to the Dirac delta function as W — oo.
The scattering weight is

8%(Nso + 5 % 3)
2letk — k', = 0)|?

N
x |:/de€ ’ sinc2<QyW)j|,

+ —
Wk’—k,SO -

/ 2+ Q% 21
(C19)
4. Electron scattering from line-edge roughness
The charge density can be assumed asn = —eny H(%)&(z),

where n is the surface carrier density, §(-) denotes the Dirac
delta function, and I1(.) denotes the rectangular function [1
for its argument being within (0,1), 1/2 for argument equal to
0 or 1, and zero elsewhere]. The change in the carrier density
due to the line-edge roughness, A(x), at one edge is [72]

dn(r) = A(x)g—z = —engA(x)8 (y — g)S(Z), (C20)

which causes the electric potential energy of

SV(r) = f f / gy A0 %) o).

4eokplr — r

(C21)

We take the Fourier transform of §V (r) with respect to x at
z = 0, and then we take an average over y. So the interaction
strength for the LER is

W
e*ng A(Q)f_zg dyKo(q|y - %D

Muer(@) = T EoK), We(q,w = 0) ’

(C22)

where A(q) is the Fourier transform of the LER function. Here,
we consider an exponential correlation function:

1 2A%

Az‘*A -
AP = L1t 8

(A()A) = (C23)
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where A and & are the rms roughness and the correlation length, respectively. The scattering weight is

2A2%

4.2
WE | o = + 0 [
"~k LER = 22,2
4 hmlejk;

T+ k= k%€

1 , 2
] [ fo dnKo(lk — K'|Wn)] (C24)

le(k — k0 = 0)]
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