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A B S T R A C T

We conduct a theoretical examination of the electronic and magnetic characteristics of end-modified 7-
atom wide armchair graphene nanoribbons (AGNRs). Our investigation is performed within the framework
of a single-band Hubbard model, beyond a mean-field approximation. First, we carry out a comprehensive
comparison of various approaches for accommodating di-hydrogenation configurations at the AGNR ends. We
demonstrate that the application of an on-site potential to the modified carbon atom, coupled with the addition
of an electron, replicates phenomena such as the experimentally observed reduction of the bulk-states (BS)
gap. These results for the density of states (DOS) and electronic densities align closely with those obtained
through a method explicitly designed to account for the orbital properties of hydrogen atoms. Furthermore,
our study enables a clear differentiation between magnetic moments already described in a mean-field (MF)
approach, which are spatially confined to the same sites as the topological end-states (ES), and correlation-
induced magnetic moments, which exhibit localization along all edges of the AGNRs. Notably, we show the
robustness of these correlation-induced magnetic moments relative to end modifications, within the scope of
the method we employ.

1. Introduction

Graphene nanoribbons (GNRs) have been the subject of many stud-
ies in the last two decades both theoretically [1–7] and experimen-
tally [8–16]. This interest in GNRs is explained in part by the pos-
sibility of inducing a band gap in graphene nanosystems while ex-
tended graphene has a zero band gap [1–3,17]. GNRs are also interest-
ing because, for example, finite-sized armchair graphene nanoribbons
(AGNRS) and AGNRS heterojunctions are known to host topological
states [18–20]. AGNRs of different widths can now be synthesized using
a bottom-up approach with atomic precision [8–16]. This allows not
only the study of the fundamental properties of specific AGNRs but also
the engineering of GNRs with well-defined electronic properties.

In the process of synthesizing 7-atom-wide AGNRs (7-AGNRs), dif-
ferent possible end terminations have been observed [9]. The influ-
ence of termination on the bandgap value was studied in Ref. [14]
both experimentally and theoretically using the density functional the-
ory (DFT) and tight-binding (TB) methods. In that study, the end
modifications include dehydrogenation and di-hydrogenation of the
central carbon (C) atom at the zigzag ends. It was observed that di-
hydrogenation of the two ends leads to the reduction of the bulk-state
(BS) bandgap, defined as the bandgap between states that are not
topological end-states (ES). This BS bandgap reduction was reproduced
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using a single-band TB model and removing the C atom sites where
the di-hydrogenation took place since they cannot contribute with an
electron to the 𝜋-system [14,21].

Furthermore, doped GNRs can be produced by introducing sub-
stituent to C atoms such as nitrogen (N) or boron (B) [22–24]. It is
possible to describe such substitution in the TB framework, adapting
the number of electrons and setting an on-site potential at the sub-
stituent atomic sites. One electron is added (resp., removed), and the
on-site potential is set to a negative (resp., positive) value for a 𝑁
(resp,. B) substitution [25–29].

Magnetic moments in graphene nanostructures are important for
technological applications. They are often studied using a mean-field
(MF) approximation of the Hubbard model [4,21,30–33]. When
electron–electron effects are included, a correlation part has to be
included in the magnetic moment expression, which accounts for the
non-decoupling of double occupancies [34–38]. The relation between
topological states energy renormalization and local magnetic moments
was recently investigated in GNR heterojunctions using a many-body
GW approximation for inclusion of correlation effects [36]. In this
reference, it was shown that the magnetic moments in MF are predicted
to be spatially localized exactly where the zero-energy states are located
while they are located along all edges of the GNRs and not only at

https://doi.org/10.1016/j.cartre.2024.100377
Received 13 October 2023; Received in revised form 24 May 2024; Accepted 5 July 2024

Carbon Trends 16 (2024) 100377 

Available online 10 July 2024 
2667-0569/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 
nc/4.0/ ). 

https://www.elsevier.com/locate/cartre
https://www.elsevier.com/locate/cartre
mailto:antoine.honet@ulb.be
https://doi.org/10.1016/j.cartre.2024.100377
https://doi.org/10.1016/j.cartre.2024.100377
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cartre.2024.100377&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


A. Honet et al.

the location of the zero-energy states in the GW approximation, with
a larger range of values in the system. Because magnetic moments are
strongly affected by correlation, we study them in this article in pristine
and end-modified 7-AGNRs. We investigate the spatial localization of
the magnetic moments in MF and GW approximation by changing the
number of electrons and the on-site potential at the modified atomic
sites at the end of the graphene nanoribbon.

The rest of this paper is organized as follows: we start by re-
viewing the models and methods used throughout this study in Sec-
tion 2. We then compare in more details different ways of modeling
di-hydrogenation within the Hubbard model framework in Section 3.
Next, we adopt a common model for all end-modification scenarios
to study the magnetic moments induced by topological ES and by
correlation effects in Section 5. We also study the robustness of these
magnetic moments against end-modifications of the AGNRs, contrasting
them with topologically-induced and correlated magnetic moments.

2. Models and methods

2.1. Single-band Hubbard model for extended graphene and nanoflakes
with edges passivated with hydrogen atoms

In extended graphene, each C atom is bound to three other C atoms,
leading to 𝑠𝑝2 hybridization. As a result, each C atom contributes one
𝑝𝑧 electron to the 𝜋 system, allowing the use of the single-band TB or
Hubbard model. In the case of graphene nanoflakes, such as finite-size
AGNRs, single-band models can be used if one assumes that each C
atom at the edges is passivated by exactly one H atom. The C atoms
at the edges are then bound to two other C atoms and one H atom,
leading to 𝑠𝑝2 hybridization. We therefore model these systems with
TB or Hubbard Hamiltonians at half-filling, i.e., with the number of
electrons being equal to the number of C atoms.

The single-band Hubbard Hamiltonian up to nearest-neighbor hop-
ping terms reads:

�̂�𝐻𝑢𝑏𝑏𝑎𝑟𝑑 =
∑

𝑖,𝜎
𝜖𝑖,𝜎𝑐

†
𝑖𝜎𝑐𝑖𝜎 − 𝑡

∑

⟨𝑖𝑗⟩,𝜎
(𝑐†𝑖𝜎𝑐𝑗𝜎 + 𝑐.𝑐.)

+ 𝑈
∑

𝑖
�̂�𝑖↑�̂�𝑖↓,

(1)

where 𝜖𝑖,𝜎 are the on-site potentials, 𝑡 (resp. U) is the hopping (resp.
interaction) parameter, 𝑐†𝑖𝜎 (resp. 𝑐𝑖𝜎) is a creation (resp. destruction)
operator of an electron at atomic site 𝑖 with spin 𝜎 and �̂�𝑖𝜎 = 𝑐†𝑖𝜎𝑐𝑖𝜎 is
the density operator (of electrons on atomic site 𝑖 and with spin 𝜎). The
⟨ ⟩ sign under the summation symbol indicates that the sum runs over
all pairs of nearest neighbors. In the event that all atoms are equivalent,
as assumed in pure carbon systems, all on-site potentials are equal and
they only lead to a global shift in energy. We therefore arbitrarily set
them to zero. Typical values for the hopping parameter in graphene
are around or slightly below 3 eV [4,17,39] and we took 𝑡 = 2.7 eV
throughout this work. We used 𝑈 = 2𝑡, which is a typical realistic value
for carbon nanostructures [7,36,39].

2.2. Modeling N or B substitutions

Starting the TB Hamiltonian of pure C systems described in Eq. (1),
one can model the substitution of one C atom by an 𝑁 or a B atom
by changing the on-site potential 𝜖 at the substitutional site and by
changing the number of electrons. Since 𝑁 atoms have one electron
more than C atoms, one electron is added in the 𝜋 system for each N
substitution. The on-site potential for the 𝑁 atoms is set to a negative
value of several eV [25–29], meaning that it attracts more electrons
than the other C atoms, accounting for the different atomic numbers.
The case of substitution for B is modeled analogously by removing one

electron from the 𝜋 system and setting a positive on-site value of several
eV [25–29]. The resulting model Hamiltonian reads:

�̂�𝑠𝑢𝑏𝑠𝑡 = 𝜖𝑁∕𝐵
∑

𝛼∈𝑠𝑢𝑏𝑠𝑡,𝜎
𝑐†𝛼𝜎𝑐𝛼𝜎 − 𝑡

∑

⟨𝑖𝑗⟩,𝜎
(𝑐†𝑖𝜎𝑐𝑗𝜎 + 𝑐.𝑐.)

+ 𝑈
∑

𝑖
�̂�𝑖↑�̂�𝑖↓,

(2)

where the 𝛼 index runs over all substitutional sites and the 𝜖𝑁∕𝐵 is the
𝑁 or B on-site potential.

2.3. Modeling di-hydrogenation

There exist several ways to model the effect of di-hydrogenation on
a given C atomic site in graphene. The first one, called C-removing, con-
sists in removing the affected sites of the TB/Hubbard model [14,21].
The electron that the C atom shared with the 𝜋 system in the single-
hydrogen passivated case is now used to bind to the second hydrogen.
The 𝜋-electron of the C atom then does not contribute anymore to
the system and can be ignored. The Hamiltonian operator in this case
is simply the one described by Eq. (1) where the sums run over the
C atomic sites except the ones where di-hydrogenation occurs. The
number of electrons remains equal to the number of C atoms, i.e. the
models are considered at half-filling.

A second way of modeling di-hydrogenation is by considering H
atomic sites as potential atomic sites for the electron to be localized
and therefore by adding H orbitals and associated hopping/on-site
parameters in the Hamiltonian. Therefore, we refer to this approach
using the H-orbitals denomination. One H atom comes with one electron
such that the total number of electrons is the number of C atomic site
plus one for each site of di-hydrogenation. The Hamiltonian accounting
for di-hydrogenated in nanographene samples is therefore given by the
following equation:

�̂� = �̂�𝐻𝑢𝑏𝑏𝑎𝑟𝑑 + �̂�𝐻 , (3)

where �̂�𝐻𝑢𝑏𝑏𝑎𝑟𝑑 is given at Eq. (1) and �̂�𝐻 is a H-related Hamiltonian
given by:

�̂�𝐻 = 𝜖𝐻
∑

𝛼,𝜎
ℎ̂†𝛼𝜎 ℎ̂𝛼𝜎 + 𝑡ℎ

∑

𝛼,𝜎
(ℎ̂†𝛼𝜎𝑐ℎ𝛼 ,𝜎 + 𝑐.𝑐.), (4)

where index 𝛼 runs over all H atoms added for di-hydrogenation, ℎ̂𝛼𝜎
(resp., ℎ̂†𝛼𝜎) is the annihilation (resp., creation) operator of an electron
on the H atom labeled 𝛼 with spin 𝜎, the notation 𝑐ℎ𝛼 denotes the
annihilation operator on the C atom to which the H label 𝛼 is adsorbed,
𝜖ℎ is the on-site parameter at the H site, and 𝑡ℎ is the hopping parameter
linking the H atom and the C atom where H is added. These parameters
were chosen to be 𝜖ℎ = −𝑡∕16 and 𝑡ℎ = 2𝑡 [40].

We considered a third way of modeling di-hydrogenation. As pre-
viously, the basic idea is that an electron should be added to the
system and forced to stay close to the C atom that hosts the di-
hydrogenation site. According to these principles, we propose to model
di-hydrogenation by adding an electron in the system and keeping
the initial system composed of only C atoms, i.e. not removing any
C sites nor introducing any H sites. Instead, the localization around
the C atoms subject to di-hydrogenation is modeled by setting a large
negative value for its on-site potential [31]. We name this third method
C-on-sites. The model Hamiltonian thus reads:
�̂�𝑜−𝑠 = 𝜖𝑜−𝑠

∑

𝛼∈{𝐶𝐻 },𝜎
𝑐†𝛼𝜎𝑐𝛼𝜎 − 𝑡

∑

⟨𝑖𝑗⟩,𝜎
(𝑐†𝑖𝜎𝑐𝑗𝜎 + 𝑐.𝑐.)

+ 𝑈
∑

𝑖
�̂�𝑖↑�̂�𝑖↓,

(5)

where the 𝛼 index runs over all C atomic sites that are subject to
di-hydrogenation (the ensemble of these C sites is written {𝐶𝐻}.

One can easily see that the Hamiltonians described by Eqs. (2) and
(5) are identical up to the order of magnitude of the on-site potential
values. This similarity could allow one to simulate di-hydrogenation
and substitution in a unified framework. In Section 3 we compare the
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different approaches for modeling di-hydrogenation and we show that
the C-on-sites method can capture features that are also observed in the
two other methods for large enough negative on-site values. This allows
us to consider only the C-on-sites method for the di-hydrogenation
modeling in an attempt to unify the description of end-modifications.

2.4. MF approximation of the Hubbard term

The interaction term (third term of Eq. (1)) is often treated in a
MF approximation to model graphene’s electronic properties [4,33,41,
42]. The MF approximation consists of decoupling the product of two
density operators in the interaction term �̂�𝑖↑�̂�𝑖↓. The approximation is
then between the density operator of one spin and mean density of the
opposite spin:

�̂�𝐻𝑢𝑏,𝑀𝐹 = �̂�𝑇𝐵 +
∑

𝑖
𝑈 (�̂�𝑖↑⟨�̂�𝑖↓⟩ + ⟨�̂�𝑖↑⟩�̂�𝑖↓), (6)

where ⟨�̂�𝑖𝜎⟩ is the mean value of the operator �̂�𝑖𝜎 . By adopting such an
approximation, the products of deviations with the mean densities and
a constant shift in the Hamiltonian are neglected [43]. The Hamiltonian
of Eq. (6) has to be solved self-consistently, starting from an initial
guess for the mean densities and updating them at each step, where
a new Hamiltonian is diagonalized.

2.5. GW approximation

The GW approximation is a beyond-MF approximation that includes
some correlation effects via dynamically-screened interaction. The ap-
proximation was recently applied to the Hubbard model in the context
of graphene nanostructures [7,36,39]. The GW approximation is based
on Hedin’s equations [44] that are approximated according to the
vertex function that leads to Dyson’s equation:

𝐺𝑅(𝜔) = 𝐺𝑅
0 (𝜔) + 𝐺𝑅

0 (𝜔)𝛴
𝑅(𝜔)𝐺𝑅(𝜔), (7)

where 𝐺𝑅
0 is the non-interacting retarded Green’s function (computed

using the MF solution), 𝐺𝑅 is the exact retarded Green’s function, and
𝛴𝑅 is the retarded self-energy. Each of these quantities are matrix quan-
tities in the atomically localized and spin basis and Dyson’s equation
has to be understood as a matrix equation. In the GW approximation,
the self-energy is approximated by the (matrix) product of the Green’s
function and the screened potential 𝑊 , computed within the random
phase approximation (RPA), see e.g., Refs. [36], [39] and [38] for a
description of the full equations and theoretical framework. As it is
common practice, we work in natural units, such that ℏ = 1 and 𝜔
is in energy units.

Similarly to the MF approximation, the GW approximation operates
in a self-consistent manner, updating 𝐺𝑅 and 𝛴𝑅 at each step until
convergence is reached for the Green’s function.

2.6. (Local) density of states, local densities and magnetic moments

From the Green’s functions, we define the spectral function:
𝐴𝑖𝜎,𝑗𝜎′ (𝜔) = −2 Im(𝐺𝑅

𝑖𝜎,𝑗𝜎′ (𝜔)). The local density of states (LDOS, written
𝑛𝑖𝜎 (𝜔)) is proportional to the diagonal terms of the spectral function
and the density of states (DOS, written 𝐷(𝜔)) is the sum of all LDOS:

𝑛𝑖𝜎 (𝜔) =
1
2𝜋

𝐴𝑖𝜎,𝑖𝜎 (𝜔) (8)

and

𝐷(𝜔) =
∑

𝑖𝜎
𝑛𝑖𝜎 (𝜔). (9)

The local electronic densities are found by integrating the local
density of states weighted in frequency by the Fermi–Dirac statistics:

𝑛𝑖𝜎 = ∫

+∞

−∞
d𝜔𝑛𝑖𝜎 (𝜔)𝑓𝐹𝐷(𝜔), (10)

where 𝑓𝐹𝐷(𝜔) is the Fermi–Dirac statistics.
Finally, the local magnetic moments are defined as [36]:

⟨

�̂�2
𝑖
⟩

=
⟨

(�̂�𝑖↑ − �̂�𝑖↓)2
⟩

=
(

𝑛𝑖↑ + 𝑛𝑖↓ − 2 𝑑𝑖

)

,
(11)

where 𝑑𝑖 =
⟨

�̂�𝑖↑�̂�𝑖↓
⟩

are the double occupancies and
⟨

(�̂�𝑖𝜎 )2
⟩

= ⟨�̂�𝑖𝜎⟩ =
𝑛𝑖𝜎 for Fermions.

The double occupancies are found in the Green’s function formalism
using an adaptation of the Galitskii–Migdal formula:

𝑑𝑖 =
−1
𝑈

∑

𝑘,𝜎,�̄�
∫

d𝜔
2𝜋

𝑓𝐹𝐷(𝜔 − 𝜇) Im{𝛴𝑅,𝑡𝑜𝑡
𝑖�̄�,𝑘𝜎 (𝜔)𝐺

𝑅
𝑘𝜎,𝑖�̄� (𝜔)}, (12)

where 𝛴𝑅,𝑡𝑜𝑡 is the total retarded self-energy. Since in our case the GW
approximation is constructed with the MF approximation as a starting
point, the retarded self-energy in Eq. (7) does not account for the MF
self-energy, which therefore must be included in the total self-energy
of Eq. (12). The total self-energy is then written

𝛴𝑅,𝑡𝑜𝑡 = 𝛴𝑅 + 𝛴𝑀𝐹,𝑅, (13)

where 𝛴𝑀𝐹,𝑅 is the MF self-energy.
Splitting the double occupancies of Eq. (12) according to the total

self-energy expression (Eq. (13)) leads to:

𝑑𝑖 = 𝑑𝑐𝑜𝑟𝑟𝑖 + 𝑑𝑀𝐹
𝑖 , (14)

where 𝑑𝑐𝑜𝑟𝑟𝑖 (resp. 𝑑𝑀𝐹
𝑖 ) is the correlation (resp., MF-like) part of the

double occupancies found by replacing 𝛴𝑅,𝑡𝑜𝑡 by 𝛴𝑅 (resp., 𝛴𝑅,𝑀𝐹 ) in
Eq. (12).

The MF self-energy is diagonal in spin and expressed using MF mean
densities [45,46]:

𝛴𝑀𝐹,𝑅
𝜎 (𝜔) = 𝑈 diag(𝑛𝑀𝐹

1,�̄� , 𝑛𝑀𝐹
2,�̄� ,… , 𝑛𝑀𝐹

𝑁,�̄� ), (15)

with �̄� = −𝜎.
Using Eq. (15), the MF-like double occupancies of Eq. (14) can be

written as:

𝑑𝑀𝐹
𝑖 = 1

2
(𝑛𝑀𝐹

𝑖,↑ 𝑛𝑖,↓ + 𝑛𝑀𝐹
𝑖,↓ 𝑛𝑖,↑). (16)

In the MF approximation, double occupancies reduce to the MF-
like ones and are given by 𝑑𝑖 = 𝑑𝑀𝐹

𝑖 = 𝑛𝑀𝐹
𝑖,↑ 𝑛𝑀𝐹

𝑖,↓ , leading to magnetic
moments equals to:
⟨

(�̂�𝑀𝐹
𝑖 )2

⟩

= 𝑛𝑀𝐹
𝑖↑ + 𝑛𝑀𝐹

𝑖↓ − 2𝑛𝑀𝐹
𝑖↑ 𝑛𝑀𝐹

𝑖↓ , (17)

according to Eq. (11).

2.7. Numerical methods

The TB, MF and GW computations are achieved using the Hub-
bard_GW code [47]. A broadening parameter [39] of 10−3 𝐸𝐻

𝑡 (with
𝐸𝐻 = 27.21 eV the Hartree energy) was used for the Green’s functions
and the number of frequencies in the grid varied from 213 to 214.
214 frequencies are needed for convergence for on-site potentials of
𝜖 = −20 eV while 213 was sufficient in other cases. The limits of the
frequency grids were set to ±16𝜋𝑡 except for the fully H-passivated case
for which ±8𝜋𝑡 were used. The structures were generated using the
pybinding software [48]. The numerical visualization tools from pybinding
package are used in Fig. 3 and in Figs. 1 and 2 of the SI.

3. Comparison between the different methods of modeling di-
hydrogenation

We now study the different methods (C-removing, H-orbitals, and
C-on-sites) presented in Section 2.3 for modeling di-hydrogenation in
the case of end-modified 7-AGNRs. As far as the H-orbitals technique
is concerned, we define effective mean density on a C atomic site
hosting two H atoms as the sum of the mean densities on the C atomic
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Fig. 1. DOS for 6 UC end-modified 7-AGNRs using the C-on-sites method with 𝜖 values of 0 eV, −4 eV, −10 eV and −20 eV (top four curves) and using the H-orbitals method
(bottom curves), within a TB model (i.e. with 𝑈 = 0) with 𝑡 = 2.7 eV. All curves are shifted artificially for better visualization and the zero DOS levels are indicated with black
lines. The left (resp., right) panel shows the DOS for AGNRs with one end (resp., two ends) modified. The locations of the end modifications are indicated on the structure with
purple crossed circles. The structure plots were generated using the pybinding software [48]. All Fermi levels are aligned to 0 eV.

Table 1
BS energy gaps of 6 UC 7-AGNRs in the TB, MF, and GW approximations for a non end-
modified AGNR, and symmetrically modified AGNRs (both ends) using the C-removing
and C-on-sites methods with 𝜖 values set to 0 eV, −4 eV, −10 eV, and −20 eV. We
used 𝑡 = 2.7 eV and 𝑈 = 2𝑡.

BS energy gaps [eV]

TB MF GW

No end-modification 1.97 2.12 2.1
C removing 1.58 1.59 1.75
𝜖 = 0 eV 1.98 1.99 2.04
𝜖 = −4 eV 1.43 1.24 1.27
𝜖 = −10 eV 1.56 1.53 1.69
𝜖 = −20 eV 1.58 1.58 1.74

site and on the additional H atom. This is further illustrated in the
Supplementary Information (see Fig. 1 of the SI).

We first compare the C-on-sites and the C-removing methods, in-
cluding TB computations similar to Ref. [14] in our comparison. In
this reference, the authors showed experimentally that the BS gap is
significantly reduced when the central C atoms of both ends of a 7-
AGNR are di-hydrogenated. Moreover, they used TB computations and
the C-removing modeling of di-hydrogenation to study the phenomenon
and showed that this BS gap reduction is correctly reproduced. Table 1
reports the BS energy gaps of a finite-size 6 unit cells (UC) 7-AGNR
(see illustration of the system on top of Fig. 1) in the TB, MF and GW
approximation for the case of no end-modification as well as two end-
modifications modeled using the C-removing method and the C-on-sites
method with different on-sites values ranging from 0 eV to −20 eV.
We see in the table that the experimentally observed BS gap reduction
is reproduced in all three approximations when considering the C-
removing method, reduced from ∼ 2–2.1 eV to ∼ 1.6–1.75 eV. When
considering the C-on-sites method, the BS gaps are reduced significantly
for intermediate on-site energies, (see 𝜖 = −4 eV in Table 1), for all
approximations (TB, MF and GW). They then increase to reach the ones
predicted via the C-removing method for large negative 𝜖 values.

Moving on to the comparison between the C-on-sites and the H-
orbitals methods within the TB model, Fig. 1 shows the DOS for 6 UC
7-AGNRs with one and two end(s) modified for the two methods. For
the C-on-sites method, 𝜖 values of 0 eV, −4 eV, −10 eV and −20 eV are
considered. We observe for both systems that the DOS obtained from
the C-on-sites method converges towards the H-orbitals DOS when the

magnitude of 𝜖 is increased. The agreement between the two methods
for 𝜖 = −20 eV in the C-on-sites method is remarkable, especially for the
unoccupied states. From Fig. 1, an apparent electron–hole symmetry
for the H-orbitals method is observed while not for the C-on-sites one.
This could be understood by the fact that the Hubbard model on a
bipartite lattice is known to present particle–hole symmetry at half-
filling [49,50]. Indeed, taking the H-passivated case at half-filling as
a starting point, the H-orbitals method introduces two new orbitals
with one electron, leading to a system at half-filling and then to an
electron–hole symmetry even if numerical errors cannot be avoided. At
the opposite, the C-on-sites method introduces one electron but no new
orbitals (only an on-site is incorporated to model the modification),
leading to non half-filled system. The electron–hole symmetry can then
be theoretically broken.

This very good agreement is confirmed by inspecting the local
electronic densities of Eq. (10), shown in Fig. 2 for the same methods
and parameter values. The densities are the effective densities for the
H-orbitals method as illustrated in the Supplementary Information (see
Fig. 1 of the SI). As in Fig. 2, the scale is rather extended due to the
strong localization for some models, it is instructive to also compare
the electronic densities not representing the sites of strong localization
for better visualization of smaller variations. This is done in the SI in
Fig. 2, which allows us to also conclude that the large negative limit
for 𝜖 reproduces the H orbitals model well, showing a more uniform
density.

In conclusion, key features of end-modified AGNRs such as the BS
energy gap, the DOS, and the total electronic density can be described
using the C-on-sites method with great agreement with the two other
modeling methods in the large enough negative value limit for the
on-site potentials. Therefore, we model di-hydrogenation via C-on-sites
method in the following of the paper, adopting a unified framework to
describe di-hydrogenation and N/B substituents at the ends of AGNRs.

4. DOS and local electronic densities

For the case of finite-size 7-AGNRs with H-passivation at the edges,
we showed in a previously published paper that the GW approximation
introduces an energy renormalization of the topological end states and
slight changes in the total LDOS which are more significant in the
spin-polarized LDOS [7]. Fig. 3 shows the DOS of end-modified 6 UC
7-AGNRs using −4 eV and −10 eV for end-modifications at one or two
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Fig. 2. Local electronic densities of the one-end (left) and two-end (right) modified AGNRs using the C on-site potential and H orbitals methods within a TB model (i.e. with 𝑈 = 0)
with 𝑡 = 2.7 eV. The C on-site potential 𝜖 increases in magnitude when going downward in the panels and the last bottom panel is for the H orbital method.

Fig. 3. DOS for 6 UC end-modified 7-AGNRs using C-on-sites method with 𝜖 values
of −4 eV and −10 eV, in the MF (blue curves) and GW (red curves) approximations.
All curves are shifted artificially for better visualization and the zero DOS levels are
indicated with black lines. The top (resp., bottom) four curves show DOS for AGNRs
with one end (resp., two ends) modified. All Fermi levels were aligned to 0 eV. We
used 𝑡 = 2.7 eV and 𝑈 = 2𝑡. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

end(s). As for the H-passivated case, we observe little changes between
the MF and GW approximations, mainly energy renormalization of
near-Fermi-level states.

When incorporating an end-modification, the spin-polarization at
the modified end disappears as can be seen in Fig. 5. This could be
understood as a consequence of the added electron occupying one more
topological ES of the system. This is further illustrated in the SI in
Fig. 4, where the magnetic moments of a two-electron doped system are
shown, without any on-site potential. In the one-end modified case, the
effect of GW approximation on the electronic density is again to reduce
the spin polarization (near the unmodified end).

For GNRs that are modified symmetrically at both ends, all spin
polarization is removed compared to the H-passivated case, resulting
in a fully spin-symmetric electron density, as can be seen in Fig. 6.
As a conclusion to this section, we can state that the MF and GW
approximations lead to qualitatively similar results even if a more
closely look shows that GW has the effect to renormalize the energies,

mostly of the topological ES and to attenuate the spin polarization of
the system, but there are still opposite spin accumulations at opposite
ends in the H-passivated case (see Fig. 4), a single spin accumulation
at the unmodified end for the one end-modified cases (see Fig. 5) and
no spin polarization for the two end-modified cases (see Fig. 6).

5. Local magnetic moments in end-modified 7-AGNRs

Magnetic moments are quantities that are strongly affected by elec-
tronic correlation as pointed out in several studies using different
methods for the inclusion of correlation [34,36,37]. Therefore in this
section, we move to a quantification of correlation effects. In the
MF approximation, magnetic moments can be calculated directly from
mean occupations (Eq. (17)) while a correlated part must be included
in the GW approximation.

The magnetic moments of 6 UC 7-AGNRs computed in the MF and
GW approximations are displayed in Fig. 7 for the H-passivated case in
(a) and modified cases with one and two ends using −4 eV in (b) and
−10 eV in (c). We stress that the local magnetic moments presented in
Fig. 7 are defined at Eq. (11) and are different quantities than the dif-
ference between spin up and spin down mean densities reported at the
bottom of Figs. 4 and 5. For the H-passivated case (Fig. 7 a)), the local
magnetic moments in the MF approximation are found at the two ends
where the topological ES are located. The GW approximation predicts
local magnetic moments in general larger than the MF approximation.
The MF magnetic moments are ∼ 0.5–0.58 while the GW magnetic
moments are ∼ 0.6–0.65. Moreover, the GW approximation predicts the
largest magnetic moments along all the edges and not only at the two
zigzag ends. These observations were already made for the H-passivated
case considering AGNRs heterojunctions in a recent publication using
MF and GW approximations [36].

For the one end-modified case (see the left illustrations shown in
Fig. 7 (b) and (c)), the local magnetic moment at the site of modifi-
cation decreases significantly when 𝜖 grows in absolute value, starting
from ∼ 0.58 (MF) and ∼ 0.67 (GW) for the unmodified case to ∼ 0.13
(MF) and ∼ 0.12 (GW) when 𝜖 = −10 eV. In the MF approximation, the
magnetic moment at the opposite end (the unmodified one) decreases
when 𝜖 increases in absolute value. Interestingly, the opposite behavior
is observed in the GW approximation, resulting in a large local mag-
netic moment (∼ 0.73) at the unmodified end of the one end-modified
case with 𝜖 = −10 eV.

For the two end-modified case (see the right illustrations in Fig. 7
(b) and (c)), we see a decrease in the local magnetic moment at the
end-modified sites, similar to the one observed in the one end-modified
case. In the MF approximation, all the unmodified sites present rather
uniform magnetic moments. In contrast, the GW results show stronger
magnetic on the (unmodified) edges.
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Fig. 4. Local electronic densities for H-passivated 6 UC 7-AGNRs. The left (resp., right) column shows the MF (resp., GW) results for spin-up and spin-down electrons (top and
middle plots, respectively), as well as the difference between the two spin densities (bottom plots). We used 𝑡 = 2.7 eV and 𝑈 = 2𝑡.

Fig. 5. Local electronic densities for one end-modified 6 UC 7-AGNRs. The left (resp., right) column shows the MF (resp., GW) results for spin up and spin down electrons (top
and middle plots respectively) as well as the difference between the two spin densities (bottom plots). We used 𝑡 = 2.7 eV and 𝑈 = 2𝑡.

Overall, while magnetic moments at the site of the modification
strongly depend on the modification itself both in the MF and GW
approximations, the correlated magnetic moments induced in the GW
approximation (located at along all edges in the H-passivated case)
appear to be robust to end modifications. They remain located at the
unmodified edges and with a similar strength upon one- or two-end
modifications for the different on-site potentials.

6. Conclusion

We conducted an investigation on the impact of end-modifications
on finite-size 7-AGNRs. Our study began with a comparative analysis
of various methods used in the literature to model dihydrogenation
within both a tight-binding (TB) and Hubbard model frameworks. In
particular, we found that adopting the C-on-site method yielded results

akin to those obtained with the C-removing and H-orbitals methods
concerning properties such as bulk-states bandgap (BS gaps), density
of states (DOS), and electronic densities.

Subsequently, with a focus on the C-on-site method, we examined the
local magnetic moments within unmodified and end-modified AGNRs.
For unmodified AGNRs, our findings align with a previous study that
calculated magnetic moments in GNR heterojunctions [36]. The MF
approximation predicts substantial magnetic moments only in regions
where topological electronic structures are located, whereas the GW
approximation predicts substantial magnetic moments along all edges.
Additionally, we observed that edge-localized correlated magnetic mo-
ments remain robust even when end-modifications were introduced
to the AGNRs, provided that the modifications were applied solely
to the unaltered edges. In contrast, magnetic moments at the loca-
tions of topological electronic structures vanish when electrons were
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Fig. 6. Local electronic densities for two end-modified 6 UC 7-AGNRs. The left (resp., right) column shows MF (resp., GW) results for spin-up and spin-down electrons (top and
bottom plots respectively). Compared to Fig. 5, the difference between spin-up and spin-down densities is not shown because it is zero everywhere (the densities are spin-symmetric).

Fig. 7. Local magnetic moments for H-passivated (a) and for the one and two end-modified 6 UC 7-AGNRs with 𝜖 = −4 eV (b) and 𝜖 = −10 eV (c). In each case, the top (resp.,
bottom) illustrations correspond to the MF (resp., GW) results. In (b) and (c), the one (resp., two) end-modified cases are shown on the left (resp. right).

introduced into the system, leading to the occupation of previously
unoccupied topological electronic structures in the case of H-passivated
terminations.

These finite-size systems, synthesized experimentally, hold signifi-
cant potential for future electrical and magnetic applications. However,
given that they can be synthesized with various terminations, it is
imperative to elucidate which properties are susceptible to termination-
induced changes (e.g., the BS gap) and which exhibit resilience (e.g.,
local magnetic moments). The localized magnetic moments discussed
here, including on-site spin–spin correlation (see Eq. (11)), have how-
ever never been reported experimentally at atomic precision for any
graphene nanosystem. We hope that this will be possible in the future
to confirm or refute our theoretical predictions.
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Appendix A. Supplementary data

Supplementary material related to this article can be found online at
https://doi.org/10.1016/j.cartre.2024.100377. It contains information
on the effective representation (H-orbital case) and complementary
results as the electron doping case.
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