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We employed Density Functional Theory (DFT) to investigate the electronic, magnetic, and optical
characteristics of armchair graphene nanoribbons (AGNRs) decorated with neptunium (Np) and
plutonium (Pu). Our analysis delves deeply into the intricate orbital hybridizations associated with C—
Np, C-Pu, C-C, Np—-Np, and Pu-Pu chemical bonds. Through this approach, we explore the
electronic band structure, band-decomposed charge densities, spin—charge distributions, and Van
Hove singularities in the density of states. Furthermore, our examination successfully correlates optical
excitation with electronic band energy. Our results indicated that these rare-earth atoms are strongly
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Accepted 20th May 2024 bound to the edge structure of AGNRs, significantly altering their electronic, magnetic, and optical
properties. Theoretical exploration not only reveals the intriguing physical and chemical properties of
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1 Introduction

In 2004, a pivotal achievement occurred with the successful
fabrication of graphene via the mechanical exfoliation method
by Geim et al.* Graphene represents the pioneering example of
a truly two-dimensional (2D) material, poised to serve as an
optimal platform for unlocking low-dimensional physics and
applications.> Graphene exhibits a distinctive property as
a gapless semiconductor,® characterized by a cone-like energy
spectrum in proximity to the Fermi energy. The electronic
properties of graphene give rise to numerous remarkable
characteristics, such as high carrier mobility at 300 X (>200 000
cm?® V' s71),* superior thermo-conductivity (3000-5000 W m ™"
K '),® extremely high modulus (~11 TPa)® and tensile strength
(~1100 GPa),” high transparency to incident light over a broad
range of wavelengths (97.7%),* and an anomalous quantum
Hall effect.” Since then, much research on graphene and other
2D graphene-like materials'®?® has captured the attention of
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experimental and theoretical researchers, spanning the realms
of fundamental science and applied technology.”

Particularly, considerable research interest has centered on
one-dimensional (1D) graphene nanoribbons (GNRs), primarily
due to their distinctive honeycomb lattice structure and the
intriguing effects of finite-size quantum confinement.?> The
creation of GNRs has been accomplished through various
methodologies, with the most prevalent approaches involving
the division of graphene via metal-catalyzed cutting processes,*
lithographic patterning,* and plasma etching.”® To meet the
demands of large-scale production essential for the semi-
conductor industry, the chemical vapor deposition technique
has been refined for the synthesis of GNRs.>®

Controlling the electronic, magnetic, and optical properties
of GNRs is crucial for enhancing the efficiency of electronic and
optical devices. The manipulation is achieved through multi-
faceted strategies such as edge modifications,” surface
adsorption,®® internal doping,* and the strategic introduction
of topological defects.*® Especially, within the variety of tech-
niques, edge modification emerges as a prominent chemical
methodology, yielding pronounced and controllable alterations
in electromagnetic characteristics.

In the absence of passivation, pristine GNRs exhibit a planar
structure characterized by open edges, which creates a chemi-
cally reactive environment.** The presence of dangling bonds at
the edges of carbon atoms renders them highly unstable,
leading to the adsorption of atoms, molecules, or radical
groups. These interactions induce substantial changes in both
the fundamental electronic properties and the geometric
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arrangements of GNRs. The specific type and concentration of
adsorbed adatoms play a pivotal role in governing the extent of
these transformations. Theoretical calculations have indicated
the stability of certain adatom-terminated GNR configurations,
extending beyond the conventional H-terminated setups, for
instance, K, F, O, B, Mg, Ru, and Te, as well as transition-metal-
terminated GNRs.**** These insights illuminate the interplay
between chemical modifications and the resultant modifica-
tions in the electronic and geometric characteristics of GNRs,
offering a promising avenue for tailoring their properties to
specific device applications.

In this study, we employ an advanced first-principles inves-
tigation based on DFT to comprehensively analyze the intricate
electronic, magnetic, and optical attributes of Np and Pu
decorated armchair graphene nanoribbons (AGNRs). We also
established a similar calculation for the intrinsic and hydrogen-
terminated armchair graphene nanoribbons (H-AGNRs) for
comparison. Through methodical modifications, we systemati-
cally dissect and elucidate the pivotal contributions of these
passivating species to a spectrum of essential properties. Our
analysis is characterized by a coherent and meticulous
approach, yielding consistent and robust observations. Conse-
quently, we establish a comprehensive and unified under-
standing of the intricate interplay encompassing orbital
hybridizations, spin configurations, electronic properties, and
optical transitions. This study contributes to a deeper insight
into the underlying principles governing nanoribbon behavior
within well-defined theoretical frameworks.

2 Computational details

Density functional theory (DFT) calculations using the Vienna
ab initio simulation package (VASP) and the Perdew-Burke-
Ernzerhof (PBE) functional®*** were performed to investigate
the geometric and electronic properties of edge-adsorbed
AGNRs. The projector-augmented wave pseudopotentials®
were used to capture electron and ion interactions. The func-
tional PBE is known to generally underestimate dispersive
interactions. To accurately determine system energy, the
dispersion correction method is recommended.’” However,
when it comes to electronic properties such as band structures
and band gaps, the impact of dispersive corrections is minimal.
Therefore, we have chosen not to incorporate the dispersion
correction in our work. The wave functions are built from the
plane waves with a maximum energy cutoff of 500 eV. The first
Brillouin zone is sampled along the one-dimensional periodic
direction by 22 x 1 x 1 and 100 x 1 x 1 k points in a Gamma
scheme for structure relaxation and electronic properties,
respectively. The convergence criterion for one full relaxation is
determined by setting the Hellmann-Feynman forces to less
than 0.01 eV A~ and the total energy difference to less than
10°eV.

Additionally, this study uses the Hubbard-U method®® to
address the computational shortcomings encountered in GGA
calculations. The implementation of GGA + U (with U = 4.5) has
been chosen to rectify the inadequate description of strongly
localized electrons in the Np 5f and 6d/Pu 5f states.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3 Results and discussion

Armchair graphene nanoribbons (AGNRs) are excellent candi-
dates for exhibiting diverse crystal phases following edge deco-
rations. In this study, we focus on AGNRs with N, = 8 for
modeling purposes. The process of creating edge terminated
AGNRs involves two steps: first, generating AGNRs without edge
passivation, and then introducing guest adatoms to passivate the
dangling bonds. Each step was carefully optimized. After opti-
mization, it was observed that AGNRs maintain their planar
honeycomb structures even after the adsorption of adatoms (H/
Np/Pu). The stability of these configurations can be evaluated
based on their low binding energies. For a pristine system
(Fig. 1a) because the ribbon edge is not terminated with ada-
toms, geometric reconstruction takes place, leading to the edge
dangling bonds with non-uniform environments. Particularly,
the outermost C-C lengths of 1.23 A are much shorter than those
of the ribbon center (1.43 A). The edge structures are different
before and after the chemical decorations. The H-AGNRs possess
the well-known hexagonal plane (Fig. 1b), in which a tiny charge
of about +0.01 e is transferred from C towards the H atoms. The
rather strong chemical bonding with a bond length of 1.08 A
indicates the covalent nature of the C-H bond. This result is in
good agreement with previous theoretical predictions.** For rare-
earth atoms, typical as Np/Pu, AGNRs present a non-uniform
pentagon that appears in an armchair edge (Fig. 1c and d).
Indeed, Np and Pu, characterized by their highly localized d and f
orbitals, exhibit strong interactions with carbon atoms, with the
Np-Np/Pu-Pu and C-Np/C-Pu bond lengths listed in Table 1,
respectively. According to Bader charge analysis, a large amount
of charge transfers from the Np/Pu toward C. Furthermore, the
non-uniform C-C bond lengths are reduced to 1.39-1.43 A. These
reflect more stable structures due to the edge passivation.

Shown in Fig. 2a-d are the charge density distributions of the
studied materials, suggesting highly non-uniform environ-
ments of the chemical bonds, in which they directly reflect
chemical bonding strength. All the C-C bonds possess strong
covalent ¢ bonds and relatively weak 7 bonds simultaneously.
Such bonds are enhanced for the edge C-C bonds in pristine
systems, as shown by the dark red region in Fig. 2a. This is
responsible for the shortened bond lengths and the energy
range of edge-atom-dominated bands. As for H-terminated
ones, the C-H bonds are revealed by the red region between
them, while the edge C-C bonds are weakened under the loss of
the o electrons (Fig. 2b). The above similar behaviors are also
true for the case of rare-earth decorations (Fig. 2c and d); the
saturated guest-host bonds can create very rich multi-orbital
hybridizations and strong deformation of the nearest and
even second nearest-neighbor C-C bonds. In addition, the
atomic interactions, which are associated with the edge-
dependent closed pentagon, present an expansion, and
a weak but important charge density redistribution occurred at
the edge C-Pu. This phenomenon clearly illustrates the metallic
nature of this chemical bonding.

The charge density difference can provide more useful
information about the atomic interactions and reveal a concise
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Fig. 1 The optimal one-dimensional (1D) crystal structures for (a) AGNRs [N, = 8], (b) H-AGNRs, (c) Np-AGNRs, and (d) Pu-AGNRs.

Table 1 Atomic configuration (A), binding energy (E,), carbon-rare-
earth atom bond length (dc_x), edge carbon—carbon bond length
(dc_c), Bohr magneton (ug), charge transfer (CT), and indirect/direct
bandgap or metal behaviors (E4%/M) of rare-earth element decorated
armchair nanoribbons (N, = 8)

Adatom  d¢ x (A) do_c(A) . CT(e)  EVM (ev)
None — 1.24 0.00  — E, =0.43
H 1.08 1.37 0.00 +0.01  Ey=0.42
Np 2.41 1.39 423 -197 M

Pu 2.39 1.39 543 —-1.90 M

critical picture of the orbital hybridizations. This could be
achieved by the subtraction of the isolated atoms from that of
the armchair nanoribbons. As for pristine ribbons in Fig. 2e, the
strong ¢ bonding is exhibited by the charge distribution
between two carbon atoms. There are more charges distributed
at the ribbon edge indicating the triple nature. Variation of
charge in H-AGNRs illustrates the clear image of charge transfer
from edge carbons to hydrogens (Fig. 2f). This accounts for the
vanishing of the edge-atom dominated energy band and the
corresponding Van Hove singularities in the density of states.
The rare-earth atoms (Fig. 2g and h), on the other hand, illus-
trate a large number of charge transfers to form the stable Np-
C/Pu-C metallic bonds. This phenomenon originated from the
charge donation behaviors of rare-earth metals. In addition, the
interactions of the 5f wave functions of Np/Pu with the o
orbitals of carbon atoms are revealed in the side view of charge
density differently.

The pristine AGNRs and H-AGNRs are semiconductors with
non-magnetic configurations. The magnetic moments could be

3880 | Nanoscale Adv, 2024, 6, 3878-3886

achieved by introducing the magnetic adatoms on the surface
or at the dangling bonds of the nanoribbons. In this work, the
AGNRs are terminated by rare-earth atoms that may induce
interesting magnetic configurations. As illustrated in Fig. 2i-l,
the spatial spin density distributions are fully assisted by the
atom- and orbital-projected net magnetic moments. The rare-
earth-metal guest atoms make very large contributions to the
ferromagnetic spin configurations at two edge structures (the
very large red regions, e.g., 4.23/5.43 ug for Np/Pu decorated
AGNRs). The opposite is true for the host carbon atoms, in
which their ratio is roughly smaller than 0.2%. All of them
display very weak spin-down distributions under the Np/Pu
decoration (the enlarged green iso-surfaces). The extremely
large magnetic configurations frequently come to exist by the
rare-earth-metal edge decorations. The Np-Np/Pu-Pu magnetic
interactions should be much stronger than those in the
neighboring Np-C/Pu-C bonds, even if their bond-length ratio
is roughly equal to two. The spin-magnetic moment is appar-
ently, proportional to the atomic numbers (Table 1) since the
inducing magnetic configurations are strongly dependent on
the available spin-polarization of the guest adatoms.

The electronic band structure of pristine AGNRs is mainly
characterized by the edge structure, the dangling bonds, and
the quantum confinement effects. The electronic band struc-
ture of pristine AGNRs with N, = 8 as plotted in Fig. 3a displays
a lot of one-dimensional (1D) valence and conduction energy
sub-bands, directly reflecting the active carbon orbitals in unit
cells. There exist four energy bands (cyan circles), which prin-
cipally come from the edge dangling bonds. Due to the
quantum confinement effects, it exhibits an indirect gap of

Ey = 0.71 eV with the highest occupied valence and lowest

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a)-(d) The charge density distributions of pure AGNRs, H-AGNRs, Np-AGNRs, and Pu-AGNRs, the corresponding charge density

difference, respectively (e)—(h). The spin density distribution and it's the corresponding enlarged pictures for (i)—() Np-AGNRs, and Pu-AGNRs.
The red iso-surface indicates the spin-up component, while the green part denotes the spin-down charge density.

unoccupied conduction states, correspondingly at I'-zone and
Z-zone boundaries, where the latter corresponds to the edge
dangling bond states as mentioned above. Strong energy
dispersion occurs in the parabolic, partially flat, linear forms,
and many band-edge states with zero group velocities.

The electronic properties of AGNRs are dramatically altered
after hydrogen passivation as shown in Fig. 3b. The edge-atom-
created conduction bands and weakly dispersive valence bands
vanish for various H-passivated armchair systems, indicating
the absence of dangling bonds. These drastic changes in energy
bands originate from the strong C-H bonds and the very low
bound state energy of H 1s. The co-dominance of C(2s, 2py, 2py)
and H 1s orbitals makes important contributions to the valence-
occupied states in the range of E < —3.0 eV.

The low-lying band structures, as clearly illustrated in
Fig. 3c-d, exhibit dramatic transformations after the edge
decorations of the rare-earth metal adatom. There are more 1D
energy sub-bands because of the active neptunium/plutonium-
carbon orbital hybridizations. Each sub-band is dominated by C
or Np/Pu, or co-dominated by (C, Np)/(C, Pu) as will be dis-
cussed later in the density of states in Fig. 4a-d. The drastic
changes in the band-edge states cover their numbers, energies,

© 2024 The Author(s). Published by the Royal Society of Chemistry

critical points, and curvatures. The 1D energy sub-bands also
exhibit spin-split behaviors, mainly owing to the 5f orbitals of
the rare-earth-metal atoms. Furthermore, the semiconductor—
metal transitions come to exist in all rare-earth decoration
systems, indicating the generation of metallic bonds. These
dominating free carrier densities would induce the observable
spin current under a small bias voltage. The 1D rare-earth-metal
edge-decorated graphene nanoribbons are expected to create an
unusual spintronic.

The main features of Van Hove singularities in the density of
states® are easily modulated by the host and guest atoms. In
Fig. 4a, the pristine graphene nanoribbon can display a lot of
strongly asymmetric peaks across the Fermi level, mainly owing
to 1D parabolic energy sub-bands. Any pristine systems have
band gaps without free carriers at the Fermi level because of the
complicated chemical/physical environments. Most of the - and
o-electronic Van Hove singularities do not present prominent
mergences, indicating perpendicular chemical bonds on a planar
honeycomb crystal. The Van Hove singularities of the latter come
to exist at the same frequencies, but under different intensities
even for p, and p, orbitals (the destruction of (x, y) plane
symmetry). The highest occupied valence states and the lowest

Nanoscale Adv., 2024, 6, 3878-3886 | 3881
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Fig.3 The electronic band structures with carbon-edge-atom-dominance (cyan circles) for (a) pristine AGNRs, (b) H-AGNRs, (c) Np-AGNRs, and
(d) Pu-AGNRs. The dashed red and solid black lines correspond to spin-up and spin-down energy bands. The colored arrows represent the
vertical optical excitations corresponding to the prominent peaks which show the imaginary part of dielectric functions in the cases: (e) pristine

AGNRs, (f) H-AGNRs, (g) Np-AGNRs, and (h) Pu-AGNRs, respectively.

unoccupied conduction ones, which account for a band gap,
respectively arise from p, and (p,, p,) orbitals, in which the latter
is associated with the carbon edge-atoms. This result differs from
those observed in single-layer*® and few-layer graphene systems,*
graphene-like materials'® and ¢-IV-VI monolayers,"”” where the
electronic and hole states arise from p, and p, orbitals, as well as
P« (py) and p, (p,) orbitals, respectively.

After being passivated by the hydrogen atoms, the low-lying
conduction structures are only dominated by the 2p, orbitals
(Fig. 4b); that is, the 7 bonding determines the low-energy
essential properties of the H-passivated armchair graphene
nanoribbons. Furthermore, the 1s- and (2s, 2p,, 2p,)-related
asymmetric peaks appear simultaneously, revealing the strong
orbital hybridizations among the three orbitals. The behavior
reflects the presence of the sp*s chemical bonding in the C-H
bonds.

The number, frequency, and intensity of Van Hove singu-
larities show obvious changes after the Np/Pu edge decorations
(Fig. 4c-d), especially for their dominant energy regions
—3.50 eV < E < +4.00 eV. As for plutonium (Pu), the significant

fourteen-5f orbitals about (5f,%, 5f..%, 5., 5fyz, 5fe — y2), 5Exee

3882 | Nanoscale Adv., 2024, 6, 3878-3886

_ 3y?), 5fy3x2 — y2)) reveal comparable contributions; furthermore,
there exist important differences between the spin-up and spin-
down Van Hove singularities. The spin-split C(2s, 2py, 2p,, 2P;)
also displays observable differences, in which the C 2p, orbitals
create the Fermi-surface band properties. This further illus-
trates the metallic bonds of C-Pu and Pu-Pu at edge bound-
aries. From the merged Van Hove singularities, the multi-orbital
hybridizations of C-Pu, Pu-Pu and C-C bonds, respectively,
exhibit (28, 2p, 2py, 2P)~(5£.", 5fx.”, 55,27, 5l 5o — 7)) Sfape -
3y%)s Sfy(:%x2 - yz))y (szB, 5fx22v Sfyzzy 5fxyz’ sz(x2 — ) 5fx(x2 — 3% 5fy(3x2
= )58, 56, 55,27 5z, 5T — 3y 5fxie — 32 Shae — y)s
and (2s, 2p,, 2p,)—(2s, 2px, 2p,) & (2p,~2p;). Of course, the
ferromagnetic spin configurations are driven by the Np/Pu
atoms.

In the presence of external electromagnetic field perturba-
tion, electrons within occupied states undergo vertical excita-
tion to unoccupied states. The optical excitation process must
adhere to the conservation principles of energy, momentum,
and the Pauli exclusion principle.* The dynamical character-
istics of the charge screening could be well defined by the
microscopic dimensionless dielectric function &(w). According

© 2024 The Author(s). Published by the Royal Society of Chemistry
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H-AGNRs, (c) Np-AGNRs, and (d) Pu-AGNRs.

to the Fermi-golden rule, the single-particle excitations are
directly related to the imaginary part of dielectric functions:

Imle(w)]oc Y |vk|e-plck|*6(w — Eu — Eu) 1)
vek

where the square of the dipole matrix element |vk|é-p|ck|*, and
the electronic joint density of states, é(w — E.c — Eyk), respec-
tively, are responsible for the oscillation strength of each exci-
tation peak, and the transition energy. Note: w is a photon of
frequency. E.. and E, are single-particle energies for the
conduction band state |ck>, and valence band state |vk>,
respectively. The bare response function mentioned here
directly relates to the dynamic charge screening and reflects the
main features of the electronic band structure. It is very
important to note that optical excitations of the electrons with
opposite spin-polarizations are forbidden.*” The spin-depen-
dent excitations of electrons mostly obey the Fermi-Dirac
distributions.

Because of the 1D density of states, the optical absorbance
spectrum of pristine AGNRs presents at least five square root
divergent peaks (Fig. 3e). The optical gap, which is the threshold
frequency situated at 0.60 eV, is slightly larger than the indirect

© 2024 The Author(s). Published by the Royal Society of Chemistry

band gap. Such rapid oscillation originates from the promotion
of C 2p, electrons at the I'" center. The second and the third
prominence peaks are correspondingly related to the excita-
tions of C 2p, electrons in the second valence sub-band to the
second and the third conduction sub-bands. Very interestingly,
the prominent peaks at 3.50 eV and 4.40 eV are due to the
dominating orbitals of C(2s, 2p,, 2p,). Such structures are
purely induced by the edge-dangling bond effects. The delicate
identifications are achieved from the orbital-decomposed Van
Hove singularities; that is, the initial and/or the final states
must possess the singular densities of states. It is very impor-
tant to note that the transitions between the 7 and o states are
absent even though their joint density of states is significant.
This is due to the vanishing of the in-plane matrix element
|@xy|Pxyl@2|* in the planar honeycomb lattice.

The optical properties of H-AGNRs (Fig. 3f) are quite
different from those of the pristine ones. The optical gap is now
located at 0.40 eV and equal to that of the direct electronic band
gap. The second and third peaks undergo a blue shift with their
transition energy being 2.30 eV and 3.90 eV, respectively. These
prominent peaks are all dominated by 2p, — 2p, optical tran-
sitions. Interestingly, the fourth and fifth peaks, which are

Nanoscale Adv., 2024, 6, 3878-3886 | 3883
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Table 2 The specific relations between the prominent absorption structure, transition energy, and the dominant orbital hybridizations & spin

polarizations for pristine AGNRs, H-AGNRs, Np-AGNRs, and Pu-AGNRs

System Peak Energy (eV) Orbital hybridizations Spin polarization
Pristine Red 0.60 C(2p,) — C(2p,) —
Blue 1.90 C(2p;) — C(2py) —
Green 2.87 C(2p,) — C(2p,) —
Cyan 3.50 C(2s, 2py, 2py) — C(2s, 2py, 2py) —
Black 4.40 C(2s, 2py, 2py) — C(2s, 2py, 2py) —
H-AGNRs Red 0.40 C(2p,) — C(2p,) —
Blue 2.30 C(2p,) — C(2p,) —
Cyan 3.90 C(2p,) — C(2p,) —
Np-AGNRs Yellow 0.10 C(2px) — C(2ps) 1
Red 0.62 C(2p,) — C(2p,) T+
Blue 2.19 C(2p,) — C(2p,) T+
Green 3.60 C(2p,) — C(2p.) T+
Pu-AGNRs Red 0.61 C(2p,) — C(2p,)Pu(5f) — Pu(5f) T+
T
Blue 2.20 C(2p,) — C(2p,) T+
Green 3.61 C(2p,) — C(2p.) T+

related to the edge dangling bond, have disappeared since their
corresponding sub-bands and Van Hove singularities are
terminated by the strong C-H covalent bonds.

The optical properties of AGNRs are drastically changed by
the Np/Pu edge decorations, e.g., the excitation frequency,
intensity, number, and form of prominent absorption peaks.
Most effective excitation channels are closely related to the spin-
up configurations except for a few ones. Taking Np-AGNRs as an
example, the threshold excitation frequency, 0.10 eV, is non-
zero even for ferromagnetic metals, mainly owing to the
carbon dominance on the spin-up-dependent vertical, as shown
in Fig. 3g. This threshold peak in the imaginary part of the
dielectric function mainly arises from the initial and final state
transition of the C 2p, orbitals. The pure 7 electronic excita-
tions, which possess comparable spin-up and spin-down
contributions, come to exist as the second, third, and fourth
absorption peaks at 0.62 eV (the red triangle), 2.19 eV (blue
triangle), and 3.60 eV (green triangle). The other prominent
absorption peaks with very weak intensities belong to the
composite Pu-5f orbitals (Fig. 3h). Such phenomena arise from
the vanishing of the square of matrix elements under the
extreme 5f wave functions. The optical excitation peaks related
to carbon edge dangling bonds are dramatically suppressed or
reduced due to the rather strong C-Np and C-Pu chemical
bonds. The unusual optical excitations induced through the
rare-earth decoration achieved in current investigations
(Table 2) are rather complicated and may provide useful infor-
mation for further experiment measurement and real applica-
tions, e.g., spintronic techniques.

4 Conclusions

In conclusion, the geometric, electronic, magnetic, and special
spin-dependent optical excitations of pristine AGNRs, H-
AGNRs, Np-AGNRs, and Pu-decorated AGNRs were investi-
gated by the first-principles calculations. In particular, the
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orbital hybridizations between C-C, C-H, C-Np, and C-Pu
atoms and the spin interactions are the critical factors affecting
the optimized geometric structures, the electronic and
magnetic properties, and the optical excitations. The main
features cover the planar carbon-honeycomb lattices, the open
edge/closed edge of hexagons/pentagons with C-H/C-Np/C-Pu
bonds, the dramatic transformations in the spatial charge
density distributions under the very strong chemical bonds, the
induced magnetic moments due to the contribution of 5f
orbitals, the featured band structures with the sensitive atom
and spin dominance at distinct energy ranges, the indirect-
direct/semiconductor-ferromagnetic-metal transitions and the
spin-split configurations after the dangling-bond saturations,
and the special optical excitations. The current study is of
paramount importance for basic sciences as well as for practical
applications, e.g., spintronic techniques.

Overall, while rare earth atoms decorated graphene nano-
ribbons offer exciting opportunities for advanced materials and
applications, they also pose challenges related to cost, avail-
ability, environmental impact, and complex interactions.
However, with further research and innovation, these draw-
backs can be addressed, and the strengths of these materials
can be harnessed for a wide range of practical applications.
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