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ABSTRACT

It has been proposed recently that ID hybrid nanoobjects consisting of alternating double carbon chains
and polycyclic carbon regions can be obtained from graphene nanoribbons of alternating width by electron
irradiation. Here, based on density functional theory calculations, we show that magnetic and electronic
properties of such nanoobjects can be changed dramatically by modifying the chain length and edge structure
of polycyclic regions and this opens wide possibilities for spintronic applications. Nanoobjects composed of
polycyclic regions with dangling bonds and even chains are found to behave as magnetic semiconductors that
can generate spin-polarized currents. Band gaps of nanoobjects with odd chains change considerably upon
switching between magnetic states making them promising for magnetic tunnel junctions. We also demonstrate
that use of a hybrid exchange-correlation functional is important to properly describe stability of magnetic
states, band gaps and synergistic effects of nanoobject components leading, for example, to magnetism in even
chains.

1. Introduction

Because of the unique electronic properties, graphene is considered
as a basis for future nanoelectronics [1-4]. One of the main advantages
of graphene is the possibility to tune its properties in wide ranges
by manipulation of the atomic structure: cutting nanostructures of a
particular shape, modifying edges, creating atomic defects, etc. [5-8].
The band gap of graphene nanoribbons (GNRs) can be controlled by the
edge type and termination, GNR width and presence of local defects [9-
26]. Furthermore, spin ordering [11,19-21,27-35] is observed at edges
of zigzag GNRs and the possibility to use GNRs for spintronic applica-
tions has been actively explored in the recent years [24,25,28,32,36-
48]. Giant magnetoresistance has been predicted for GNRs because of
switching between different magnetic states under the magnetic field
applied [45,46]. It has been also proposed to induce half-metallicity
in GNRs, i.e. make them behave as a metal for one spin component
and an insulator for the other, by application of an electric field across
the GNR [25], GNR bending [47], defect creation [24] or functionaliza-
tion [26]. Other carbon nanostructures also hold promise for electronic

applications. Carbon atomic chains, for example, represent the finest
possible wires [49-64]. The transition from a conductive to insulating
state [49,51-54] is observed upon changing the type of bond network
in the chain.

Combining carbon structures of different types makes possible to
achieve intriguing properties via the synergistic effects of the compo-
nents [65]. Therefore, significant efforts are made to propose and syn-
thesize new hybrid nanoobjects. The combination of one-dimensional
carbon nanotubes and two-dimensional graphene materials to gener-
ate three-dimensional carbon nanotube-graphene hybrid thin films is
actively studied for transparent conductors, electron field emitters,
field-effect transistors, biosensors, supercapacitors, hydrogen storage
and other diverse applications [66-68]. Carbon films combining dif-
ferent allotropic forms of carbon are considered for biosensors [69].
The combination of carbon nanotubes and nanofibes has been proposed
for environmental applications [70]. Two-dimensional hybrid sp - sp2

carbon systems such as graphyne and graphdiyne hold great promise
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for nanoelectronics, energy storage, membranes for gas separation,
etc. [71-75].

Transmission electron microscopy (TEM) is a powerful tool to ma-
nipulate the structure of carbon materials in a controllable way [76,77]
and to transform and create nanoobjects [78-84]. It has been shown re-
cently that hydrogen loss in parts of carbon nanostructures resembling
narrow GNRs can lead to formation of double carbon chains [78,85,86].
In particular, as demonstrated by molecular dynamics simulations [85],
electron irradiation of GNRs of alternating width resulting in hydro-
gen removal from the GNR edges could provide a way to synthesize
one-dimensional (ID) hybrid structures consisting of polycyclic re-
gions alternating with double carbon chains (similar to ones shown
in Fig. 1). Although such a process has not been yet realized exper-
imentally, recent advances in synthesis of GNRs with precise atomic
structure [34,87,88] and controlled transformation of nanostructures
in TEM [79-81,83,84] make us believe that it will be possible in
the nearest future. Double carbon chains [79,84,86] and polyaromatic
hydrocarbons with pentagons [89,90] have been observed experimen-
tally suggesting that hybrid nanoobjects composed of them should
be stable under experimental conditions. It has been demonstrated in
many occasions that predictive modeling can anticipate experimental
results. A famous example is graphyne that was studied theoretically
since 1987 [71] and finally synthesized in 2022 [91,92]. A diamond-
like layer (diamane) was proposed theoretically [93] a decade before its
experimental discovery [94]. Domain walls separating commensurate
domains in few-layer graphene were predicted in 2011 [95] and soon
observed experimentally [96]. In addition to predictions on structure
and stability of new materials, theoretical methods provide a guidance
on their possible applications [97-100], i.e. serve to screen promising
materials that deserve experimental realization. For this reason, in the
present paper, we investigate the structure, magnetic and electronic
properties of hybrid nanoobjects proposed in [85]. These properties
originate from the interplay of two components of hybrid nanoobjects:
polycyclic regions and carbon atomic chains.

Molecular dynamics simulations [85] showed that different poly-
cylic regions can be produced by GNR irradiation. According to the
density functional theory (DFT) calculations performed in the same
paper, nanoobjects with the polycyclic region F (Fig. la-c) are the most
stable energetically. Electron irradiation cleans the nanostructure edges
from hydrogen and other adsorbates [78,85,86] and such pristine edges
are prone to formation of pentagon rings that help to reduce the edge
length and stabilize dangling bonds. Formation of the polycyclic region
F that resembles a fullerene cap in an irradiated GNR is thus driven by
the same forces as exothermic processes of spontaneous transformation
of graphene flakes to fullerenes [80,101,102], formation of curved
polyaromatic hydrocarbons, such as corannulene, in soot [89,90] and
zigzag edge reconstruction [16,29,30,103-105]. It should be noted
that in spite of the F region being the most energetically favorable,
the highest yield of hybrid nanoobjects in the molecular dynamics
simulations [85] corresponds not to the F region but to the Dl region
with fewer pentagons (Fig. Id) for kinetic reasons. There are barriers
for transformation of the Dl region to other structures warranting its
meta-stability [85]. Therefore, to investigate the effects of the structure
of polycyclic region edges on the performance of hybrid nanoobjects,
we consider both the F (Fig. la-c) and Dl polycylic regions (Fig. Id).

As mentioned above, edges of polycyclic regions are expected to be
pristine, i.e. free of any adsorbates, during creation of hybrid nanoob-
jects by electron irradiation [85]. However, such pristine edges are usu-
ally rather reactive and easily get functionalized, e.g., by hydrogen [16,
19,21,106]. Therefore, we also consider the influence of hydrogen
termination on hybrid nanoobject properties.

Two types of bonding patterns are possible for carbon atomic chains:
consecutive double bonds =G=G= to give cumulenes [107-109] and
alternating single and triple bonds -C=C- to give polyynes [107,110-
112]. The ^-system of carbon atomic chains has two valence electrons
per atom. In a cumulene, they occupy two degenerate n bands, which
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(b)

Fig. 1. ID nanoobjects with alternating polycyclic regions and double carbon chains
optimized using the PBE functional: (a) F-10, (b) F-10 (side view), (c) F-10H, (d) Dl-
12H. Carbon and hydrogen atoms are colored in brown and white, respectively. One
unit cell is shown.

results in a metal with two half-filled bands. However, such a system
is unstable with respect to the Peierls transition [113] in which un-
paired electrons of neighbor carbon atoms form pairs resulting in the
polyyne structure and a band gap is opened. It has been observed that
behavior of finite carbon atomic strongly depends on the chain parity,
i.e. whether the number of atoms in the chain is odd or even, [51,57,59,
64] which has been attributed to odd chains being closer to cumulenes
and even chains to polyynes [51]. The Dl and F polycyclic regions of
ID hybrid nanoobjects created by irradiation of GNRs are combined
with even and odd chains, respectively [85]. It is, nevertheless, worth
getting insight into the effect of chain parity keeping polycyclic regions
the same. Therefore, we study here how the parity of carbon chains
affects the structure and properties of the ID hybrid nanoobjects with
the F and Dl polycyclic regions.

First we describe the methods used for first-principles calculations.
Then we present results on magnetism in the ID nanoobjects, their
structure and electronic properties. Finally conclusions are summarized
and possible applications of nanoobjects are discussed.

2. Methods

Structural, magnetic and electronic properties of the ID hybrid
nanoobjects have been studied using the DFT calculations. It is known
that semi-local exchange correlation functionals strongly underestimate
band gaps [114-117]. Admixture of a portion of exact exchange and,
correspondingly, account of non-local electron interactions in hybrid
exchange-correlation functionals helps to alleviate this deficiency. Nev-
ertheless, the calculations become much more heavy computationally.
For this reason, we used the semi-local exchange and correlation
functional of Perdew, Burke and Ernzerhof [118] (PBE) for geometry
optimization of the nanoobjects and preliminary analysis of their
magnetic and electronic properties. The latter were then refined using
the screened exchange hybrid density functional of Heyd, Scuseria
and Ernzerhof (HSE) [119,120], which reproduces experimental band
gaps [116,117] and optical excitation energies [121,122] for metallic
and semiconducting single-walled carbon nanotubes. The comparison
of the HSE and PBE results helps to get insight into the non-local effects
arising from admixture of exact exchange. Note also that most of the
computational data reported so far for GNRs and carbon chains were
obtained using semi-local functionals and the data obtained using the
PBE functional are useful to place the study in the context of previous
works.

The DFT calculations were carried out using Quantum ESPRESSO
[123-125]. The maximal kinetic energy of plane waves was 1088 eV.
The kinetic energy cutoff for the charge density and potential was
4488 eV. The first-order Methfessel-Paxton smearing [126] with the
width of 0.07 eV was applied. The self-consistent field iterations were
performed till the energy change in consecutive iterations became less
than 10"9. For the PBE functional [118], the projector augmented
wave (PAW) method in combination with pseudopotentials from PS
library [127] was applied to the describe the interaction of valence
electrons with the core. 6 k-points along the nanoobject axis were
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Table 1
Structure period L, bond length alternation 8, band gap A and the k-point(s) correspond-
ing to the band gap computed for ID nanoobjects with parallel (FM), antiparallel (AFM)
and no (NM) spin ordering at two edges using the PBE and HSE exchange-correlation
functional.

ID

nanoobject

F-10

F-10H

F-12H

F-ll

F-11H

F-13H

Dl-11

D1-11H

Dl-12

D1-12H

Magnetic

state

NM
FMa

NM
FMa

NM
FMa

NM
FM
AFM
NM
FM
AFM
NM
FM
AFM
NM
FM
AFM
NM
FM
AFM
NM
FM
AFM
NM

PBE

18.53
_
18.52
_
20.80
_
19.75
19.65
19.64
19.76
19.66
19.65
22.23
21.88
21.87
20.33
20.36
20.33
20.35
20.37
20.37
21.57
21.56
21.57
21.56

8 (pm)

5.97
_
5.71
_
5.46
_
3.09
3.01
2.99
2.94
2.87
2.86
2.91
2.84
2.83
2.78
3.02
2.78
2.56
3.04
2.97
7.41
6.37
7.41
7.58

k-point(s)

r
_
r
-
X
-
Metallic
Metallic
n/(2L)
Metallic
Metallic
n/(2L)
Metallic
Metallic
n/(2L)
X
X
X

r
X
X
Metallic
Metallic

r - xc

r - xc

4(eV)

0.22
_
0.34
_
0.26
_

0.11

0.10

0.10
0.08
0.21
0.36
0.16
0.23
0.31

0.08
0.10

HSE

k-point(s)

r
r
r
r
X
X
Metallic

r
n/{2L)
Metallic

r
n/(2L)
Metallic
X
n/(2L)
X
X
X

r
X
X
NAb

r - xc

r - xc

r - xc

4(eV)

0.28
1.19
0.46
1.23
0.33
1.25

0.19
0.76

0.30
0.76

0.38
0.79
0.20
0.22
1.00
0.22
0.51
1.07

0.30
0.36
0.40

a Magnetic states observed only for the HSE functional. The nanoobject geometry is
assumed to be the same as for the NM state.
b Data not available because of convergence problems in exact exchange calculations
related to numerical errors.
c Indirect band gap, k-points for the top of the valence band and bottom of the
conduction band are indicated.

considered to converge the ground state density. The band structures
were computed for 40 k-points along the nanoobject axis. Geometry op-
timization was performed till the residual forces of less than 0.05 eV/A,
energy difference in successive optimization steps of 0.3 meV and stress
of 10 MPa. For the HSE functional [119,120], the kinetic energy cutoff
for the exact exchange operator was 1633 eV. 8 k-points along the
nanoobject axis were considered. The norm-conserving pseudopoten-
tials of Hartwigsen, Goedecker and Hutter [128] were used.

The ASAP-2024.0 (Atomistic Simulation Advanced Platform) pack-
age [129] was used to prepare the input files, launch the calculations
and analyze the results. The figures of atomistic structures and spin
maps were elaborated using VESTA [130].

3. Results

To investigate the effect of the polycyclic region structure on the
nanoobject properties, we have performed the calculations for polycylic
regions F and Dl (Fig. 1, see [85]) with and without hydrogen termi-
nation. The length of carbon chains was varied from 10 to 13 for the F
region. For the Dl region, chains of length 11 and 12 were considered.
The full list of nanoobjects studied is given in Table 1. The nanoobjects
with and without hydrogen are denoted as P-mH and P-m, respectively,
where P is the polycyclic region (F or Dl) and m is the number of atoms
in each chain.

Since the structure and electronic properties of the nanoobjects vary
noticeably for different magnetic states, we start from the discussion of
possible magnetic states and their stability. Then we consider structural
and electronic properties for these states.

3.1. Magnetism

As known from previous studies, taking into account spin polariza-
tion is important for a proper description of GNRs and carbon chains.

Spin-restricted calculations for zigzag GNRs give nearly flat bands at
the Fermi level coming from edge states and featuring the electronic
instability [11,21,24,26,28-30,32,35,131]. The GNRs are stabilized by
spin polarization at GNR edges. Spins are aligned in opposite directions
for atoms of different sublattices and the magnitude of spin polarization
is reduced fast away from the edge. Antiparallel spin ordering between
two edges is the most energetically favorable for zigzag GNRs and
results in opening a band gap. Parallel spin ordering at opposite edges
is a bit higher in energy and leads to the metallic behavior but with no
flat bands close to the Fermi level. Therefore, three magnetic states are
normally considered for zigzag GNRs [9,11,21,24,28-30,32,131]: non-
magnetic (NM), antiferromagnetic (AFM) with aniparallel spin ordering
between opposite edges and ferromagnetic (FM) with parallel spin
ordering between opposite edges. It should be emphasized that both
in the FM and AFM states, there is an alternation of spins for adjacent
atoms, the terms FM and AFM refer here only to the relation between
spin directions at opposite edges. Magnetism has been also discovered
in odd carbon chains [51,64]. Alternating spin orientations are found
for atoms along the chain.

Because of the above magnetic effects observed for GNRs and
carbon chains, it is logical to expect similar phenomena for hybrid ID
nanoobjects. The relation between magnetism in the whole nanoobject
and its components is the most evident when the semi-local PBE
functional is used, while there are non-trivial effects for the hybrid HSE
functional. Therefore, let us start from discussion of the PBE results.
In our calculations, we set initial magnetic moments at edges of the
polycylic region and in chains to induce convergence to the FM or
AFM state. In spite of trying different initial guesses for the magnetic
moments, we have not been able to get any noticeable magnetization
in structures with the F region or hydrogen-terminated Dl region and
even chains (Fig. 1) for the PBE functional. In structures with the same
polycyclic regions but odd chains, only solutions with magnetization in
chains but not at edges of the polycyclic region are obtained (Fig. 2a, b
and e). In the structures with Dl region and even chains, the magneti-
zation density is localized at edges of the polycyclic region (Fig. 2f). In
the structures with Dl region without hydrogen termination and odd
chains (Fig. 2c and d), spin ordering occurs both in chains and at the
edges of the polycyclic region.

Thus, according to the PBE functional, no spin ordering takes place
at edges of the F polycyclic region (Fig. 2a and b). The edge car-
bon atoms of this region form a triple bond and no dangling bonds
responsible for magnetism are left, the same as at armchair or recon-
structed zigzag graphene edges [11,16,21,31]. The Dl region, similar
to graphene with pristine zigzag edges, has dangling bonds, which are
stabilized by spin ordering [11,20,21,28-32] (Fig. 2c, d and f). Termi-
nation of the Dl region by hydrogen partially saturates the dangling
bonds and the edge magnetization disappears (Fig. 2e). Note that in
zigzag GNRs, partial or complete suppression of the edge magnetization
is observed as well depending on hydrogen loading [21,31,106].

As for magnetism in carbon chains, the PBE functional gives only
small magnetic moments at atoms of even chains (Fig. 2f, see also
[85]), while in odd chains, magnetic moments comparable to those
at the edges of Dl polycyclic region are observed (Fig. 2a-e). Such a
dependence on the chain parity is in agreement with calculations for
carbon chains attached to graphene ribbons [51] and isolated carbon
chains [64] and is related to the occupation of bands of the chains.
In even chains, the bands are fully filled, all bonds are saturated and
consequently no magnetization is observed. In odd chains, there are
half-filled bands leading to non-negligible magnetic moments.

As seen from the above, in the calculations using the PBE functional,
the magnetic properties of ID hybrid nanoobjects are determined in the
trivial way by those of their components. This is not the case for the
hybrid HSE functional (Fig. 3). The latter takes into account non-local
interactions through admixture of exact exchange and this allows to re-
veal synergistic effects of the nanoobject components. The calculations
using the hybrid HSE functional show magnetism in the nanoobjects
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Fig. 2. Spin maps computed using the PBE functional for ID nanoobjects (isosurfaces
0.003 e/A3) with antiparallel (AFM) and parallel (FM) spin ordering at opposite edges:
(a) F-ll (AFM), (b) F-ll (FM), (c) Dl-11 (AFM), (d) Dl-11 (FM), (e) D1-11H (AFM)
and (f) Dl-12 (AFM). Carbon and hydrogen atoms are colored in brown and white,
respectively. One unit cell is shown.

(c)

Fig. 3. Spin maps computed using the HSE functional for ID nanoobjects (isosurfaces
0.003 e/A3) with antiparallel (AFM) and parallel (FM) spin ordering at opposite edges:
(a) F-10H (FM), (b) Dl-12 (AFM), (c) Dl-11 (AFM) and (d) D1-11H (AFM). Carbon and
hydrogen atoms are colored in brown and white, respectively. One unit cell is shown.

with F region and even chains (Fig. 3a), which are non-magnetic ac-
cording to the PBE functional. This magnetism is stable with respect to
hydrogen termination of the polycyclic region and significant magnetic
moments are observed both at atoms of the chains and in the F region.
Although the total magnetic moment for this state is zero, we denote it
as FM because the magnetic moments of atoms are aligned in the same
direction at opposite nanoobject edges. No AFM states are found for
these nanoobjects. Considerable magnetic moments are also obtained
using the HSE functional for atoms in even chains attached to the
Dl region without hydrogen termination (Fig. 3b), different from the
PBE result (Fig. 2f). Note, however, that the HSE functional still gives
negligible magnetic moments for atoms in the nanoobject with the
hydrogen terminated Dl region and even chains. Magnetization is also
low in the F region connected to odd chains, the same as for the PBE
functional (Fig. 2a and b). Therefore, new magnetic effects coming from
the account of the exact exchange contribution are manifested only for
specific combinations of chains and polycyclic regions.

The distributions of the magnetization density in nanoobjects with
odd chains obtained using the HSE functional are qualitatively similar
to those for PBE (compare Fig. 3c and d and Fig. 2c and e, respectively),
i.e. magnetism in these structures is described by the PBE functional
more or less well. It should be noted, however, that magnitudes of
magnetic moments for atoms in odd chains do not vary that much for
adjacent atoms according to the HSE functional as compared to PBE.

The energy difference between the FM and AFM states and the
relative energy of the NM state with respect to the ground state
computed for the nanoobjects using the PBE and HSE functionals are
listed in Table 2. These energies characterize the strength of magnetic

instability and magnetic interaction, respectively [24,131]. For all the
considered nanoobjects with odd chains or polycyclic regions with
dangling bonds, AFM and FM states are much more stable than the NM
state with the magnetic interaction energy in the range of 0.1-0.3 eV
per unit cell for the PBE functional and 0.7-1.8 eV per unit cell for
the HSE functional (Table 2). In most of the cases, the AFM state is
the most energetically favorable according both to the PBE and HSE
functionals (Table 2). For the Dl-12 nanoobject, the PBE functional
gives the FM ground state, which is more stable than the AFM state
by 17 meV per unit cell. Qualitatively similar results were obtained in
our previous calculations for the Dl-16 nanoobject [85]. However, the
account of non-local effects in the HSE functional stabilizes the AFM
state and makes it slightly more preferable energetically than the FM
one (Table 2). The relative energies of the NM states for the nanoobjects
with the F region and even chains in which the magnetism is induced
exclusively by non-local effects described by the HSE functional are
much smaller, 0.1-0.2 eV per unit cell. No AFM states have been found
for these structures.

Experimental measurements [28] for doped zigzag GNRs at room
temperature showed that the GNRs of width that is less than 7 nm
behave as semiconductors, while those wider than 7 nm as metals.
This change in the GNR behavior upon increasing the width was
attributed to the transition from the AFM to FM state. Therefore, this
study provides an evidence that the magnetic order can be observed in
zigzag GNRs at room temperature. Note that calculations with the PBE
functional suggest that the energy difference between the FM and AFM
states, i.e. the magnetic interaction strength, in such ribbons can be
on the order of 1 meV per unit cell [11,24,131] and the energy penalty
for the NM state, i.e. the magnetic instability strength, is about 80 meV
per unit cell [24]. For the hybrid B3LYP functional, the corresponding
values are ~3 meV and 300 meV per unit cell, respectively [131].
This is considerably smaller than similar energies for the nanoobjects
considered here and gives hope that magnetic effects can be observed
for them as well.

The magnetic moments per unit cell computed for hybrid nanoob-
jects in the FM state are given in Table 2 in units of Bohr magneton,
f4B. The magnetic moment per unit cell is about 2//B for nanoobjects
with the F polycyclic region or hydrogenated Dl polycyclic region
without dangling bonds and odd chains independent of the chain length
(Fig. 2b). Thus, the magnetic moment per an odd chain is //B. In
the case of the Dl polycyclic region without hydrogen (Fig. 2d), the
magnetic moment per unit cell is increased additionally by 2//B. In the
case of Dl-12 nanoobject, the magnetization density is localized on the
edges of the polycyclic region (similar to Fig. 2f) and corresponds to
3/4B according to the PBE functional. In the case of HSE functional,
magnetization is additionally induced in the chains (similar to Fig. 3b)
and the resulting magnetic moment becomes 2//B per unit cell. The total
magnetic moments of the FM states of the nanoobjects with even chains
and F polycyclic regions (Fig. 3a) are exactly zero. The magnetization
density for these nanoobjects is symmetric up to the sign change with
respect to the mirror plane passing through the middle of the F region
perpendicular to the plane of Fig. 3a and nanoobject axis, i.e. there is
exact cancellation of magnetic moment along each edge.

3.2. Structure

Examples of optimized structures of the hybrid nanoobjects are
shown in Figs. 1 and 2. The periods L of optimized nanoobjects are
listed in Table 1. The changes in the periods for different magnetic
states are within 10 pm. The differences in the bond lengths for
the AFM and FM states are normally within 1 pm. Note, however,
that sometimes there are significant qualitative changes in the struc-
ture of hybrid nanoobjects for different magnetic states. For example,
spin-restricted geometry optimization of the nanoobjects with the F
polycyclic region and odd chains leads to a structure geometry with
perfectly parallel chains, while account of spin polarization results in
spatial separation of the chains as shown in Fig. 2a and b.
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Table 2
Calculated energy differences AE^ (in eV per unit cell) between states of ID hybrid
nanoobjects with parallel (FM) and antiparallel (AFM) spin ordering at two edges,
relative energies AENM (in eV per unit cell) of states with no spin ordering (NM) with
respect to the ground states and magnetic moments n (in nB per unit cell) in the FM
states.

ID

nanoobject

F-10a

F-10Ha

F-12Ha

F-ll
F-11H
F-13H
Dl-11
D1-11H
Dl-12

PBE

AEm (eV)

-
-
-
0.021
0.016
0.016
0.125
0.018
-0.017

I AENM (eV)

_
-
-
0.119
0.153
0.123
0.265
0.174
0.289

_
-
-
2.03
2.04
2.03
4.03
2.04
3.00

HSE

AE^ (eV

_
-
-
0.108
0.066
0.046
0.262
0.201
0.003

0 4£NM (eV)

0.155
0.135
0.199
0.843
0.887
0.889
1.809
1.004
NAb

f* 0<B)

0.00
0.00
0.00
2.00
2.00
2.00
3.99
2.00
2.00

a No magnetic states observed for the PBE functional. No AFM state found for the HSE
functional.
b Data not available because of convergence problems in exact exchange calculations
related to numerical errors.

For nanoobjects with the polycyclic region F (Figs, la-c and 2a
and b), the optimized structures are symmetric with respect to two
mirror planes perpendicular to the plane of Figs, la-c and 2a and b
and crossing in the center of the polycyclic region: one aligned along
the nanoobject axis and the other perpendicular to it. The differences
in lengths of bonds in carbon chains equivalent with respect to these
two mirror planes are negligibly small (do not exceed 0.03 pm). The
nanostructures are not flat. Since the polycyclic region F consists of
pentagons and hexagons, it has a cap shape similar to parts of fullerenes
or nanotube tips (Fig. lb).

The structures with the polycyclic region Dl (Figs. Id and 2c-f) are
flat. These nanoobjects are symmetric with respect to rotation around
C2 axis perpendicular to the plane of Figs. Id and 2c-f and passing
through the center of the polyciclic region. The differences in lengths
of bonds of two chains equivalent with respect to this rotation are
negligible. At the same time, non-negligible differences on the order
of 1 pm are observed in lengths of bonds of the same chain at the same
distance from the middle points of the chains.

Hydrogen termination of edges of polycyclic regions (Figs, l c and
d and 2e) leads to changes in bond lengths only close to the edges.
In the nanoobjects with the polycyclic region F without hydrogen, the
edge carbon atoms form a short triple bond of length 1.27 A. When
hydrogen is added, this bond is increased in length to 1.43-1.44 A.
In the structures with the polycyclic region Dl, the length of bonds
between edge atoms is 1.28-1.31 A and they are increased by 8-12 pm
upon hydrogen addition. The bond lengths in chains are modified at
most by 0.3 pm when hydrogen is attached.

Both odd and even carbon chains within ID nanoobjects show a
bond length alternation along the chain. To characterize it, we have
computed the amplitude of bond variation according to [49,51] as

1 "0

,=1
(1)

where dt = \rt- ri+l |, n is the number of atoms in the chain, ne is the
integer part of {n + 2)/4 and n0 is the integer part of w/4. The end
bonds of the chains are not included. The computed values of 8 are
~3 pm for odd chains and ~6-8 pm for even chains (Table 1). This
smaller bond length alternation in odd chains indicates that they are
closer to cumulene structure, different from even chains that have a
more pronounced polyyne character. Indeed in even chains there is
a perfect alternation between single and triple bonds. In odd chains,
the character of the bonds changes from single-triple pairs at the chain
ends to equal double bonds in the middle imposed by the symmetry
considerations. Note that similar values of bond length alternation of
5-9 pm and 3-3.5 pm were obtained for chains of 8 and 9 atoms,

respectively, attached to graphene fragments in [49,51]. The values of
6-8 pm were found for 8-atom chains in carbon nanobracelets [132].
Our previous calculations [85] for the Dl-16 nanoobject gave the bond
length alternation of about 6 pm. Values of similar magnitude were
obtained for bond length alternation in carbon nanotubes [133].

3.3. Electronicproperti.es

Band structures calculated for the nanoobjects with the polycyclic
region F are shown in Fig. 4. According to the calculations using the
PBE functional, the nanoobjects with the F region and even chains
(Fig. 4a, c and d) are semiconductors with a direct band gap of 0.2-
0.3 eV at F or X point (which correspond to coordinates 0 and n/L
along the nanoobject axis in the reciprocal space, respectively, with L
being the nanoobject period). The computed band gaps are listed in
Table 1. Admixture of exact exchange in the HSE functional leads for
such nanoobjects only to a small band gap increase in spin-restricted
calculations. However, in spin-polarized calculations, it also induces
magnetization both in the even chains and polycyclic region. As a
result, the band gap for the ground state of this nanoobject becomes
about 1.2 eV (Fig. 4b, Table 1).

Spin-restricted calculations for the nanoobjects with the polycyclic
region F and odd chains give a metallic band structure (Fig. 4g).
This is again related to the fact that all bonds are saturated in even
chains, while there are half-filled bands in odd chains. Note that this
behavior is independent of the exchange-correlation functional used.
Although the nanoobjects with odd chains are unstable with respect to
spin ordering at atoms of the chains, in the calculations with the PBE
functional, the band structure stays rather close to the spin-restricted
case (Fig. 4e and f). In the FM state, the nanoobjects are metallic
(Fig. 4f, i and k). There is a difference in energies of localized states
for spin up and down but dispersive bands are very close. In the most
energetically favorable AFM state (Fig. 4e, h and j), the bands for spin
up and down are the same and a small gap of about 0.10 eV is opened
(Table 1). In the calculations with the HSE functional, the band gap
for the AFM state increases by 0.7 eV (Fig. 4e, h and j). The band
structure for the FM state changes even more dramatically and a gap
of about 0.2 eV is opened at F point (Fig. 4f, i and k). Still this gap is
significantly smaller than the one for the AFM state (Table 1).

Hydrogen termination of the polycyclic regions leads only to minor
changes in the band structure for the nanoobjects with the F region
(Fig. 4c, h and i). For the F-10 nanoobject (Fig. 4a and c), the band
gap is increased at F point and slightly decreased at X point (Table 1).
The band structures for the F-11H and F13-H nanoobjects (Fig. 4h-k)
look similar to that for the F-ll nanoobject (Fig. 4e and f), especially
close to the Fermi level (see also Table 1).

Band structures of the nanoobjects with the polycyclic region Dl are
shown in Fig. 5. Unpaired electrons from edges of the Dl region fill the
initially half-filled bands of odd chains and the corresponding nanoob-
ject Dl-11 results to be semiconducting (Fig. 5a-d). The nanoobject
has a direct band gap at X point. It is rather small in spin-restricted
calculations but increases when spin ordering is taken into account
(Table 1). Admixture of exact exchange in the HSE functional leads to
the increase of the band gap by 0.64 eV in the AFM state (Fig. 5a).
Changes in the band gap for the FM and NM states upon including
exact exchange are not that significant but even for these states, flat
bands are moved farther away from the Fermi level (Fig. 5b-d). Again
the main difference in band structures for spin up and down in the FM
state and the effect of hydrogen termination are related to positions of
flat bands (Fig. 5b and d).

The spin-restricted calculations for the Dl-12 nanoobject give flat
bands at the Fermi energy that correspond to dangling bonds at edges
of the Dl region (Fig. 5g). Spin ordering stabilizes the system and the
corresponding bands move away from the Fermi level (Fig. 5e and f).
According to the calculations with the PBE functional, the structure
becomes semiconducting in the AFM state with a small indirect band
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Fig. 4. Computed band structures of ID hybrid nanoobjects with the F polycyclic region: (a) F-10 (NM), (b) F-10 (FM), (c) F-10H (NM), (d) F-12H (NM), (e) F-ll (AFM), (f) F-ll
(FM), (g) F-ll (NM), (h) F-11H (AFM), (i) F-11H (FM), (j) F-13H (AFM), (k) F-13H (FM). The red/orange and blue/dark blue lines correspond to spin up and down, respectively.
The black lines are obtained by spin-restricted calculations. The results of the calculations using the PBE and HSE functionals are shown by solid and dashed lines, respectively.

gap of 0.08 eV between r and X points (Fig. 5e, Table 1). In the
FM state (Fig. 5f), there are conduction bands crossing the Fermi
level. These results fully agree with the previous calculations for the
Dl-16 nanoobject [85] giving the indirect band gap of 0.06 eV for
the AFM state and metallic FM state. In the calculations for the Dl-
12 nanoobject with the HSE functional, the indirect band gap in the
AFM state becomes 0.38 eV (Fig. 5e) and the band gap of 0.30 eV
is opened in the FM state (Fig. 5f). Note that non-local effects taken
into account through the HSE functional lead to splitting of bands
for spin up and down not only in the FM but also in the AFM state.
Actually the AFM and FM states in this case are very close in energy
(Table 2) and have similar band structures (Fig. 5e and f). In both cases

shifting the Fermi level by 0.2 eV can drive the system to the state that
behaves as a metal for one spin orientation and a semiconductor for the
other. This can be achieved by chemical doping or using a gate. The
termination of the Dl region by hydrogen saturates the dangling bonds
and the nanoobject becomes a semiconductor with the indirect band
gap of 0.10 eV and 0.40 eV according to the PBE and HSE functionals,
respectively (Fig. 5h).

The analysis of projected density of states (PDOS) (Fig. 6) reveals
that the major contribution to the bands with a significant dispersion,
including those close to the Fermi level, corresponds to pz orbitals
of atoms in the chains and in the polycyclic region (x, y and z axes
are directed along the nanoobject axis and perpendicular in-plane and
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Fig. 5. Computed band structures of ID hybrid nanoobjects with the Dl polycyclic region: (a) Dl-11 (AFM), (b) Dl-11 (FM), (c) Dl-11 (NM), (d) D1-11H (FM), (e) Dl-12 (AFM),
(f) Dl-12 (FM), (g) Dl-12 (NM), (h) D1-12H (NM). The red/orange and blue/dark blue lines correspond to spin up and down, respectively. The black lines are obtained by
spin-restricted calculations. The results of the calculations using the PBE and HSE functionals are shown by solid and dashed lines, respectively.
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Fig. 6. Projected density of states (in arbitrary units) obtained using the PBE functional as a function of energy E - E¥ (in eV) relative to the Fermi level for (a) F-10 (NM), (b)
F-ll (AFM), (c) Dl-11 (AFM) and (d) Dl-12 (AFM) nanoobjects. The projections on the px, py and pz orbitals are shown in red, blue and black, respectively (x, y and z axes are
directed along the nanoobject axis and perpendicular in-plane and out-of-plane directions for Figs. 1 and 2). Solid and dotted lines correspond to the projections on atoms of the
polycylic region and chains, respectively.
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out-of-plane directions, respectively, for Figs. 1 and 2). While in flat
structures with the Dl polycyclic region, other contributions to the
dispersive bands are negligible (Fig. 6c and d), in nanoobjects with
the F region, which are not flat, there are also contributions from px

and py orbitals (Fig. 6a and b). The DOS peaks corresponding to flat
bands composed of py and pz orbitals of the chains as well aspx,py and
pz orbitals of the polycyclic region are observed in the energy interval
from -2 eV to 2 eV from the Fermi level.

4. Conclusions

We have performed spin-polarized DFT calculations to investigate
the properties of ID hybrid nanoobjects consisting of polycyclic hy-
drocarbon regions alternating with double carbon chains. The cal-
culations show that structural, magnetic and electronic properties of
such nanoobjects can be changed drastically by modifying the chain
parity and edge structure of polycyclic regions. Depending on these
parameters, the nanoobjects can be promising for different spintronic
applications. We have found a significant splitting of bands for spin up
and down in the ground state of the nanoobjects with the Dl polycyclic
region having dangling bonds and even chains, like Dl-12 or Dl-16
(see [85]). Shifting the Fermi level by chemical doping or using a
gate can make these nanoobjects metallic for one spin component and
semiconducting for the other. These structures thus belong to mag-
netic semiconductors, materials that have been searched for already
a long time [134-138]. The high interest to magnetic semiconductors
is explained by their potential to generate spin-polarized currents and
easiness of integration into semiconductor devices [139-142]. For the
nanoobjects with odd chains, we observe large differences in the band
gaps for the magnetic states with parallel and antiparallel spin ordering
at opposite edges. Therefore, such nanoobjects can be used in magnetic
tunnel junctions, which find application in magnetic field sensors, read
heads for hard drives, galvanic isolators, and magnetoresistive random
access memory [38,139,142,143].

Our calculations reveal highly stable magnetic states for ID nanoob-
jects corresponding to spin ordering at edges of polycyclic regions
having dangling bonds and in odd chains. When non-local electron
interactions are taken into account by using the hybrid HSE exchange-
correlation function, magnetization is also induced in even chains and
polycyclic region F. Note that the latter phenomenon depends on the
combination of specific chain parity and polycyclic region structure,
i.e. it is a result of synergy of nanoobject components. For the nanoob-
jects including odd chains and/or polycyclic regions with dangling
bonds, the AFM state with antiparallel spin ordering in two chains
and edges of the polycyclic region corresponds to the ground state.
However, very close energies are obtained for the FM state with parallel
spin ordering and AFM state for the nanoobjects consisting of the
polycyclic regions having dangling bonds and even chains (like Dl-12).
The ground state of the nanoobjects with the F polycyclic region and
even chains has parallel spin ordering at opposite edges (according to
the HSE functional) but the total magnetic moment is zero because of
symmetry considerations.

There is an oscillation in the electronic properties of the nanoobjects
upon increasing the chain length, while the nanoobjects with chains
of the same parity but different length behave similarly. Modification
of the edge structure of polycyclic regions can lead to minima-maxima
switching in the band gap dependence on the chain length and changes
in the band gap character (e.g., from direct to indirect). If the polycylic
region has no dangling bonds like the region F, non-magnetic structures
with even chains are semiconducting with a moderate gap (0.1-0.4 eV).
This gap becomes as large as 1.2 eV for magnetic states observed
using the hybrid exchange-correlation functional. At the same time,
the structures with odd chains and polycyclic regions without dangling
bonds are metallic or have only a small gap in the NM and FM states,
while the ground AFM state is semiconducting (with the gaps of 0.1
and 0.8 eV for the PBE and HSE functional, respectively). The opposite

occurs in the structures in which the polycylic region has dangling
bonds (like Dl). The nanoobjects with even chains are metallic or
have a small gap in the NM and FM states, while the AFM state has
a moderate gap. The nanoobjects with the polycylic region having
dangling bonds and odd chains have a moderate band gap already in
the NM and FM states, which is further increased in the ground AFM
state.

Hydrogen termination of edges of the polycyclic region usually sup-
presses the magnetization in the polycyclic region. Structural changes
upon hydrogen adsorption are limited to edges of the polycyclic region.
The effect of hydrogen termination on the band structure is mostly
reduced to moving flat bands farther away from the Fermi level.

The amplitude of bond length alternation is found to be about twice
smaller for odd chains as compared to even ones. This is explained by
the fact that single-triple bond alternation is frustrated in the middle
of odd chains as imposed by symmetry [49,51,64]. In this sense, odd
chains have a less pronounced polyyne character and, as a consequence,
atoms of the odd chains have non-negligible magnetic moments inde-
pendent of the structure of the polycyclic region [51]. Nevertheless,
the nanoobjects both with odd and even chains can be metallic or
semiconducting depending on the structure of the polycyclic region.
This is a demonstration of the fact that the chain structure alone does
not determine the electronic properties and it is needed to consider
occupations of bands of the nanoobject as a whole [57].

As discussed above, taking into account non-local electron interac-
tions by using the hybrid HSE functional leads to important corrections
to the results on magnetic and electronic properties of ID nanoobjects.
The band gap of the nanoobjects is opened for metallic nanoobjects
or increased by up to 1 eV for semiconducting ones, while the mag-
netic states are stabilized by 0.7-1.5 eV. Additionally, the hybrid
functional predicts magnetism in nanoobjects that are non-magnetic
according to the semi-local functional like those with even chains
and polycyclic region F or region Dl without hydrogen termination.
Therefore, account of non-local effects, e.g., via the use of the hybrid
exchange-correlation functional, is necessary for adequate descrip-
tion of nanoobject properties and synergistic effects of nanoobject
components.

We expect that our results showing promise of ID nanoobjects
for spintronic applications as well as recent advances in atomically-
precise synthesis of GNRs [34,87,88], which can serve as precursors
for nanoobject production [85], will stimulate experimental research
on such hybrid systems.
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