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Progressive structural and electronic properties of nano-structured carbon

atomic chains
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Ab initio calculations, based on the planewave pseudopotential method and the density
functional theory, have been reported on the changes in the electronic and structural properties
of short carbon atomic chains held rigidly between hydrogenated thin armchair graphene
nanoribbons (N,-AGNR) of dimer line numbers N,=4 and 5. We have considered chains
of several lengths (n=4-9 atoms) and with different forms of attachment with the AGNRs.
It is found that odd-numbered chains are metallic in nature, with chemical bonding more like
.-+ C=C=C=C--- (as in cumulene). Even numbered chains show semiconductor structure
when held between 4-AGNR and semi-metallic nature when held between 5-AGNR, in
both cases characterized by chemical bonding more like - - - C—C=C—C=C- - - (as in polyyne).
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4805047]

. INTRODUCTION

Recently, graphite related materials have become the
focus of research interest in condensed matter physics. In
particular, thin strips of graphene, called graphene nanorib-
bons (GNRs), exhibit different electronic structure depend-
ing on the their width and shape of edges,'” such as
armchair and zigzag. Due to their versatile properties, they
are more attractive for device applications such as gas sen-
sors* and spin valves.” In addition, it is much easier to pro-
duce and manipulate the GNRs and offer the opportunity to
investigate the electronic properties of the carbon nanotubes
(CNTs). It is well known that GNRs with armchair edges
(AGNR) have similar electronic properties with zigzag
CNTs and vice versa. GNRs with armchair shaped edges can
be either metallic or semiconducting depending on their
widths, and zigzag GNRs (ZGNRs) are metallic with edge
states without depending on its widths."**'*  One-
dimensional (1D) AGNRs are described by the number of
dimer lines, N,, across the ribbon width. Calculations based
on the density functional theory (DFT) showed that when the
width of the ribbon is N, =3M —1 (M is an integer)
AGNRs are metallic.>'" Zero-dimensional AGNRs have
length dependence for certain widths, which varies from the
ID-AGNR results.'> However, hydrogen terminated 1D-
ZGNRs show flat edge states, which induce a sharp peak of
density of states (DOS) at the Fermi level.'® Very recently,
Lu er al.'' have studied the electronic structures of the F-
terminated ZGNRs and AGNRs. According to their findings,
because of the ¢ — m mixing effect, the non-bonding 2p elec-
trons of F-atoms produce orbital mixing with the ¢ valence
electrons, and also F-terminated AGNRs have lower band
gaps than H-terminated AGNRs."!

Recently, GNRs joined by short carbon chain systems
have attracted a great deal of attention after their successful
fabrication. These systems can be expected to reveal interest-
ing electronic properties. Controlled energetic electron
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irradiation technique inside a transmission electron micro-
scope (TEM) has been employed to continuously thin a GNR
to produce stable and rigid carbon atomic chains (CACs)
between two GNRs.'*'* Using this novel experimental tech-
nique, Jin er al."* managed to synthesize carbon chains of
length up to sixteen atoms and of width down to one atom.
Using a first-principles theoretical method, this group further
showed that this form of carbon material, i.e., nano-
structured carbon wires constrained by two GNRs with zig-
zag edges, is very stable. In the same year, Chuvilin er al.'?
successfully transformed GNRs to single CACs under the
high resolution transmission electron microscopy (HRTEM)
conditions. However, they observed pentagon and heptagon
shapes at the GNR edges. Following these experimental
achievements, transport properties of GNR-CAC-GNR sys-
tems have been receiving great attention. In this respect, the
work by Lang and Avouris is noteworthy.'®™"® Using a simi-
lar technique, Shen et al.'® have investigated transport prop-
erties of ZGNR-ended CAC systems. Because of the
metallic properties of ZGNRs, they prefer to use these as
leads. Their results suggest that conductance is independent
of the structure of the CAC. Also, hydrogen impurities do
not change the conductance, but oxygen impurities do reduce
it under a low bias. The findings of Lang and Avouris'®
show that odd-numbered chains have lower resistance
(higher conductance) than even-numbered chains due to high
DOS at their Fermi level. Xu et al.?° have considered differ-
ent bridge positions for the CAC between ZGNRs and their
results indicate that the transport behavior is sensitive to the
bridge position and the spin configuration of the leads.

A rigid monatomic carbon linear chain is expected to
exhibit two types of bonding: either - -- C—C=C—C=C- - -
(as in polyyne) or - -- C=C=C=C=C - - - (as in cumulene),
as discussed by Jin et al."* An obvious and interesting ques-
tion is: what kind of bonding exists in a carbon chain con-
strained by two AGNRs. Calzolari et al.?' proposed that the
electrical properties of ideal 1D monatomic C chains are

© 2013 AIP Publishing LLC
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directly linked to their & states. For cumulene type CACs, ©
orbitals are centered on the atoms and lead to metallic sys-
tem, while the & states of polyyne being localized on the tri-
ple C=C bonds induce a semiconducting behavior. It is,
therefore, very important to determine details of the elec-
tronic structures and investigate the effect of the number of
atoms (in the CAC) in the electronic structure.

The present study aims at clarifying the atomic and elec-
tronic structures of short carbon atomic chains held rigidly
between hydrogenated armchair graphene nanoribbons. We
consider chains of several lengths (containing n=4-9
atoms) and ending forms (sp” and sp?). The results are ana-
lysed in terms of even- and odd-numbered carbon atoms in
the chains for AGNR-ended chains to examine the variation
of the DOS and band structures around the Fermi level (Ef).

Il. COMPUTATIONAL METHOD

We carried out ab initio pseudopotential calculations by
employing artificially invoked periodic boundary conditions
along the width direction of the modelled structures for the
CACs as shown in Fig. 1. The electron—electron interaction
was considered within the local density approximation
(LDA) of the DFT, using the correlation scheme of Ceperley
and Alder?® as parametrised by Perdew and Zunger.”> The
electron—ion interaction was considered in the form of norm-
conserving®* fully separable pseudo-potentials.”> The single-
particle Kohn-Sham®® wave functions were expanded in a
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plane-wave basis set with the kinetic-energy cutoff 30 Ry.
This cutoff was found to be adequate, as calculations with
the kinetic energy cutoff 40 Ry did not significantly change
the atomic relaxation or the electronic band structure results.
Therefore, we performed all calculations with 30 Ry. Self-
consistent solutions of the Kohn-Sham equations were
obtained by employing six k points®’ in the irreducible part
of the Brillouin zone for the structures considered. The
eigenvalues at the special k points were thermally smeared
by using the Fermi-Dirac distribution function with a broad-
ening factor of 0.05eV.

In our calculations, the CACs were terminated by GNRs
with armchair edges and the edge atoms of the latter were
passivated by hydrogen. The unit cell included 8 A vacuum
in the x and z directions and the AGNRs at the two ends of a
CAC were of 4-AGNRs and 5-AGNR. In this article, we
mostly investigated the atomic and electronic properties of
carbon wires connected between AGNRs with sp® bonding.
However, some sp° bonding connections are also investi-
gated. Only the atoms in the middle of one of the AGNRs
were frozen and all other carbon atoms and the passivating
hydrogen atoms were relaxed till forces on them became
negligibly small.

lll. RESULTS AND DISCUSSION

We have performed a series of total energy calculations
for short CACs with the number of carbon atoms n ranging

(b)

FIG. 1. Relaxed representative geometries
for n-atom short carbon chains constrained
by two AGNRs. Panel (a): a 9-atom chain

abcdef &hiJ

held between 4-AGNR [referred to as 4-
AGNR-Cy in the text); panel (b): an 4-atom
chain held between 4-AGNR [referred to as
4-AGNR-C;y in the text); panel (c): a 5-atom
chain held straight between 5-AGNR

[referred to as 5-AGNR-C5-sp3 in the text);
panel (d): a 4-atom chain straight between 5-
AGNR [referred to as 5-AGNR-C, in the
text). The upper and lower parts of each

panel show charge density plots for S; half-
occupied and S, unoccupied electronic band
states, respectively. The total electronic
charge density distribution along the carbon
chains is shown as: (e) 4-AGNR-C,, (g) 4-

AGNR-C4, (h) 5-AGNR-Cs-sp°, and (f) 5-
AGNR-C,.

abcde
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from 4 to 9. The chains were held straight between two arm-
chair GNRs (referred to as N,-AGNR-C,).

Previous DFT calculations showed that AGNRs of width
expressed with N, =3M — 1, where M is an integer, are
metallic.!”?8 However, band calculations showed that the
H- and F-terminated 1D-AGNRs with N,=5 and 8 are semi-
conducting with tiny band gaps,>'" whereas for N, =3, 4, 6,
7..., the energy band gap becomes bigger. In this paper, first,
we have recalculated the electronic band structure of the H-
terminated 1D-AGNRs with N,=4 and 5. As can be seen
clearly from Figs. 2(a) and 3(a), the electronic band structure
of the H-terminated AGNRs shows results similar to those
obtained previously for F-terminated'' and H-terminated''
AGNRs. Our H-terminated AGNRs have higher band gap
than F-terminated AGNRs.'! It is clear that the electronic
band structures (Figs. 2(a) and 3(a)) indicate semiconductor
character for 4-AGNR and 5-AGNR, in agreement with the
calculation by Lu er al.'' Also, 4-AGNR has a bigger band
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gap of E,=2.62¢eV. To get a clearer understanding, we have
calculated the DOS around the Fermi level. Although 4-
AGNR obviously has a band gap, 5S-AGNR exhibits semi-
metal character with a finite DOS at E.

The atomic geometry and electronic structure of CACs
were studied with these held rigidly between semiconducting
4-AGNRs and also between semi-metallic 5-AGNRs. Table I
presents the key relaxed atomic geometry parameters for the
odd-numbered and even-numbered CACs. For the 4-AGNR-
C,, structure, the shortest bond length in odd-numbered chains
(1.28 A) is shorter than that in even-numbered chains
(1.31 A). The longest C-C bond length occurs at the ends of a
chain (e.g., bond a,%° joining the chain to the AGNR), in
agreement with the calculations by Jin et al.'* The longest
C(chain)-C(AGNR) bond length is 1.50 A for odd-numbered
chain with n=35 and 7 and 1.54 A for even-numbered chain
with n=6. For both odd-numbered and even-numbered
chains, the shortest bond length is established next to the

DOS

(e)

Energy (eV)

>

Energy (eV)

(2

Energy (eV)

Y r X

FIG. 2. Density of states around the Fermi level (Er) for 4-AGNR-C,, (n =4-9) with carbon chain of different lengths. For comparison, band structure and den-
sity of states of a 4-AGNR are also shown. The Fermi level is set at 0eV. (a) 4-AGNR, (b) 4-AGNR-Coy, (c) 4-AGNR-C7, (d) 4-AGNR-Cs, (e) 4-AGNR-Csg, (f)

4-AGNR-Cg, and (g) 4-AGNR-C,.
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FIG. 3. Density of states around the Fermi level (Ef) for 5S-AGNR-C,, (n =4-9) with carbon chain of different lengths. For comparison, band structure and den-
sity of states of a 5S-AGNR are also shown. The Fermi level is set at 0eV. (a) 5-AGNR, (b) 5-AGNR-Co, (¢) 5-AGNR-C7, (d) 5-AGNR-Cs, (e) 5-AGNR-Csg, (f)

5-AGNR-Cg, (g) 5-AGNR-Cy, and (h) 5-AGNR-Cs-sp°.

longest bond length (e.g., bond b). Both the bond length alter-
ation and the establishment of the largest bond length (single
bond) at the ends of a chain are consistent with a recent theo-
retical study.’® The geometrical structures for 4-AGNR-Cy
and 4-AGNR-C; are presented in Figs. 1(a) and 1(b). The C-C
bond lengths in the chain for the 5-AGNR-C,, are pretty much
the same as for 4-AGNR-C,. Odd-numbered chains have
smaller bond length alteration than even-numbered chains.
For even-numbered chains, bonds alternate between 1.30A
and 1.43 A for Cg, 1.29 A and 1.41 A for Cg, and 1.29 A and
1.40 A for Cy4. For odd-numbered chains, the bond lengths
range between 1.37A and 1.41 A for Co, 1.38A and 1.35A
for C;, and are explicitly constant at 1.36 A for Cs. The geo-
metrical structures for 5-AGNR-Cs-sp® and 5-AGNR-C, are
presented in Figs. 1(c) and 1(d). The alternating distribution
of bond length of short chains is in good agreement with other
reported theoretical values,'#16:17:19:31:32

The total electronic charge density distribution (Fig. 1)
is consistent with the bond length distribution along the

chain. The charge density shows an alternating variation,
consistent with the distribution of the bond length. The
charge density is the minimum along the longest bond (a)
and the maximum along the shortest bond (b). The charge
density plot in Figs. 1(e)-1(h) indicates that the double-
hump feature for bulk diamond has changed to a single-
hump feature in linear carbon chains. In accordance with
bond lengths and charge densities along the chains, the real-
istic chemical depiction of bonding configuration is more
like -.-- C—C=C—C=C--- (as in polyyne) for even-
numbered chains and --- C=C=C=C - -- (as in cumulene)
for odd-numbered chains.

Electronic band structure calculations were performed
along two symmetry directions: ['-X along the chain and I'-Y
along the AGNR periodicity (i.e., a direction perpendicular to
the chain). The calculated electronic band structure, close to
the Fermi level and along the Y-I'-X direction, and the DOS,
for H-terminated 4-AGNRs and 4-AGNR-C,, (n =4-9) are pre-
sented in Fig. 2. An interesting finding from our calculations is
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TABLE I. The calculated lengths of the C-C bonds labelled a, b, ¢, d, e, f, g,
h, i, j (in A) for odd- and even-numbered chains for 4-AGNR-C,, and
5-AGNR-C,,.

Model a b c d e f g h i j

4-AGNR-Cy 1.49 130 1.37 132 134 1.33 131 134 128 142
4-AGNR-C; 1.50 132 1.38 1.35 135 1.38 131 148
4-AGNR-Cs 149 132 137 137 133 1.50

4-AGNR-Cg 1.53 130 143 130 1.43 130 143 129 1.52
4-AGNR-Cs 1.54 129 143 130 143 129 1.52

4-AGNR-C, 148 128 140 1.28 1.49

5-AGNR-Cy 1.59 1.33 145 137 141 1.41 137 144 133 1.57
5-AGNR-C; 1.50 1.32 138 1.35 1.35 137 1.31 147
5-AGNR-Cs 1.48 132 136 136 132 148

5-AGNR-Cg 1.53 1.30 143 131 143 130 142 129 1.50
5-AGNR-C¢ 1.51 129 142 129 141 129 150

5-AGNR-C, 1.48 1.29 140 128 1.48

that the electronic structure shows even-odd oscillations with
regards to the number of atoms in the chains. Odd-numbered
chains are characterized by quite a flat band, which crosses the
Fermi energy level in the Y-I' direction, suggesting a metallic
nature (Figs. 2(b)-2(d)). We have found that the lowest unoc-
cupied and highest occupied states are very smooth along the
normal to the plane of the CAC and similar level of smooth-
ness is found in the CAC plane. It is found that the band gap of
the even-numbered chains of approximately 2.1eV is smaller
than the band gap for 4-AGNR (2.6¢eV), but still indicating a
clear semiconductor nature.

In order to understand the origin of the states lying closest
to the Fermi level (the states labelled S; and S, in Fig. 2), we
have plotted their partial charge densities. An examination of
Fig. 1 indicates that the S; and S, states are localised on dif-
ferent parts of the chain. For 4-AGNR-Cy, we note that S;
state is largely derived from the m orbitals localized between
the C-C bonds, except for the central C atom for which it is a
p. orbital. The S, state is essentially made of p, orbital at alter-
nate C atoms. For 4-AGNR-C,, the S; and S, states are made
of /n* type orbitals formed between neighbouring C atoms.

Besides the above structures, we have also considered
sp>-like bonding geometry between the CAC and the AGNR.
According to our results, the sp> bonding leads to changes in
the atomic structure as well as electronic structure of the sys-
tems. The 4-AGNR-C,4-sp” structure does not show any sig-
nificant difference for the band gap and the dispersion of the
band states along the Y-I'-X direction. Nevertheless, the
band states are shifted above (i.e., to higher energies), veri-
fied by the DOS result, so that the electronic structure
changes from semiconducting (sp? structure) to metallic (for
the sp” structure). Also, the bonding structure of the chain is
changed from polyyne to cumulene. The bonding structure
of the chain is not changed for 4-AGNR-Cs-sp” and its elec-
tronic structure is still metallic. The dispersions of various
bands have changed and the peak which was located at the
Fermi level has moved to right (i.e., to a higher energy).

Figure 3 shows the band structures of 5-AGNR and
5-AGNR-C,, systems. The 5-AGNR structure indicates semi-
conductor character with a small band gap, in agreement

J. Appl. Phys. 113, 193704 (2013)
with previous works,>'" and obviously the sp carbon atomic
chains cause changes in the electronic structure. Odd-
numbered chains have some states in the band gap, which
cross the Fermi level along the Y-I" direction, leading to a
peak at the Fermi level. These band states and the peak are
indication of the metallic structure. In addition, the band gap
is consistent with that for 5-AGNR along the I'-X direction.
Even-numbered chains show a clear dip in the DOS, but with
no state crossing the Fermi level in the Y-I'-X direction,
which implies a semi-metallic character. From the contour
plots for 5-AGNR-Cs-sp>, we clearly observe charge accu-
mulation around the bonds labelled b and e for S, state. For
5-AGNR-Cy4, the p, orbitals are located on the bonds labelled
a, ¢, and e for the S| band state and on the bonds labelled a,
b, d, and e for the S, band state.

We have explored how the structural and electronic prop-
erties of such chains change from the sp? to the sp® termination
for the 5-AGNR-C,, systems. The bond lengths in the CAC for
5-AGNR-Cs-sp” are very similar to those for 4-AGNR-Cy-sp’:
for S-AGNR—Cs—sp3 bond lengths (in 10\) are ...1.42, 1.37,
1.38, 1.42... and for 4—AGNR—C4—sp3 ...1.35, 1.36, 1.36. Also,
the chemical nature of the bond is changed from the polyyne
to cumulene for 5-AGNR-Cy4-sp> just like 4-AGNR-C,-sp,
but there is no significant change in the electronic structure,
which still remains semi-metal. The effect of sp® versus sp
bonding of the CAC with the AGNR can be clearly noted
from an inspection of the electronic band structure and DOS
results presented in panels (d) and (h) in Fig. 3. There are
more electronic states near the Fermi level for the sp® configu-
ration. The DOS features have also changed in the energy
range Er+2eV. The clearly observed peak at Ef for the sp’
termination has been changed to a shoulder-like structure with
peaks at —1.94eV and 1.67eV for the sp> termination. We
thus can conclude that the ending of sp-carbon chains modifies
the electronic structure, specially for odd-numbered chains, in
agreement with a previous theoretical analysis.*

It is generally thought, on theoretical grounds, that linear
CAC:s should exhibit good ballistic conductance. Due to the
metallic character and good conductance, ZGNRs are chosen
as the electrodes and the transport properties of chain-ZGNR
junctions are extensively studied by several research
groups.'?° However, AGNRs are not choosen as the elec-
trodes because of their semiconducting or semimetallic na-
ture, providing poor conductance. Theoretical results for
transport along GNR-CAC-GNR have recently been pre-
sented. Shen et al.'’ suggest that for ZGNR-CAC-ZGNR
with short CAC, ballistic transport should be observed for
odd-numbered chains but not for even-numbered chains.

In the present study, we have investigated the electronic
structure of the AGNRs ended rigid short CACs around the
Fermi level. The dependence of the DOS at E on the num-
ber of C atoms in the chain, presented in Figure 4, shows os-
cillatory behavior with the number of carbon atoms in the
chain. As high DOS near Ey leads to high conductance,'®'”
we can conclude that odd numbered chains should have
higher conductivity and even-numbered chains should prove
poor conductors. For a given N,AGNR-CAC-N,AGNR, the
DOS at Ex generally increases with the number of atoms in
the odd-numbered CAC. Our work thus predicts that the
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FIG. 4. (a) Density of states at the Fermi level (Er) as a function of the num-
ber of the carbon atoms in the chain for 4-AGNR-C, and 5-AGNR-C,
(n=4-9). (b) Normalized DOS around the fermi level for 4-AGNR-C,, and
(c) 5-AGNR-C,, (n =4-9).

conducting behaviour of short CACs held between AGNRs
is similar to that of short CACs held between ZGNRs. Our
results also suggest that for short CACs with odd number of
atoms (C,,), the conductance of SAGNRS-C,-5AGNR should
be a little lower than that of 4AGNRS-C,-4AGNR.

IV. SUMMARY

Inspirated by recent experiments, we have investigated
the atomic and electronic properties of short CACs held
rigidly between AGNRs using a first-principles theoretical

J. Appl. Phys. 113, 193704 (2013)

procedure. Our calculations have revealed that odd-
numbered chains are metallic in nature, with chemical bond-
ing more like .- C=C=C=C--- (as in cumulene).
However, even-numbered chains held between 4-AGNR
show semiconductor structure and semi-metallic nature
when held between 5-AGNR, with chemical bonding more
like - - - C—C=C—C=C- - - (as in polyyne). Our results sug-
gest that the type of attachment between the chain and the
ribbon (i.e., sp” or sp>) modifies the electronic structure, spe-
cially for odd-numbered chains.
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