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We investigate the effects of ruthenium (Ru) termination and Ru doping on the electronic properties of armchair
graphene nanoribbons (AGNRs) using first-principles methods. The electronic band structures, geometries,
density of states, binding energies, band gap information, and formation energies of related structures are
calculated. It is well founded that the electronic properties of the investigated AGNRs are highly influenced by
Ru termination and Ru doping. With Ru termination, metallic band structures with quasi-zero-dimensional, one-
dimensional and quasi-one-dimensional density of states (DOS) behavior are obtained in addition to dominant
one-dimensional behavior. In contrast to Ru termination, Ru doping introduces small but measurable (12.4 to
89.6 meV) direct or indirect band gaps. These results may present an additional way to produce tunable band

gaps in AGNRs.
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1. Introduction

The band structure of graphene, consisting of a few
layers of graphite, was one of the first structures
investigated theoretically [1]. With its free-standing
two-dimensional structure, graphene is believed to be
thermodynamically unstable under ambient conditions
[2]. Interest in this material increased after the exper-
imental study presented by Novoselov et al. [3]. Several
fabrication methods have been reported [4-6] since the
publication of the exfoliation method of Novoselov
et al. These new fabrication methods have resulted in
the production of the more successfully controlled
quasi-one-dimensional form, the graphene nanoribbon
(GNR) [7].

The electronic properties of GNRs are ruled by the
size of the ribbon and the geometry along the edges [8].
Similar to zig-zag carbon nanotubes (CNTs), armchair-
edged GNRs show semiconductor behavior and, like
armchair CNTs, most of the zig-zag-edged graphene
nanoribbons (ZGNRs) are metallic [9]. With a doping
defect or edge defects, one can break the degeneracy of
the spin polarization and make ZGNRs into half-
metals or spin gapless semiconductors [10-12].
Kobayashi et al. observed a high density of edge
states near the Fermi level for hydrogen-terminated
graphite edges using scanning tunneling microscopy,

which also verified experimentally the importance of
edge states for GNRs [13]. Theoretical studies are
mostly directed towards hydrogen-terminated GNRs,
and there are a few examples of the different termina-
tion possibilities [14].

Graphene synthesis on non-carbide substrates
using epitaxial methods has been studied to synthesize
better graphene layers than when using the carbide
sublimation method [15]. Very recent results have been
reported with transition metal (TM) substrates such as
Ni [6], Cu [16], and Ru [15]. Ru thin films have some
advantages over Ni and Cu with their low-defect
macroscopic crystalline domains, which result in suc-
cessful thickness control on Ru (0001) substrates
[15,17]. Because of these advantages, understanding
the interaction of graphene and the transition metals
Ni [18], Cu and Ru is of great importance. Several
theoretical studies on graphene-on-Ru substrates
[19-23] have been reported in order to understand
this interaction. These studies all concern graphene-on-
Ru substrates and provide very little, or no, informa-
tion on Ru-terminated or Ru-doped graphene
structures.

In the present study, we investigated the electronic
properties of Ru-terminated and highly Ru-doped
AGNRs using density-functional-theory (DFT)
calculations.
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Figure 1. Supercell of the 9-AGNR structure. This structure
is hydrogenated. Gray and white atoms represent carbon and
hydrogen, respectively. Ribbons are allowed to grow only in
the z-direction. The other two axes are confined.

2. Computational method

The calculations were performed using the Atomistix
Toolkit — Visual NanoLab (ATK-VNL) [24-26]. As an
exchange correlation function, the local density
approximation (LDA) was used in the form of
Perdew and Zunger [27]. Periodic boundary conditions
for the z-axis and vacuum confinement for the x- and
y-axes are utilized. For the vacuum confinement region,
the intervals among the ribbons were kept sufficiently
spaced to ensure minimization of the interaction
between two periodic slabs. An energy cut-off value
of 100Ry was selected to ensure accurate results.
Brilliouin zone integration was performed with a
regular Monkhorst—Pack 1 x 1 x 100 k-point grid [28].
All atoms were fully relaxed and maximum force
components on all atoms were accepted to be less
than 0.005eVA~". We refer to armchair GNR with N,
dimer lines as N,-AGNR. We examined symmetrical
AGNRs with widths of N, =7-11, but since the results
are similar, we only present the results for 9-AGNRs. In
our calculations, we modeled AGNRs with one side
Ru-terminated and one side H-terminated, both sides
Ru-terminated, and Ru-doped as a dimer line, which is
again referred to as N,. It may be more convenient to
explain doping as alloying due to the number of atoms.
Figure 1 shows the modeled structure and the supercell
used for the simulation.

3. Results and discussion

Calculations were performed for bare, H-terminated,
single-side Ru-terminated, both sides Ru-terminated

(a) (b)
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Z

Figure 2. Band structures of (a) H-terminated, (b) single-side
Ru-terminated and (c) both side Ru-terminated structures.

and Ru-doped with various configurations for differ-
ent ribbon widths (V,=7-11) and the effects of spin.
In our calculations, we obtain the same degenerate
results for spin-included cases, which is related to the
investigated AGNRs with or without Ru atoms being
non-magnetic. We present the results for N, =9 below
for simplicity.

3.1. Effects of Ru termination

The band structures of bare, H-terminated, single-side
Ru-terminated, both sides Ru-terminated and
Ru-doped cases were obtained in order to understand
the nature of the interaction of Ru with the AGNRs.
In our bare ribbons, there are four edge carbons with
one dangling bond per edge carbon atom. We observed
that these dangling bonds result in a decrease in the
lattice parameters as well as indirect semiconductor
behavior, which is compatible with the literature [29].
The H-terminated structure shown in Figure 2(a) gives
a direct band gap that demonstrates the expected
semiconductor behavior. The structure with single-side
Ru-termination, shown in Figure 2(b), has additional
delocalized 4d states from Ru atoms that impart
metallic nature to the structure. It should be pointed
out that spin-up and spin-down states are degenerate.
Figure 2(c) shows the band structure of the both-sides
Ru-terminated structure. The band structure is similar
to the single-side Ru-terminated case, but with a
difference in the nature of the folding. This behavior
is expected due to the symmetrical nature of the
terminations. Therefore, the number of conducting
states crossing the Fermi level is doubled with the
additional Ru termination of a single side.
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Figure 3. The DOS data of (a) H-terminated, (b) single-side Ru-terminated and (c) both side Ru-terminated structures. Detailed
views of Q0D and Q1D DOS peaks for (d) both-side Ru-terminated and (e) single-side Ru-terminated structures.

The density of states (DOS) of these structures
is shown in Figure 3(a)-(c). The DOS of the
H-terminated structure, shown in Figure 3(a), presents
the well-known symmetric one-dimensional (1D) DOS
behavior with a band gap of 0.80eV. The structures
with single-side Ru-termination and both side Ru-
termination do not present a band gap due to the
hybridization between C-p and Ru-4d orbitals. The
DOS of the structure with single-side Ru-termination
(Figure 3(b)) near the Fermi level shows local quasi-
one-dimensional (Q1D) behavior [30]. In addition to
this local behavior, many types of expected 1D DOS
behavior were observed. In addition, the DOS spec-
trum of the both side Ru-terminated structure exhibits
many types of quasi-zero-dimensional (Q0D) behavior,
as shown in Figure 3(c) [30]. The origin of this behavior
is unknown. Figure 3(d) and (e), which show parts of
Figures 3(c) and (b) in more detail, clearly show the
QOD and Q1D DOS peaks.

In addition to the band structures and DOS, we
calculated the related binding energies (BE) of the
investigated structures. For the bare ribbon and other
terminated configurations, the BE is calculated as

Et g
Ep = ,Bare Ec
n

(for bare) (1)
and

Eg = Et — ET Bare — nEy — mERy

(for other configurations), 2)

respectively. Here, Eg, Et, ETBares Ec, En, Ery, 1 and
m are the BE, the total energy of the investigated

Table 1. Binding energy per carbon atom of related
configurations.

Binding energy per C atom (eV)

Bare ribbon —0.556
H-terminated —1.307
Single-side Ru-terminated —1.629
Both side Ru-terminated —1.953

configuration, the total energy of bare AGNR, the
total energy of isolated carbon, hydrogen and ruthe-
nium atoms, the number of hydrogen atoms and the
number of ruthenium atoms, respectively. A lower
energy corresponds to stronger binding of the atoms.
The calculated BEs for the investigated configurations
are listed in Table 1. In contrast to Cu-terminated
and Ni-terminated AGNRs [14,29], both-side
Ru-terminated structures are the most stable followed
by single-side Ru-terminated and H-terminated struc-
tures, which shows a notable interaction between Ru
and C atoms at the edges.

3.2. Effects of Ru doping

The interaction between Ru and C atoms at the edges
raises the question of the effects of Ru doping in these
structures. In order to investigate these effects, we
doped the H-terminated structure with Ru at the dimer
lines shown as N, in Figure 1. Figure 4(a)—(f) show the
band structures of the H-terminated structure and
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doped structures with N,=1-5. Structures with
N,=6-9 are not included due to the symmetry of the
structure. As can be seen from Figure 4, new states
arise at both the conduction and valance bands due to
the strong interaction of Ru with C, but we do not
observe any Fermi level crossing due to the doping
line. Changes in band structures increasingly decrease
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Figure 4. Band structures of the H-terminated structure
(a) and doped structures with N, = 1-5 ((b)—(f)).

with doping towards the center of the ribbon. All the
investigated doping lines (N,=1-5) show direct or
indirect band gaps. Table 2 reports the properties of
these band gaps. According to these values, the
H-terminated structure and structures with N,=2
and 5 show direct semiconductor behavior, and the
other structures show somewhat indirect behavior. The
H-terminated structure has a known direct band gap
value of 0.80 eV, which is compatible with the literature
value of 0.75eV [12]. With Ru doping at dimer lines
N,=1-5, various band gaps of 12.4 to 89.6 meV are
obtained. These values are open to discussion and a
further detailed investigation with different exchange
potentials and geometries is recommended. Because
these band gaps are on the meV scale, Figures 4(a)—(f)
show the details near the Fermi level and these band
gaps can clearly be observed in Figure 5(a)—(f).

In order to determine which of these configurations
is energetically favorable, we calculated the formation
energy [31]:

Exorm = (Er +nEc) — (Etn + nEry), (3)

where Ety is the energy of the H-terminated config-
uration and » is the number of Ru atoms, which is two
in the investigated structures. Calculated formation
energies are shown in Figure 6. Structures with doping
lines N, =1 and 9 are energetically the most favorable.
In addition, the structure with doping line N,=35 is
energetically favorable with respect to lines N, =3, 4,
6, and 7. The behavior of line N, =35 can mostly be
attributed to the symmetry of the structure, and the
contributions of both symmetric parts are favored at
the center. Generally, it can be stated that Ru doping
near the edges is energetically favorable with respect to
the other doping lines.

4. Conclusion

In summary, we have performed first-principles calcu-
lations to study the geometries and electronic

Table 2. Valance band maximum, conduction band minimum, band gap, and type of band gap of H-terminated

and doped structures.

Valence band Conduction band Band Direct
Structure maximum (eV) minimum (eV) gap (eV) gap
H-terminated —0.4006 0.4006 0.8013 Yes
Dope at dimer line N, =1 —0.0067 0.0057 0.0124 No
Dope at dimer line N, =2 —0.0356 0.0303 0.0658 Yes
Dope at dimer line N, =3 —0.0049 0.0103 0.0152 No
Dope at dimer line N, =4 —0.0175 0.0167 0.0342 No
Dope at dimer line N,=5 —0.0496 0.0400 0.0896 Yes
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Figure 5. Band gap formation in the H-terminated structure
(a) and doped structures with N, =1-5 ((b)—(f)).
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structures of armchair graphene nanoribbons with Ru
atom termination and Ru doping. We found that Ru
termination can significantly influence the electronic
properties of AGNRs, induce metallicity and introduce
QOD- and Q1D-type states in addition to 1D states. In
contrast to Ru termination, small direct or indirect
band gaps with values of 12.4 to 89.6meV are
maintained with Ru doping. These results are impor-
tant figures of merit in order to obtain tunable band
gaps experimentally with graphene. Future first-
principles and experimental studies could find a
definite answer to the band gap modifying effect of
Ru atoms in the graphene lattice, which is, however,
beyond the scope of the present paper.
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