Journal of Magnetism and Magnetic Materials 420 (2016) 56-61

journal homepage: www.elsevier.com/locate/jmmm

Contents lists available at ScienceDirect

Journal of Magnetism and Magnetic Materials

Journal of
maguetism
and
magnetic
malerials

Ab-initio investigation of spin-dependent transport properties
in Fe-doped armchair graphyne nanoribbons

@ CrossMark

S. GolafroozShahri, M.R. Roknabadi*, N. Shahtahmasebi, M. Behdani

Department of Physics, Ferdowsi University of Mashhad, Mashhad, Iran

ARTICLE INFO ABSTRACT

Article history:

Received 10 February 2016
Received in revised form

10 June 2016

Accepted 23 June 2016
Available online 24 June 2016

Keywords:

Spintronic

Magnetic impurity

Density functional theory
Graphyne nanoribbons
Non-equilibrium Green function

An ab-initio study on the spin-polarized transport properties of H-passivated Fe-doped graphyne na-
noribbons is presented. All the calculations were based on density functional theory (DFT). Doping single
magnetic atom on graphyne nanoribbons leads to metallicity which can significantly improve the con-
ductivity. The currents are not degenerate for both up and down spin electrons and they are considerably
spin-polarized. Therefore a relatively good spin-filtering can be expected. For configurations with geo-
metric symmetry spin-rectifying is also observed. Therefore they can be applied as a dual spin-filter or a
dual spin-diode in spintronic equipment.
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1. Introduction

By increasing development of investigations on low dimen-
sional electronic systems, and study of their electronic and spin-
tronic properties, quantum transport properties of low dimen-
sional systems have been of particular interest.

Many physicists believe that spintronic will be one of the most
significant branches of future technological researches. So far, the
focus of spin dependent studies has been on graphene based nano
structures [1-10] such as nanoribbons [11], nanotubes [12,13] and
fullerenes [14]. In which, applying gate voltage [15] putting the
sample between two ferromagnetic electrodes [16-23], inducing
defects, doping or substituting impurities into structures to pro-
duce spin-polarized states [7,24-29] have been employed for fur-
ther understanding on their spin-dependent properties.

Graphyne (Gy), another two dimensional allotrope of carbon,
has been the subject of increasing studies due to its special
structural, electrical, optical and mechanical properties. Gys,
which were predicted by Baughman in 1987 [30], have the same
symmetry as graphene with hexagonal carbon rings (sp? hy-
bridized C atom) and acetylenic linkage (sp hybridized C atom)
[31]. The presence of sp carbon atoms allows the formation of
multiple lattice types of graphyne sheets with different symme-
tries called a, 3, y and 6-6-12 graphyne [32].
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Recent theoretical researches indicated that Graphyne has been
proven to possess phenomenal electronic properties as graphene
[33-36]. The structural and electronic properties of graphyne na-
noribbons (GyNRs), which would be formed by cutting Gy sheets,
are strongly dependent on the edge chirality (armchair, zigzag)
and their widths.

Few researches have been devoted to study the influence of
magnetic impurity on electronic and transport properties of gra-
phyne nano structures [37,38]. Regarding promising application of
Graphyne family as a spintronic device requires more extensive
studies.

Introduction of impurities to carbon-base nano structures can
produce spin-dependent characteristics and spin-polarized states,
which makes them suitable for spintronic applications [7,27,39].
Although the electronic, optical, mechanical and transport prop-
erties of graphyne nanoribbons have been studied [32,40-43], the
effect of magnetic impurity on their properties have not yet been
examined. In this context, the influence of a single magnetic im-
purity on spin-polarized transport of graphyne nanoribbons is the
subject of present study. Also, the dependency of its behavior to
the width of ribbons has been shown.

In this work, ab initio calculations were used to study Fe-doped
narrow graphyne nanoribbons, passivated by hydrogen, to in-
vestigate the spin-dependent transport properties in the frame-
work of density functional theory. Also the impact of AGyNRs
width variation on transport behavior was addressed.
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2. Model and method

To investigate the electronic properties of Fe-doped armchair
graphyne nanoribbons (n-AGyNR), in which “n” indicate the
number of hexagonal rings in the width of ribbon, we performed
ab-initio calculations with spin-polarized density functional the-
ory (DFT) using OpenMX simulation package [44]. DFT method
plays a substantial role in study of nano scale structure properties.
The exchange and correlation effect was approximated with gen-
eralized gradient approximation (GGA) of Perdew-Burke-Ernzer-
hof (PBE) [45] and the core electrons are substituted by Troullier—
Martins norm-conserving pseudo potential. A Monkhorstpack
scheme [46] with 1x1x5 mesh points in k-space was considered.
An energy cutoff of 150 Ry was chosen to expand atomic wave
functions. All atoms were relaxed till the residual forces on each
atom become less than 0.02 eV/A. To avoid the possible interaction
of nanoribbons with adjacent system, an enough vacuum layer
(12 A) was chosen in the non-periodic directions (Fig. 1).

For transport calculations we perform Non-equilibrium Green'’s
Function (NEGF) as implanted in the TranMain module in OpenMX
package. The device structure illustrated in (Fig. 2) is divided into
three parts, including two semi-infinite electrodes and a scattering
region.

The spin-polarized current through the scattering region is
calculated by Landauer-Biittiker formula [47].To quantify the spin-
polarization, we also calculated the spin filter efficiency (SFE) of
current, which is defined as:

I -

SFE = - L %100
I, + 1| M

where I; and I, are the currents of up and down spin, respectively.

3. Results and discussions

We calculate and compare the stability of n=1, n=2 and n=3
AGyNR (Fig. 1) in various possible site of doped Fe atom to find out
the most stable ground state. The results show that regardless of
Fe atom location, ribbons with Fe impurity have magnetic ground
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Fig. 1. Schematic representation of (a) n=1, (b) n=2 and (c) n=3 Fe-doped AGyNR.
The dark blue, light blue and red spheres represent C, H and Fe atoms, respectively.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 2. Schematic representation of Fe-doped nanoribbon connected to two semi-
infinite electrodes for transport calculation.
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Fig. 3. Schematic representation of two possible doping sites in AGyNRs men-
tioned by sp and sp?.

Table 1
The total energy of all considered pristine and Fe-doped n-AGyNRs for n=1, n=2
and n=3 after relaxation.

Total energy (eV) sp-site sp2-site

1-AGyNR —453.787 —449.433

2-AGyNR —1011.672 —991.403

3-AGyNR —1569.633 —1554.479
Table 2

The measured bond lengths of all considered pristine and Fe-doped n-AGyNRs for
n=1,n=2 and n=3 after relaxation.

Bond length (A) C-C (sp-sp) C-C (sp-sp?) Fe-C (sp-sp) Fe-C (sp-sp?)
1-AGyNR 1.2538 1.4465 1.7800 1.9446
2-AGyNR 1.2538 1.4467 1.7710 1.9435
3-AGyNR 1.2541 1.4424 1.7212 1.8703

state. In the studied nanoribbons there are two different doping
configuration which are shown in (Fig. 3) labeled by sp and sp>.
After complete relaxation of system, the total energy of each three
investigated nanoribbons (n=1, n=2 and n=3 Fe-doped AGyNRs)
in both doping sites were calculated (see Table 1), and the results
reveal the most stable configuration is achievable by substitution
of sp carbon with Fe atom, as it exhibits lowest total energy.

The bonding lengths of all structure are listed in (Table 2);
where Fe atom bond length with its nearest neighbor is about
1.7 A and 1.9 A for sp and sp? substitutions with small variations.
The C-C bond length becomes larger after Fe doping and the lattice
symmetry is disturbed. Furthermore, the geometry of GyNRs
would not be severely distorted.

Band structure and density of state (DOS) of Fe-doped armchair
n-graphyne nanoribbons (n-AGyNR) was studied and compared
with pure ones.The results are shown in (Fig. 4). All pure nanor-
ibbons are semiconductor, with energy band gap of about 1.6,
1.3 and 1.0eV for n=1, n=2 and n=3 AGyNR, respectively. In
addition, the band gaps are located near to the X point in the first
Brillouin zone. It was found that, similar to graphene [48-50], the
band gaps of the studied samples shows a descending trend with
increasing nanoribbons width; which is in good agreement with
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Fig. 4. Band structure and total density of states (DOS) for (a) n=1, (b) n=2 and (c) n=3 pristine and Fe-doped AGyNR. Pristine, up spin and down spin states correspond to
black, red and blue lines, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 3
The calculated Fermi level of all considered pristine and Fe-doped n-AGyNRs for
n=1,n=2 and n=3.

Table 4
The threshold voltage of all considered pristine and Fe-doped n-AGyNRs for n=1,
n=2 and n=3.

n-AGyNR n=1 n=2 n=3 n=1(Fe- n=2(Fe- n=3 (Fe- n-AGyNR n=1 n=2 n=3 n=1 (Fe- n=2 (Fe- n=3 (Fe-
(pure) (pure) (pure) doped) doped) doped) (pure) (pure) (pure) doped) doped) doped)
Fermi le- —3.58 —4.07 —-3.91 —3.53 —3.80 —3.62 Threshold 1.8 14 1.2 14 13 1.1
vel (eV) voltage (V)

other reports [51].

Evidently, metal atoms could be good electron donors because
of their contribution of valance electrons to conduction band of
GyNRs. According to the band structure diagrams, in Fe-doped
nanoribbons, increasing the amount of electrons caused an im-
purity state above Fermi level near conductance band of primitive
structure. The conducting channels, explaining the band structure
of materials, from valance to conduction band, indicate the me-
tallic nature of Fe-doped nanoribbons.

Furthermore, we find that up spin and down spin electronic
states are not degenerate and they are spin-polarized. The ex-
istence of additional electronic states, from delocalized Fe elec-
trons, crosses the Fermi level leads to metallicity. These additional
states are imputed to delocalized Fe-3d electrons. The reason is
that a small amount of charge transfer takes place from Fe to C
atom and consequently the Fermi level is shifted downwards;
calculated Fermi level are presented in (Table 3).

The overlap between 3p® 4s? 3d° orbitals of Fe atom and 2s%2p?
orbitals of C atoms gives rise to changing DOS spectrum. In DOS
spectrum of pristine and Fe-doped nanoribbons, the positions of
DOS curves are in agreement with the electronic band structures
of ribbons. It is clear from DOS spectrum; pure nanoribbons are
semiconductor, in accordance with the previous finding [50],
while Fe-doped nanoribbons DOS is nonzero in the Fermi level
that shows metallic behavior like corresponding band structure.
All the nanoribbons have spin-polarized electronic states unlike
the pure ones (which is related their nonmagnetic ground state).
These properties provide the possibility of spin polarization and
spin filtering effect in a device.

Furthermore, we find by increasing the width of nanoribbons,
the DOS peaks intensity increases as well, indicating better con-
ductivity of them. As can be seen, for 1-AGyNR, a sharp peak is
observed at the Fermi level for up spin DOS spectrum, formed by
contribution of Fe-s, Fe-p and Fe-3d orbital. While, for 2-AGyNR
and 3-AGyNR, down spin electrons have sharper peaks at the
Fermi level, confirmed by corresponding band structures which
show down spin state is near to Fermi level.

To study the conductivity of single magnetic metal on armchair

graphyne nanoribbons, spin-polarized transport calculations were
performed for Fe-doped GyNRs sandwiched between two pure
AGyNR electrodes.At each bias voltage, the up and down spin
currents were calculated self-consistently under the Non-equili-
brium condition using the Landauer-Biittiker formula.

The currents for up spin (I;) and down spin (I,) of Fe-doped
n-AGyNR as well as pure ones are plotted versus the applied bias
voltage (V) in (Fig. 5). For pure and Fe-doped GyNRs, apparent
current appears when the bias voltage exceeds the band gap. All
pure n-AGyNRs display semiconductor behavior which is in ac-
cordance with their band structures and density of states, in which
the threshold voltages are about 1.8V, 1.4V and 1.2V for n=1,
n=2, and n=3, respectively (Table 4). It is obvious that, by doping
magnetic impurity on studied n-AGyNRs, the conductance of na-
noribbons is improved because as can be seen, in all considered
nanoribbons threshold voltage decreased in Fe-doped cases (1.4 V,
13V and 11V for n=1, n=2, and n=3, respectively).

According to I-V curves of Fe-doped n-AGyNRs, the current for
both up and down spins are not degenerate, so it is considerably
spin-polarized.When the bias voltage becomes larger than the
threshold voltage, clearly visible that the current has two parts for
up and down spin electrons. This is because the impurity states of
doping atom induce extra transport channels.

Now we turn to the behavior of the current-voltage (I-V) of our
Fe-doped GyNRs. The curves in (Fig. 6) describe the spin-polarized
currents as a function of the applied bias (I-V curve) for Fe-doped
AGyNRs at the bias range from —2.0V to 2.0V. Two different
features observed: spin filtering and spin-rectifying effects. For Fe-
doped 1-AGyNR, the up spin current through the ribbon increases
rapidly, especially when the bias become higher than threshold
voltage about 1.4 V. While the down spin current is obviously
smaller than that of up spin electrons and increases slowly with
the increase of bias in the entire voltage range, this occurs because
the resonances for the up spin state are closer to the Fermi level.
As can be seen, the individual currents of up and down spins are
symmetric around zero bias. The up spin electrons can easily pass
through the system when the positive bias is higher than thresh-
old voltage, while it is almost forbidden within the bias range
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Fig. 5. The I-V curves of (a) n=1, (b) n=2 and (c) n=3 pristine and Fe-doped AGyNR in positive bias voltages. Pristine, up spin and down spin states correspond to black, red
and blue lines, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. The bias dependent SFE of (a) n=1, (b) n=2 and (c) n=3 Fe-doped AGyNR.

(—2.0, 1.4 V). However, the case of the down spin electrons is just
opposite to that of the up spin electrons and it can easily flow
through the device when the negative bias exceeds — 1.4V, while
it is blocked within the bias range (— 1.4, 2.0 V).This indicates that
the Fe-doped 1-AGyNR has both spin filtering and spin-rectifying
effects, so it can be applied as a dual spin-filter or a dual spin-
diode.

For Fe-doped 2-AGyNR the currents of spin-down electrons
increase when the applied bias voltage become higher than 1.3V,
and its values are larger than that of the up spin electrons (in
inverse proportion to Fe-doped 1-AGyNR). For the up spin elec-
trons, their -V curves have flat characteristics and the currents
increase slowly with the bias voltage, and it has relatively good
spin filtering effect. Moreover, it exhibits no spin-rectifying effect
and for negative bias voltages down spin current is dominant.

Similar to previous nanoribbons, Fe-doped 3-AGyNR, the cur-
rent is considerably spin-polarized and the current of down spin
electrons is considerably larger than that of up spin at all bias
voltages, particularly after threshold voltage of 1.1 V. on the other
hand, at almost all bias voltages, the current of up spin electrons,
in comparison with the current of down spin electrons, is negli-
gible; indicating its good spin filtering effect. Furthermore, similar
to Fe-doped 1-AGyNR by studying the behavior of current in ne-
gative voltages, we find its spin-rectifying effect within the applied
bias range.

It is mention that, in the case of Fe-doped 1-AGyNR and
2-AGyNR, a negative slope is observable in the -V curve between
1.9-2.0 V and 1.8-2.0 V, respectively which is commonly known as
the negative differential resistance (NDR).

To quantify the spin-polarization, we calculated SFE of current,
which can be defined by Eq. (1).

It is observed that the SFEs of the systems are extremely de-
pended on the bias voltages and show non-linear behaviors
(Fig. 7). The maximum SFEs are 97.04%, 95.42% and 96.46% for
n=1, n=2 and n=3 Fe-doped AGyNR at 0.1V, 0.2V And 0.1V,
respectively. The large magnitude of spin-filter efficiency in the
structures suggested possible applications as spin filters.

Finally, from these results, we can find out that the Fe-doped
AGyNRs could have potential application in spintronic.

4. Conclusions

In this paper, the spin-dependent transport properties of Fe-
doped armchair graphyne nanoribbons are studied and compared
with pure ones. The results show that all pure armchair graphyne
nanoribbons have semi-conductive characteristics along the arm-
chair direction and in Fe-doped nanoribbons, increasing the
amount of electrons caused an impurity state above Fermi level
near conductance band of primitive structure. Furthermore, we
found that up spin and down spin electronic states are not de-
generate. The existence of additional electronic states, from delo-
calized Fe electrons, across the Fermi level leads to metallicity.
Also we found that by increasing the width of nanoribbons, the
DOS peaks intensity increases indicating better conductivity. It is
obvious that, doping magnetic impurity on studied n-AGyNRs, has
improved the conductance of nanoribbons.

The spin-polarized currents as a function of the applied bias (I-
V curve) for Fe-doped AGyNRs were studied. When the bias vol-
tage becomes larger than the threshold voltage, clearly visible that
the current has two parts for up and down spin electrons. This is
because the impurity states of doping atom induce extra transport
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channels. The current for both up and down spin electrons is
considerably spin-polarized; therefore spin-filtering effect can be
expected. Threshold voltage decreased by increasing the width of
ribbon. For configurations with geometric symmetry spin-rectify-
ing effect was also observed. So they can act as a dual spin-filter or
a dual spin-diode in spintronic equipment.

These novel spin-dependent properties of Fe-doped armchair
graphyne nanoribbons make them a promising candidate for nu-
merous applications in spintronic devices.
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