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ABSTRACT: We investigate the transport properties (IxV curves and zero bias
transmittance) of pristine graphene nanoribbons (GNRs) as well as doped with boron
and nitrogen using an approach that combines nonequilibrium Green’s functions and
density functional theory (DFT) [NEGF-DFT]. Even for a pristine nanoribbon we verify
a spin-filter effect under finite bias voltage when the leads have an antiparallel
magnetization. The presence of the impurities at the edges of monohydrogenated zigzag
GNRs changes dramatically the charge transport properties inducing a spin-polarized
conductance. The IxV curves for these systems show that depending on the bias voltage
the spin polarization can be inverted. ©2010 Wiley Periodicals, Inc. Int ] Quantum Chem

111: 1379-1386, 2011
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Introduction

G raphene nanoribbons (GNRs), which are
thin strips of graphene [1-3], have been
widely studied not only because of their interest-
ing physical characteristics but because they also
present great technological potential [4, 5]. The
physical properties of these 2D structures such as
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low noise, large values for magnetoresistance and
high electrical and thermal conductivity make the
GNRs a possible alternative for devices in general
[6-9].

The electronic properties of the nanoribbons
widely depend on the edge structures (armchair
or zigzag). GNRs with controlled edge orientation
have been fabricated by Scanning Tunneling
Microscope (STM) lithography [10]. Among the
properties of these ribbons that depend on the
edge structure, is the prediction that zigzag nano-
ribbons will present magnetic order due to the
spin polarization at the edges.
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One way to modify the structural, electronic
and transport properties of a material is through
doping [11, 12]. In semiconductors, for example,
the addition of a small number of impurities, i.e.,
dopant atoms, can greatly change its conductivity.
In type-IV semiconductors, for example, boron is
a p-type dopant since it introduces acceptor lev-
els, or “holes” in the system. Nitrogen doping
type-IV semiconductors has also been studied
because it is an n-type dopant introducing a do-
nor level in the system. The role of a single nitro-
gen atom and complex doping type-IV semicon-
ductors was studied in [13].

Understanding the effect of doping in nano-
structures, such as graphene nanorribons, is thus
an important issue. In a recent work [14], it was
verified that boron doping a GNR causes a local
distortion in the lattice and generates distinct
charge transport for each spin channel, which
would allow the use of these nanorribbons as a
spin filter. In this work, we present IxV curves for
a (3,0) zigzag GNR doped with boron and nitro-
gen, extending the previous zero-bias transport
calculations. We also present IxV calculations for
pristine ferromagnetic (FM) and antiferromagnetic
(AFM) graphene zigzag nanorribons. The Ezawa’s
notation was used to classify the nanoribbon [15].

Methodology

We performed spin-polarized total energy
ab initio calculations within the density functional
theory (DFT) framework [16, 17] to determine the
structural, electronic and transport properties of a
pristine (3,0) zigzag GNR. The calculations were
done using the generalized gradient approxima-
tion (GGA) for the exchange-correlation term as
proposed by Perdew et al. [18] Troullier-Martins
norm-conserved pseudopotentials [19] were used
to describe the interaction between the valence
and core electrons. The calculations were per-
formed with the SIESTA code [20]. A double-¢ ba-
sis set plus a polarization function (DZP) was
employed and an energy cutoff of 200 Ry for the
grid integration was used to represent the charge
density. The structures were considered relaxed
when the residual forces in all atoms were smaller
than 0.03 eV/A. A sample of 1 x 1 x 10 k-points
(z-direction along the GNR growth direction) cho-
sen by the method of Monkhorst-Pack was used
to describe the Brillouin zone [21].

The transport properties were obtained using
the nonequilibrium Green’s function, where the
Hamiltonian matrix is generated through DFT
(NEGF-DFT) [22]. For the electron transport through
the magnetic contact we modified the TRANSAMPA
[23] code. The system was divided in three parts:
left electrode (LL), central region (CC) and right elec-
trode (RR). The central region (CC), contains the left
and right buffers that are regions with bulk-like
character as well as the scattering region itself, which
contains the system under investigation (see Fig. 1).
We also assume that the electrodes only couple with
the central region (CC), but not with each other. In
other words, the left electrode does not couple with
the right electrode.

Once the Hamiltonian and overlap matrices are
calculated, we can write down the equations for
the Green’s functions as

ES.L —HyL ESi c —Hic 0
EScL —Hcr EScc —Hce  EScr — Her
0 ESrc —Hrc ESgr — Hgr
8. 8ic 8ir 100
x| 8t1L 8c 8w |=[0 1 0] (1)
8r. 8rc 8RR 001

which can be solved to obtain the Green’s func-
tion of the scattering region g

8cc(E) = (EScc — Hee — ZL(E) — Zr(E)) ' (2)

where we have introduced the “self-energies” of
the electrodes X (E) and Xg(E), which describe
the influence of the electrodes on the electronic
structure of the device. These quantities can be
calculated from the surface Green’s functions of
the isolated left and right semi-infinite electrodes
(these are the elements of the whole electrodes
Green’s functions that interact with the central
region due to the localized nature of the coupling
matrices):

gL (E) = (ESu. —Hyp) ™! 3)

Sxr(E) = (ESrr — Hrgr) ™' 4)
as

21(E) = (ESic — Hic)grp (E)(EScL —Hcr)  (9)

ZR(E) = (ESrc — Hrc)ggrr(E)(EScr — Hcr)  (6)
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FIGURE 1. (a) Schematic representation of the system used in the transport calculations. The device is composed
by left/right (L/R) bulk electrodes and a scattering region (CC), which is connected to the leads by a buffer region
(Left Buffer and Right Buffer). The green atom marks the energetically most stable position for N and B substitutional
doping. (b) Structure of the system in terms of the Hamiltonian matrices. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

The surface Green’s functions of the electrodes
are obtained via a recursive algorithm as
described in [23]. Finally, we can define the cou-
pling matrices that allow us to calculate the trans-
mission function:

I (E) = i(Zu(E) - =T (E)) 7)

TR(E) = i(Sr(E) — ZH(E)). ®)

Using the relations described above we can
write the transmittance of the system for a ballis-
tic process as:

T(E) = Tr['LgocTrgEC)- )

If there is no external bias applied to the sys-
tem, it is on the linear response regime, and the
transport properties of the system can be directly
obtained as described earlier.

When an external bias is applied, the charge den-
sity on the scattering region will be different than on
the equilibrium situation. On the electrodes we
assume that the external bias will only cause a rigid
shift of the eigenvalues. The Hamiltonian of the
whole system with an applied bias can be written as:

Hip + S1eV/2 Hic 0
H = Hcyp Hcc Hcg
0 HRC HRR — SR€V/2
(10)
As the Hamiltonian of the system depends on

the density matrix, it needs to be calculated self-
consistently using the Green'’s function in the pres-

ence of the external bias. This density matrix can be
calculated using the lesser Green’s function [24-26]:

I

p=s_ | dEg~(E) (11)

where g= is given by:

§°(E) = g (E)==(E)g"(E) (12)

and X< is calculated by:

I°(E) =i[lLf (E — ) + TRF(E — pr)]. - (13)
The lesser green’s function can be written as:

8°(E) = ig"(E)[Tuf (E — ) + Irf(E — pp)Ig” (E)
(14)

The self-consistent procedure follows as:

1. First we calculate a trial charge density—
p°(r) = (rl p2 | ¥)—which is used to calculate
the Hamiltonian matrix elements;

2. gléc, I', and I'k are calculated using the Egs.
(2), (7), and (8), respectively;

3. Once géc, I';, and I'y are calculated, we use
them to calculate g<(E) via Eq. (14), which is
replaced in Eq. (11) to obtain the new den-
sity matrix;

4. This procedure is repeated until a self-con-
sistent solution is obtained, which is reached
when Max|p' — p"™ll< 5, where 6 < 1 is
the convergence criterion.
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Following the Landauer formula in the Meier-
Wingreen procedure [27] the current can be writ-
ten as:

2¢? A
I:T/dETr I'L(E, V)gA(E, V)

TR(E, V)Re(E, V>] (f(E ) —f(E - m), (15)

where u,r = p = eV, and (E — p/r) is the
Fermi function for a given temperature (T). The
transmittance under an external bias is given by:

T(E,V) = Tr[T1(E, V)gec(E, V)TR(E, V)gec (E, V).
(16)

SPIN-DEPENDENT TRANSPORT

We have generalized the formalism described
earlier to include magnetic systems (i.e., nonspin-
degenerate states). The Hamiltonian and the Green’s
function of the device are now spin-dependent, and
the spin-dependent matrices can be written as:

HTT HTl
Hec= | 5 .SC | (17)
(H& Hec
1 1l
8cc(E) = (3&(? g?f) (18)
8cc 8cc

If we assume that there are no mechanisms for
spin-mixing, the 1| and |1 parts of the self-energy
and coupling matrices are zero. Thus, we can
write the self-energy and gamma matrices as:

> 0
ZL/R(E)=< B/R ol > (19)

L/R

r! 0
rL/R(E)=< - ) (20)

L/R

Substituting those equations in the transmis-
sion function—Eq. (16), we have the spin resolved
transmittance:

T%%(E) = Tr[T§ (E) (A (E)) " T (E) 81 (E))"™],
1)

where 01 = 0, = 1,].

Results and Discussion

PRISTINE (3,0) GNR

We initially consider the charge transport
through a pristine (3,0) GNR. As is well known,
the zigzag nanoribbons present a spin-polariza-
tion at the edges, with a FM coupling along the
ribbon direction. Between the edges the coupling
can be either FM or AFM. In this work, we only
consider the FM interedge coupling, which leads
to a metallic behavior. We study two types of
leads configurations: one where both leads have
the same spin alignment [which will be called
from now on FM configuration, see Fig. 2(a)] and
another where the left and right leads have anti-
parallel alignments [which will be called from
now on AFM configuration, see Fig. 2(b)].

In Figure 3(a) we show the spin-polarized bias-
dependent IxV curve for the FM configuration.
For a bias between —0.2V and +0.2V we verify
that the current for both the majority and minor-
ity spins are degenerate and present a linear
behavior. However, below and above this interval
there is a splitting between the spin-up and spin-
down currents. Because of this behavior zigzag
GNRs with FM configuration could operate as
spin-valves, as discussed in [6]. The reason for

Left Lead Scattering Region Right Lead

FIGURE 2. Configuration used for the transport calcu-
lations with the leads in (a) a parallel spin alignment
(FM configuration) and (b) an antiparallel spin alignment
(AFM configuration). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.
com.]

1382 INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY  DOI 10.1002/qua  VOL. 111, NO. 7/8

85UB01 7 SUOWILLIOD BANERID) 3 |cdl|dde aU) Aq pauBA 8.8 SO YO ‘88N J0 SN o) A1 T BUIIUO A3|IM UO (SLO1IPUOD-UB-SLLLBILICY" A3 |1 ARe.q1ou 1 |UO//SdNY) SUONIPUOD PUE S | BU) 305 [£202/80/£0] U0 ARiqiaUIIUO AB]IM ‘|1Z21g - OJned 08S JO AluN AQ 06922 Bnb/Z00T OT/I0P/LICY" A3 | 1M ARR.q U UO//SUNY LLOJ) PBpe0|UMOQ ‘8-L “TTOZ ‘XT9Y260T



IxXV CURVES OF BORON AND NITROGEN DOPING ZIGZAG GRAPHENE NANORIBBONS

o I (up) ]

e—e [ (down)

T T T T T T~ T1°

-0.02

1 L 1 . 1 L 1 N 1
-0.04 -2.0 -1.0 0.0 1.0 2.0
V(V)

0.04 T T T T T

® | [=Tap
oo [ (down)

0.02F
é 0.00
—

n 1 n 1 n 1 " 1 " 1 n
ikt . 00 05 L0
vV (V)

FIGURE 3. Spin polarized IxV curves for a pristine
(3,0) graphene nanoribbon with the leads in the (a) FM
configuration and (b) AFM configuration. The black (red)
curve is the current for spin-up (spin-down). [Color
figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

this behavior is that for small bias the up and
down spin transmittances are identical in the
energy window where the left and right electro-
des Fermi-Dirac distributions are distinct whereas
for larger bias this is not so [see Eq. (15)].

For the AFM configuration we observe a spin-
filter effect [Fig. 3(b)], with the current being, as
expected, symmetric around zero bias if we con-
sider the behavior of up and down spins. This
behavior can be explained if we look at how the
up and down transmittances vary with bias (see
Fig. 4). For zero bias we verify that both spin
states have an identical transmittance gap around
the Fermi level. However, as a positive bias is
applied, the transmittance gap decreases for the
up spin whereas it increases for the down spin,
leading to the spin-filter effect observed in Figure
3(b). Of course a similar behavior will occur for

negative bias, but with the roles between up and
down spins interchanged.

BORON AND NITROGEN DOPING GNR

Zigzag GNRs doped with Boron and Nitrogen
have been widely discussed in the literature [14, 28—
30]. The energetically most stable conformation has
these atoms substituting a carbon atom right at the
edge of the GNR, as shown in Figure 1. We calculated
the spin polarized IxV curves for doped (3,0) GNRs
with the leads always in the FM configuration.

The spin-polarized IxV curve for boron doping
GNR is presented in Figure 5(a). We observe that
the system has a difference between the spin cur-
rents indicating that it can function as a spin filter
device. Moreover, there is an inversion between
the up and down spin currents around a bias
voltage of +1 V.

To understand this behavior in Figure 5 we
plot the transmittances and the projected density
of states on the carbon (edge and bulk-like) atoms
for the three device regions: right lead, scattering
region and left lead as well as on the boron atom.
We present these results for 0.0V [Fig. 5(b)],
+0.5V [Fig. 5(c)] and +1.5V [Fig. 5(d)]. From Fig-
ure 5(b) we can see that the boron states for
down spins are more localized than the boron
states for the up spins [14]. As a consequence,
close to the Fermi level the majority spins are
more scattered than the minority ones. Thus, the
transmittance for down spins is higher than that
for up spins. The spin polarization calculated as
P = LIl at the Fermi level, was —0.16.

T+T)”
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—
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0 Lo L b Wb e J e Jha B |4 ]

-1 08 06 04 02 0 02 04 06 08 1
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~— 0.0V
—a 0.3V
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FIGURE 4. Transmittance, for spin-up and down, as a
function of the bias voltage for the AFM configuration.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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FIGURE 5. (a) Spin polarized IxV curve for boron doped graphene nanoribbon. The blue (red) curve is the current
for spin up (down). Projected density of states and transmittance curves for different bias voltages: (b) 0.0 V; (c) +0.5
V; and (d) +1.5V. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

As can be seen from Figure 5(c), this picture
remains valid for bias voltages below approxi-
mately +1.0 V, with the boron down states still
more localized than the boron up states, so the
transmittance for the down channel is still greater
than the up channels. Consequently, as can be
seen in Figure 5(a), for a bias voltage of +0.5V,
the current for down spin is greater than that for
up spin. Increasing the bias voltage to +1.5V, we
have an inversion of this picture, now the up
spins are more localized then down states and as
consequence the current for up spin is greater
then for down spin. The same way of thinking
can be used to explain the negative bias voltage.

For nitrogen doping the (3,0) monohydrogen-
ated zigzag GNRs one electron is transferred to
system, i.e., the localized nitrogen states for each
spin component appear bellow the Fermi level. In
Figures 6(a—d) we present the spin-dependent IxV
curves, the projected density of states and the
transmittance curves for different bias voltages.
For zero bias transmittance [Fig. 6(b)] the spin
polarization calculated, at the Fermi level, was
0.08, being T, greater than Tyqown. As we are
dealing with an impurity that introduces elec-

trons, the spin up impurity states will show less
dispersion than the spins down ones [28]. This
characteristic can be verified in the PDOS for the
nitrogen atom [Fig. 6(b)]. When a bias voltage of
+0.5V is applied we verify that the overall trans-
mittance for spin up is still greater than for spin
down, and thus the current for spin up is also
greater than for spin down. However, when a
+1.0V bias voltage is applied the current is
inverted; current for spin up is greater than cur-
rent down. This is a combination of a variety of
scattering and interference effects related both to
the nitrogen as well as the localized edge states.

Summary

In summary, we have performed ab initio elec-
tronic structure and transport calculations for
pristine (3,0) zigzag GNRs with the leads having
either a parallel (FM) or antiparallel (AFM) mag-
netization, as well as for GNRs doped with boron
or nitrogen. For the pristine system with leads in
the FM configuration, due to the constant values
of the transmittance around the Fermi level, the
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FIGURE 6. (a) Spin polarized IxV curve for nitrogen doped graphene nanoribbon. The blue (red) curve is the current
for spin up (down). Projected density of states and transmittance curves for different bias voltages: (b) 0.0 V; (c) +0.5
V; and (d) +1.5V. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

current for low bias presents a linear behavior.
Moreover, both the up and down spin currents are
the same. However, for biases between +(-) 0.5V
and +(-) 2.0V, the currents are almost constant and
the up and down currents are nondegenerated.
Analyzing the pristine AFM configuration we ver-
ify that it presents a spin filter effect, with the cur-
rent being transported by only one spin carrier, ei-
ther for positive or negative bias. Doping the
system with boron and nitrogen leads to a nonde-
generated current along all the bias voltages inves-
tigated (leads always in the FM configuration). For
the boron, with low positive bias, the down current
is bigger than the up one, whereas for nitrogen we
observe the opposite behavior. This is due to the
fact that boron adds a hole to the system whereas
nitrogen adds an electron. For both boron and
nitrogen doping we observe an inversion of the
spin polarization above and below some threshold
value of the bias voltage.
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