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Current distribution in B- and N-doped carbon nanotubes
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Using density functional theory and Keldysh nonequilibrium Green’s functions, we investigate electron
current density distribution in molecular electronic devices. In particular, we present the current distribution in
pristine ~5,5! armchair carbon nanotube as well as in nanotubes with substitutional doping of boron and
nitrogen impurity atoms. The presence of impurity breaks the uniformity of current distribution around the
carbon rings. For the more electronegative impurity of nitrogen, the current density is attracted toward the side
of the tube where the N atom is located; but for the less electronegative impurity of boron, the opposite
happens. Accordingly there appears a chiral flow of current in the B- and N-doped armchair nanotube near the
impurity.
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In recent years, there is a rapid development in fabrica
and investigating molecular electronic devices1 based on
single molecule2–5 or molecular strands.6–8 Such a device is
typically connected to a circuit by two or more leads whe
bias voltage is applied and current is collected. Many th
retical analysis have been devoted to the understandin
the basic physics of these systems.9–13A particularly impor-
tant question is concerning how electric current flo
through a molecule. This question has so far been inve
gated mainly through the alignment of molecular levels
the Fermi levels of the leads,14 the nature of the molecula
levels which mediate transport,15 and the role played by the
molecular-lead contacts. These investigations have prov
useful understanding and insight on the property oftotal
electric current that is flowing through a device.

In this work, we investigate current flow from a differe
perspective, namely from the point of view of current dens
distribution. Current density giveslocal information of non-
equilibrium transport, thereby providing useful and vivid i
sight to transport properties of molecular electronics. At
molecular scale, current density is expected to be non
form, but how nonuniform is it? For molecules doped w
impurity atoms, how does the current density change? Du
atomic bonding structure, chiral current may occur as th
retically demonstrated in BC2N nanotube16 and C60
molecules.17 Can chiral current occur in impurity dope
nanotubes? These are interesting questions because a no
form current density may provide a local heating that is d
ferent from the average behavior. To the best of our kno
edge, there has been one discussion on current de
distribution at molecular scale for a C60 tunnel junction17

where very interesting results were obtained on local cur
loops along the carbon bonds. In this paper we further ex
ine issues related to current-density distribution. In parti
lar, instead of using tight binding models at equilibrium17

our analysis is based on anab initio formalism which com-
bines the density functional theory~DFT! with the Keldysh
nonequilibrium Green’s functions~NEGF!.12,13

In the following we focus on two-probe devices in th
form of electrode-molecule-electrode. Here an electrode
its own atomic structure with a translational symmetry, wh
the molecule refers to a molecular scale scattering reg
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involving many atoms. We apply our NEGF-DF
formalism12 to investigate current density distribution i
armchair carbon nanotubes with boron or nitrogen subst
tional doping. It was pointed out before16 that carbon nano-
tubes cannot have a chiral current, because the graphitic
bule walls have isotropic in-plane conductivity whic
inhibits chiral current. However, when carbon nanotubes
doped by foreign impurities, the situation is different. B
cause the current density in doped nanotubes is substan
influenced by the impurity, there appears anisotropic elect
current. Our results show that for the more electronega
impurity of N, current density is found to be largely ‘‘at
tracted’’ toward the side of the tube where the N atom
located~except in the very close vicinity of the N atom!; for
the less electronegative impurity of B, current density
largely ‘‘repelled’’ to the other side of the tube where there
no B doping~except in the very close vicinity of the B atom!.
From the current density distribution, we deduce that ther
chiral current flow in the B- and N-doped armchair carb
nanotubes near the impurity.

The NEGF-DFT technique which we use has been d
cussed previously and we refer interested readers to
original paper.12 Very briefly, our analysis uses ans, p, d
real space LCAO basis set12,18 and the atomic cores are de
fined by the standard nonlocal norm conservi
pseudopotential.19 The density matrix of the device is con
structed via NEGF and the external biasVb provides the
electrostatic boundary conditions for the Hartree poten
which is solved in a three dimensional real space grid. O
the density matrix is obtained, the Kohn-Sham effective p
tential Veff(r ;Vb), which includes contributions from Har
tree, exchange, correlation, and the atomic core, is ca
lated. This process is iterated until numerical convergenc
the self-consistent density matrix is achieved. In this way,
obtain the bias dependent self-consistent effective poten
Veff(r ;Vb), from which we calculate12 the transmission coef
ficient T(E,Vb)[T(E,@Veff(r ,Vb)#), whereE is the scatter-
ing electron energy andT is a function of biasVb through its
functional dependence onVeff(r ;Vb). The NEGF-DFT tech-
nique has several characteristics very useful for
purpose.12,13 ~i! The formalism constructs charge density u
der external bias potential using NEGF, thereby treats o
©2004 The American Physical Society01-1
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device structures within the full self-consistent atomis
model of DFT.~ii ! It treats atoms in the device and the lea
at equal footing so that realistic atomistic leads is used.~iii !
It treats localized and scattering states at equal footing so
the charge density includes all of these contributions.~iv! It
is numerically efficient so that rather large systems can
analyzed.

After the device HamiltonianĤ @i.e., the effective poten-
tial Veff(r ;Vb)] is self-consistently calculated within th
NEGF-DFT formalism, we proceed to calculate current d
sity. The electron current density is obtained from the sc
tering states of the device

J5(
i

Ji , ~1!

where

Ji52
i\

2m
@C i* ¹C i2C i¹C i* #. ~2!

Here C i is the i th scattering state which is defined in th
energy rangemmin,E,mmax, where mmin /mmax is the
minimum/maximum of the electrochemical potentials of t
left/right leadsmL ,mR , and umR2mLu5eVb , whereVb is
the external bias voltage.

To solve the scattering states at a given energyE, C i
5C i(E), we proceed as follows.12 Inside an electrode
C i(E) can be expressed as a linear combination of the Bl
states. These Bloch states at a givenE can be obtained by
solving an inverse energy band structure problem.12 Inside
the scattering region,C i is represented as a linear combin
tion of atomic orbitals. We then group all states as left a
right propagating states depending on their group veloc

For a scattering state coming from the left electrode,CKn
L

should start as a right propagating stateF
L

Kn
L

and it reflect

back as a left propagating statef
L

Km
L

with reflection coeffi-

cient r Km
L ,Kn

L
in the left electrode, and transmit into the rig

electrode as a right propagating statef
R

Km
R

with transmission

coefficient t
R

Km
R ,Kn

L

. Therefore, for example, a left scatterin
state can be written as

CKn
L
55

F
L

Kn
L

1f
L

Km
L

r Km
L ,Kn

L
in the left electrode,

c
d

Kn
L

in the scattering region,

f
R

Km
R

tKm
R ,Kn

L
in the right electrode.

A scattering state in the right electrode can be written i
similar way. For a symmetric two probe device, the to
transmission from the left electrode is identical to the o
from the right electrode. The matrix equation obtained
applying the device HamiltonianĤ to the scattering state
can be solved to obtain the transmission and reflection c
ficients, as well as the scattering states inside the scatte
region. Finally, we calculate current density from Eq.~2! by
a finite differencing numerical technique.
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In the following we investigate current density distrib
tion of B- and N-doped carbon nanotubes. A perfect sing
wall carbon nanotube~SWNT! is either metallic or semicon
ducting depending on its chirality and diameter, which a
determined by the chiral vector (n,m).20–22 Both
experimental23–26 and theoretical27–31 studies have shown
that electronic and transport properties of a SWNT can
substantially modified by defects such as topological imp
fections, vacancies, impurities, and deformations. For me
lic nanotubes such as the armchair~5,5! tube, substitutional
B and N impurity is expected to reduce the overall cond
tance because it provides a backscattering center, as de
strated already in Ref. 30. For the metallic nanotube,
current voltage characteristic is linear as reported before.32 In
the following we present impurity effects on current dens
distribution on~5,5! tubes with a single B or N substitution
In our analysis, we have neglected the very small latt
distortion due to substitution.33 Since current density is a
vector field, we plot it in thex-z and y-z planes shown in
Fig. 1~a!. In particular, thex-z plane cuts through the dope

FIG. 1. ~Color online! ~a! Schematic illustration of the coordi
nates we use on the pristine and B- and N-doped~5,5! nanotubes.
~b! and ~d! The profile and cross section of the boron-doped~5,5!
nanotube.~c! and~e! The profile and cross section of the nitroge
doped~5,5! nanotube.
1-2
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FIG. 2. ~Color online! Distribution of the current density in the pristine~5,5! nanotube. The length of the arrows is proportional to t
value of local current density.~a! The projections of the current density onto corresponding planes at zero bias voltageVb50. ~b! At Vb

50.8 V.

FIG. 3. ~Color online! Distribution of the current density in the boron-doped~5,5! nanotube.~a! The projections of current density a
Vb50, ~b! at Vb50.8 V.
115401-3
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FIG. 4. ~Color online! Distribution of the current density in the nitrogen-doped~5,5! nanotube.~a! The projections of current density a
Vb50, ~b! at Vb50.8 V.
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atom @see Figs. 1~b!, 1~c!#. In all the figures below, thex-y
plane cuts through the impurity atom.

Figure 2 plots the current density of a perfect pristi
~5,5! nanotube atVb50 @Fig. 2~a!# and Vb50.8 V @Fig.
2~b!#. When bias is zero, the total current is zero but
current density is nonzero as shown in Fig. 2~a!. More inter-
esting is the result at a finite bias which drive a nonzero to

FIG. 5. ~Color online! The ratio of theI E/W(Z) along the single
B- and N-doped~5,5! nanotubes. Solid line is for the N-doped ca
bon nanotube and dashed line is for the B-doped carbon nano
Inset: the ratio for a longer N-doped~5,5! tube. Bias voltageVb

50.8 V.
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current and breaks the left-right mirror symmetry of the tub
As shown in Fig. 2~b!, there is a ‘‘vortex’’ around each car
bon atom. This is not strange because there should be
currents due to central potential of the atomic core. Ther
also a clear difference in the vortex shape forVb50 and 0.8
V. Figure 2~b! clearly shows a global flow of electric curren
along the nanotube due to the propagating scattering s
under the finite bias.

Figure 3 shows the current density of the boron dop
~5,5! nanotube atVb50 @Fig. 3~a!# and Vb50.8 V @Fig.
3~b!#. The substitutional impurity breaks the rotational sym
metry of the original pristine nanotube. Accordingly, the d
tribution of current density in the boron doped nanotube
no longer perfectly symmetric. The boron substitutional i
purity establishes quasibound defect states in continuum
the first lower subband of the nanotube device: this is an
gous to acceptor levels of doped semiconductors as
cussed in Ref. 30. Most striking, however, is the clear red
tribution of current density. As shown in Fig. 3~b!, current
density in thex-z plane is markedly different from that of th
pristine nanotube@Fig. 2~b!#: the boron impurity apparently
‘‘repels’’ current density, i.e., the presence of boron redistr
utes current density so that the side@see Fig. 1~d!# of the tube
without B draws more current density. Note that since c
rent density is a local quantity, its redistribution is not
constant along the tube.

Figure 4 shows the current density of nitrogen doped~5,5!
nanotube atVb50 @Fig. 4~a!# and Vb50.8 V @Fig. 4~b!#.
Similarly, a nitrogen substitutional impurity also breaks t
symmetry of the original bare~5,5! nanotube. The distribu-

be.
1-4



bes.

CURRENT DISTRIBUTION IN B- AND N-DOPED . . . PHYSICAL REVIEW B69, 115401 ~2004!
FIG. 6. ~Color online! Potential drop atVb50.8 V ~0.03 a.u.! in thex-z plane along the pristine and B- and N-doped carbon nanotu
~a! Pristine~5,5! carbon nanotube.~b! B-doped~5,5! nanotube.~c! N-doped~5,5! nanotube.
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tion of current density in the nitrogen doped nanotube is
longer perfectly symmetric. In this case, the nitrogen imp
rity establishes quasibound defect states near the first u
subband of the device, analogous to donor levels
semiconductors.30 Since the N impurity is more electroneg
tive than carbon, it ‘‘attracts’’ current density to the side
the tube where it is located. Exactly opposite to the B-dop
tube, for N-doped tubes the current density is mostly lar
in the side of the nanotube where N resides@see Fig. 1~e!#.
Again, the amount of redistribution varies along the tu
axis.

As a rough estimate of the current density redistribut
due to impurity doping, we calculate a total local current
the east/west~E/W! side of the ring@see Figs. 1~d!, 1~e!#
I E/W(Z)[*CdsJz(Z) whereZ is the position along the tube
Jz(Z) is the current density along the tube at positionZ, and
the integral is on the perimeterC which is the east/west hal
circle in Figs. 1~d!, 1~e!. We present the ratio of theI E/W(Z)
along the B- and N-doped carbon nanotubes in Fig. 5.
though quantityI E/W(Z) does not give a complete picture o
the current flow, it gives a simple measure of the curr
density redistribution. Dividing the tube this way, the imp
rity is on the east side of the carbon ring. We found that
ratio I E /I W,1 for the B-doped tube while it is.1 for the
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N-doped tube whenZ is about one or more bond length awa
from the impurity. However, in the very close vicinity of B
the ratio I E /I W.1, and in the very close vicinity of N the
ratio I E /I W,1. The value of this ratio varies more along th
N-doped tube than that along the B-doped tube, indicat
that N impurity is more efficient in redistributing the curre
density than B in carbon nanotubes. Although we expect
ratio to reach unity very far away from the impurity, a
shown in the inset of Fig. 5 for a longer tube doped with
it is clear that the doped atom acts to redistribute curr
density near the impurity. Importantly, because current m
flow continuously through the tube, the fact thatI E /I W is not
a constant along the tube near the impurity, suggests
there appears a chiral current which brings the current d
sity from one side to the other side of our tube division.

Finally, Fig. 6 plots the potential drop atVb50.8 V in the
x-z plane along the pristine and B- and N-doped carb
nanotubes. Just as what happens to current density, the
tential drop~Hartree potential in the DFT analysis! is also
affected by the dopant atoms. In particular, the Hartree
tential near the impurities become rather different than t
near the carbon atom of the pristine tube, providing, in p
the local driving force that redistributes the current dens
and generating the chiral current component.
1-5
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In summary, current density distribution is found to give
vivid picture on how current flows through the scatteri
region of a molecular electronic system. For the single
and N-doped armchair~5,5! nanotube, a redistribution of cur
rent density occurs due to the impurity scattering and ch
current flow is deduced from the current density distribut
near the scattering center. The more electronegative~com-
pared with carbon! impurity of N acts to ‘‘attract’’ current
density toward its neighborhood, while the less electrone
tive impurity of B ‘‘repels’’ current density~except at the
immediate vicinity of the impurities!. An interesting further
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investigation will be the current density distribution by pe
odically doping nanotubes with B and N impurities: this w
the chiral component of the current density may be sustai
along the nanotube for a long distance, making it acting a
nanoscale coil.16
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