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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 fabricatingnvolving many atoms. We apply our NEGF-DFT
and investigating molecular electronic devitdsased on formalismt? to investigate current density distribution in
single molecul&® or molecular strand%:8 Such a device is armchair carbon nanotubes with boron or nitrogen substitu-
typically connected to a circuit by two or more leads wheretional doping. It was pointed out befdfethat carbon nano-
bias voltage is applied and current is collected. Many theotubes cannot have a chiral current, because the graphitic tu-
retical analysis have been devoted to the understanding &fule walls have isotropic in-plane conductivity which
the basic physics of these systetn& A particularly impor-  inhibits chiral current. However, when carbon nanotubes are
tant question is concerning how electric current flowsdoped by foreign impurities, the situation is different. Be-
through a molecule. This question has so far been investicause the current density in doped nanotubes is substantially
gated mainly through the alignment of molecular levels toinfluenced by the impurity, there appears anisotropic electron
the Fermi levels of the lead4,the nature of the molecular current. Our results show that for the more electronegative
levels which mediate transpdrtand the role played by the impurity of N, current density is found to be largely “at-
molecular-lead contacts. These investigations have provideiiacted” toward the side of the tube where the N atom is
useful understanding and insight on the propertytathl  located(except in the very close vicinity of the N atgnior
electric current that is flowing through a device. the less electronegative impurity of B, current density is

In this work, we investigate current flow from a different largely “repelled” to the other side of the tube where there is
perspective, namely from the point of view of current densityno B doping(except in the very close vicinity of the B atom
distribution. Current density givdscal information of non-  From the current density distribution, we deduce that there is
equilibrium transport, thereby providing useful and vivid in- chiral current flow in the B- and N-doped armchair carbon
sight to transport properties of molecular electronics. At thehranotubes near the impurity.
molecular scale, current density is expected to be nonuni- The NEGF-DFT technique which we use has been dis-
form, but how nonuniform is it? For molecules doped with cussed previously and we refer interested readers to the
impurity atoms, how does the current density change? Due toriginal paper? Very briefly, our analysis uses a8 p, d
atomic bonding structure, chiral current may occur as theoreal space LCAO basis $ét8and the atomic cores are de-
retically demonstrated in B®! nanotubé® and G, fined by the standard nonlocal norm conserving
moleculest’ Can chiral current occur in impurity doped pseudopotentidf The density matrix of the device is con-
nanotubes? These are interesting questions because a nonwgtiucted via NEGF and the external bisg provides the
form current density may provide a local heating that is dif-electrostatic boundary conditions for the Hartree potential
ferent from the average behavior. To the best of our knowlwhich is solved in a three dimensional real space grid. Once
edge, there has been one discussion on current densitige density matrix is obtained, the Kohn-Sham effective po-
distribution at molecular scale for aggtunnel junctiot’  tential Veg(r;Vy), which includes contributions from Har-
where very interesting results were obtained on local curreritee, exchange, correlation, and the atomic core, is calcu-
loops along the carbon bonds. In this paper we further examated. This process is iterated until numerical convergence of
ine issues related to current-density distribution. In particuthe self-consistent density matrix is achieved. In this way, we
lar, instead of using tight binding models at equilibritifn, obtain the bias dependent self-consistent effective potential
our analysis is based on ab initio formalism which com-  Vg(r;Vy), from which we calculat® the transmission coef-
bines the density functional theofdFT) with the Keldysh ficient T(E,V,)=T(E,[Vex(r,Vy)]1), whereE is the scatter-
nonequilibrium Green’s functiondNEGP).1213 ing electron energy anflis a function of biad/,, through its

In the following we focus on two-probe devices in the functional dependence ovi«(r;Vy). The NEGF-DFT tech-
form of electrode-molecule-electrode. Here an electrode hasique has several characteristics very useful for our
its own atomic structure with a translational symmetry, whilepurpose'?*3 (i) The formalism constructs charge density un-
the molecule refers to a molecular scale scattering regioder external bias potential using NEGF, thereby treats open
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device structures within the full self-consistent atomistic y
model of DFT.(ii) It treats atoms in the device and the leads T

at equal footing so that realistic atomistic leads is uskid.
It treats localized and scattering states at equal footing so that ———
the charge density includes all of these contributiging. It ‘ N LS L o) N
is numerically efficient so that rather large systems can be '
analyzed. ﬁﬁ L A )

z

After the device Hamiltoniam [i.e., the effective poten-
tial Veu(r;Vy,)] is self-consistently calculated within the
NEGF-DFT formalism, we proceed to calculate current den-
sity. The electron current density is obtained from the scat-
tering states of the device

=13, 1)

where

i
= * . *
m I
== 5 (VY — U VT, 2)

Here V¥, is theith scattering state which is defined in the
energy rangeumin<E<pmax, Where wmin/ tmax iS the
minimum/maximum of the electrochemical potentials of the
left/right leadsu, ,ur, and|ug—u|=€V,, whereV, is
the external bias voltage.

To solve the scattering states at a given endegyW;
=W¥,(E), we proceed as follow¥ Inside an electrode,
V¥, (E) can be expressed as a linear combination of the Bloch
states. These Bloch states at a gieran be obtained by
solving an inverse energy band structure probtérmside

the scattering region¥; is represented as a linear combina- @

tion of atomic orbitals. We then group all states as left and (C) (e)

right propagating states depending on their group velocity.

For a scattering state coming from the left eIectrOWéﬁh FIG. 1. (Color onling (a) Schematic illustration of the coordi-

nates we use on the pristine and B- and N-dof&#) nanotubes.
(b) and (d) The profile and cross section of the boron-do&gh)

back as a left propagating sta&e‘f'L" with reflection coeffi- nanotube(c) and(e) The profile and cross section of the nitrogen-
doped(5,5 nanotube.

L
should start as a right propagating stmén and it reflect

L L
cientrKmXn in the left electrode, and transmit into the right

R . . . . . .
electrode as a right propagating std;t}ém with transmission I the following we investigate current density distribu-
tion of B- and N-doped carbon nanotubes. A perfect single-

- KR Kt . o ; i
coefficientt ;""" Therefore, for example, a left scattering wall carbon nanotub&SWNT) is either metallic or semicon-

state can be written as ducting depending on its chirality and diameter, which are
. S determined by the chiral vector n(m).2°-?? Both
@En+ Q’)Emer'Kn in the left electrode, experiment& 2 and theoreticd/ 3! studies have shown
. L that electronic and transport properties of a SWNT can be
PKn= wg" in the scattering region, substantially modified by defects such as topological imper-
R R L _ _ fections, vacancies, impurities, and deformations. For metal-
¢Rthm’Kn in the right electrode. lic nanotubes such as the armchdr5) tube, substitutional

B and N impurity is expected to reduce the overall conduc-
A scattering state in the right electrode can be written in gance because it provides a backscattering center, as demon-
similar way. For a symmetric two probe device, the totalstrated already in Ref. 30. For the metallic nanotube, the
transmission from the left electrode is identical to the ON€current voltage characteristic is linear as reported befolre.
from the right electrode. The matrix equation obtained bythe following we present impurity effects on current density
applying the device Hamiltoniahl to the scattering states distribution on(5,5 tubes with a single B or N substitution.
can be solved to obtain the transmission and reflection coefn our analysis, we have neglected the very small lattice
ficients, as well as the scattering states inside the scatterirdjstortion due to substitutioft. Since current density is a
region. Finally, we calculate current density from E2). by  vector field, we plot it in thex-z andy-z planes shown in
a finite differencing numerical technique. Fig. 1(a). In particular, thex-z plane cuts through the doped

115401-2



CURRENT DISTRIBUTION IN B- AND N-DOPED. .. PHYSICAL REVIEW B59, 115401 (2004

y-z plane x-z plane x-y plane

FIG. 2. (Color online Distribution of the current density in the pristirig,5 nanotube. The length of the arrows is proportional to the
value of local current densitya) The projections of the current density onto corresponding planes at zero bias Wjta@e (b) At V},
=0.8 V.

FIG. 3. (Color onling Distribution of the current density in the boron-dop@&gd5 nanotube(a) The projections of current density at
Vb:O, (b) atVb=08 V.
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y-z plane x-z plane x-y plane

FIG. 4. (Color onling Distribution of the current density in the nitrogen-dod&b) nanotube(a) The projections of current density at
Vp=0, (b) atV,=0.8 V.

atom[see Figs. (b), 1(c)]. In all the figures below, th&-y current and breaks the left-right mirror symmetry of the tube.
plane cuts through the impurity atom. As shown in Fig. 2b), there is a “vortex” around each car-

Figure 2 plots the current density of a perfect pristinebon atom. This is not strange because there should be loop
(5,5 nanotube atv,=0 [Fig. 2(@)] and V,=0.8 V [Fig.  currents due to central potential of the atomic core. There is
2(b)]. When bias is zero, the total current is zero but thealso a clear difference in the vortex shape¥ge=0 and 0.8
current density is nonzero as shown in Fige)2More inter- V. Figure 2b) clearly shows a global flow of electric current
esting is the result at a finite bias which drive a nonzero totahlong the nanotube due to the propagating scattering states
under the finite bias.

Figure 3 shows the current density of the boron doped
(5,5 nanotube atvV,=0 [Fig. 3(@] and V,=0.8 V [Fig.
3(b)]. The substitutional impurity breaks the rotational sym-
metry of the original pristine nanotube. Accordingly, the dis-
tribution of current density in the boron doped nanotube is
no longer perfectly symmetric. The boron substitutional im-
purity establishes quasibound defect states in continuum near
the first lower subband of the nanotube device: this is analo-
gous to acceptor levels of doped semiconductors as dis-
cussed in Ref. 30. Most striking, however, is the clear redis-
tribution of current density. As shown in Fig(l8, current
density in thex-z plane is markedly different from that of the
pristine nanotubgFig. 2(b)]: the boron impurity apparently
“repels” current density, i.e., the presence of boron redistrib-

0 ‘ utes current density so that the s[dee Fig. 1d)] of the tube
without B draws more current density. Note that since cur-
rent density is a local quantity, its redistribution is not a

FIG. 5. (Color onling The ratio of thel ¢,,(Z) along the single ~ constant along the tube.

B- and N-doped5,5) nanotubes. Solid line is for the N-doped car-  Figure 4 shows the current density of nitrogen do(i8)

bon nanotube and dashed line is for the B-doped carbon nanotubBanotube atv,=0 [Fig. 4a] and V,=0.8 V [Fig. 4b)].
Inset: the ratio for a longer N-dope@,5) tube. Bias voltage/,  Similarly, a nitrogen substitutional impurity also breaks the
=0.8 V. symmetry of the original bar€5,5 nanotube. The distribu-

3
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FIG. 6. (Color online Potential drop a¥,,=0.8 V (0.03 a.u) in the x-z plane along the pristine and B- and N-doped carbon nanotubes.
(a) Pristine(5,5 carbon nanotubeb) B-doped(5,5) nanotube(c) N-doped(5,5 nanotube.

tion of current density in the nitrogen doped nanotube is ndN-doped tube whef is about one or more bond length away
longer perfectly symmetric. In this case, the nitrogen impu-from the impurity. However, in the very close vicinity of B,
rity establishes quasibound defect states near the first uppthe ratiolg/l\w>1, and in the very close vicinity of N the
subband of the device, analogous to donor levels ofatiolg/l\<1. The value of this ratio varies more along the
semiconductord? Since the N impurity is more electronega- N-doped tube than that along the B-doped tube, indicating
tive than carbon, it “attracts” current density to the side of that N impurity is more efficient in redistributing the current
the tube where it is located. Exactly opposite to the B-dopediensity than B in carbon nanotubes. Although we expect this
tube, for N-doped tubes the current density is mostly largeratio to reach unity very far away from the impurity, as
in the side of the nanotube where N resiflsse Fig. 1e)]. shown in the inset of Fig. 5 for a longer tube doped with N,
Again, the amount of redistribution varies along the tubeit is clear that the doped atom acts to redistribute current
axis. density near the impurity. Importantly, because current must
As a rough estimate of the current density redistributionflow continuously through the tube, the fact thatly is not
due to impurity doping, we calculate a total local current ona constant along the tube near the impurity, suggests that
the east/westE/W) side of the ring[see Figs. @), 1(e)] there appears a chiral current which brings the current den-
lew(Z)=[cds],(Z) whereZ is the position along the tube, sity from one side to the other side of our tube division.
J,(Z) is the current density along the tube at positfhrand Finally, Fig. 6 plots the potential drop ®,=0.8 V in the
the integral is on the perimet€ which is the east/west half x-z plane along the pristine and B- and N-doped carbon
circle in Figs. 1d), 1(e). We present the ratio of the,y(Z) nanotubes. Just as what happens to current density, the po-
along the B- and N-doped carbon nanotubes in Fig. 5. Altential drop(Hartree potential in the DFT analysiss also
though quantityl g,w(Z) does not give a complete picture of affected by the dopant atoms. In particular, the Hartree po-
the current flow, it gives a simple measure of the currentential near the impurities become rather different than that
density redistribution. Dividing the tube this way, the impu- near the carbon atom of the pristine tube, providing, in part,
rity is on the east side of the carbon ring. We found that thethe local driving force that redistributes the current density
ratio I g/1,,<<1 for the B-doped tube while it i1 for the  and generating the chiral current component.
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In summary, current density distribution is found to give ainvestigation will be the current density distribution by peri-
vivid picture on how current flows through the scatteringodically doping nanotubes with B and N impurities: this way
region of a molecular electronic system. For the single B+he chiral component of the current density may be sustained
and N-doped armchaib,5) nanotube, a redistribution of cur- along the nanotube for a long distance, making it acting as a
rent density occurs due to the impurity scattering and chirahanoscale coft®
current flow is deduced from the current density distribution
near the scattering center. The more electronegdtoen-
pared with carbonimpurity of N acts to “attract” current We gratefully acknowledge financial support from the
density toward its neighborhood, while the less electronegaNatural Science and Engineering Research Council of
tive impurity of B “repels” current density(except at the Canada, le Fonds pour la Formation de Chercheurs et I'Aide
immediate vicinity of the impurities An interesting further —ala Recherche de la Province du ®@ee, and NanoQuebec.
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