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We report numerical calculations on the quantum transport through C,4N;, based devices from first
principles. We find that the transport properties are very sensitive to orientations of the molecules to
the electrode. Different orientations can give rise to semiconducting to metallic behaviors. Our
results show that the charge transfer which can be tuned by the gate voltage plays an important role
in determining the transport properties. By varying the gate voltages, the transport properties can be
changed from semiconducting to metallic behaviors and thereby magnifying effect can be
achieved. © 2006 American Institute of Physics. [DOIL: 10.1063/1.2174879]

I. INTRODUCTION

Recently the research of Cgy molecule has received in-
creasing attention since the pioneering work of Kroto et al.
Due to the unique structural and electronic properties of
fullerenes, they can be doped in several different ways: en-
dohedral doping, substitutional doping, and exohedral dop-
ing. Ab initio analysis of transport through a scandium-
nitrogen-doped Cg, device shows that this endohedral doping
can double the current compared with the bare Cyg, device.”
Another type of doped fullerene, i.e., substitutional doping,
can also be made where one or more carbon atoms of
fullerene are substituted by other atoms. More recently, much
attention has been paid to alternate nitrogen-doped com-
pounds. From the growth of cross-linked nano-onions of C
and N, it is found that there exist C4sN;, molecules in the
form of aza-fullerenes.’ The existence of a novel CysN, aza-
fullerene has also been supported by the ab initio total en-
ergy calculation.*® Since these molecules such as CysNy»
have different band structures from that of the Cg4, molecule,
it has attracted a lot of attention to investigate the structural,
electronic, vibrational, optical as well as the magnetic prop-
erties of these molecules.’™'® However, up to now, less atten-
tion has been paid to the transport properties through C,gN,
molecule.”"” Indeed, the transport properties of single mol-
ecules have been studied experimentally through some form
of metal-molecule-metal junctions where large molecules
such as Cg, or benzene-dithiol molecule are being used.'8?!
It is the purpose of this paper to give a detailed theoretical
study of transport properties of the C,gN;, based nanode-
vices using the ab initio method.”” In particular, we investi-
gate the I-V characteristics of Al(100)—C4gN;,—Al(100)
systems.23 For three different orientations of the C44N;, mol-
ecule relative to the Al(100) electrode, we obtain different
I-V characteristics showing metallic and semiconducting be-
haviors. We find that the charge transfer during the formation
of the molecular junction plays an important role in deter-
mining the transport properties. For different orientations of
the C44N, molecule, the charge transfer can be different. If
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charge transfer is such that the lowest unoccupied molecular
orbital (LUMO) is completely empty, the Fermi level of the
electrode is in the conductance gap, leading to a semicon-
ducting behavior. On the other hand, a metallic behavior is
obtained if the charge transfer aligns the Fermi level of the
electrode with the partially occupied LUMO state. This
mechanism of charge transfer doping has been used for cur-
rent switching for Cg, molecule.”* Since the gate voltage can
critically control the charge transfer, we also study the effect
of the gate voltage on the charge transfer from the device
electrodes to the central molecular region. We find that the
gate voltage can be used for current switching.

The rest of the paper is organized as follows. In Sec. II,
we briefly discuss the formulation we used in the calculation.
In Sec. 11, the detailed numerical results are presented along
with some discussion. Finally, the summary is given in
Sec. IV.

Il. THEORETICAL FORMULATION

For C,4N;, molecule with Al electrodes, the quantum
transport problem is solved using the ab initio technique of
Ref. 22 where density functional theory (DFT) is carried out
within the nonequilibrium Green’s function (NEGF)
formalism.>>?® We use an s, p, and d real space linear com-
bination of atomic orbital (LCAO) basis set’*?” and define
the atomic core by standard nonlocal norm conserving
pseudopotentia.28 The density matrix of the device is con-
structed via NEGF and the semi-infinite leads provide real
space potential boundary conditions for the Kohn-Sham (KS)
potential of the device scattering region: this region consists
of the molecule plus several layers of the metal leads. The
KS potential includes contributions from Hartree, exchange,
correlation, the atomic core, and any other external poten-
tials. The NEGF-DFT iteration is numerically converged to
10 eV which we determine to be reasonable for our pur-
pose. The NEGF-DFT formalism has several good features
for our purpose:zz’27 (i) it constructs charge density under
external bias potential using NEGF, thereby treats open de-
vice structures within the full self-consistent atomistic model
of DFT; (ii) it treats atoms in the device and the leads at
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FIG. 1. The I-V characteristics of the Al(100)—C4sN,—Al(100) at different orientations. (a) I-V curve of the first orientation. Left inset: Schematic plot of the
first device. Right inset: dI/dV vs bias voltage. (b) I-V curve of the second orientation. Inset: Schematic plot of the second device. (c) I-V curve of the second
orientation with a gate voltage V,=13.6 eV applied in the central scattering region. (d) /-V curve of the third orientation. Inset: Schematic plot of the third

device.

equal footing; (iii) it treats localized and scattering states at
equal footing; and (iv) it is numerically efficient. The NEGF-
DFT formalism*?*’ is now a standard tool for ab initio ato-
mistic calculations of transport and we refer interested read-
ers to the existing literature.”**” Here we only provide some
details on the self-energy calculation of semi-infinite atomic
electrode. The self-energy describes the coupling of the de-
vice scattering region to the two atomic electrodes and can
be written in terms of the surface Green’s function .
(a=L, R). For instance,

te=MeHiHie, (1)

where the labels L, R, and C denote the regions of the left
electrode, the right electrode, and the central simulation re-
gion. Here H,z=(H-ES)aB (a, B=L, R, C) is a triblock
diagonal matrix with H the Hamiltonian, E the energy, and S
the overlap matrix for the atomic orbital basis set. Since we
are using the atomic electrode instead of jellium electrode,
the scattering wave function in the electrode is Bloch wave
instead of plane wave. Hence we have calculated the surface
Green’s functions by extending22 a technique discussed in
Ref. 29.

lll. RESULTS AND DISCUSSION

Using the first-principles calculation described above we
now present the calculation of [-V characteristics of
Al(100)-C 44N ,—Al(100) systems. For three different orien-
tations of the CuN;, molecule [labeled as CyugNH(1),
C4gN»(2), and C,4N5(3)], we obtain different I-V charac-
teristics showing metallic and semiconducting behaviors. We
find that the charge transfer during the formation of the mo-
lecular junction plays an important role in determining the
transport properties. We also study the effect of the gate volt-
age on the charge transfer from the device electrodes to the
central molecular region. Our results show that the conduc-
tance of C44Ny, junction is much smaller than that of the Cg
system which can be understood from the charge transfer.

A. The first asymmetric configuration

In Fig. 1(a), we plot the I-V characteristics of the
Al(100)—C4gN,(1)—-Al(100). We see that the I-V curve is
lightly asymmetric about the bias voltage since the orienta-
tion of the C4gN, is such that it is asymmetric along the z
direction [see left inset of Fig. 1(a)]. From Fig. 1(a) we see
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FIG. 2. The transmission coefficient T(E,V,) vs energy. (a) For the first orientation at different bias voltages: V,=0.0 V (solid line), V;,=0.27 V (dashed line),
V,=0.41 V (dotted line), and V,=0.54 V (dot-dashed line). Inset: Transmission eigenvalues as a function of electron energy at V,=0. (b) For the second
orientation at different bias voltages: V;,=0.0 V (solid line), V,=0.14 V (dashed line), V,=0.27 V (dotted line), and V,=0.41 V (dot-dashed line). Inset:
Transmission eigenvalues as a function of electron energy at V;,=0. (c) For the third orientation at different gate voltages: V,=13.6 V (solid line) and V,
=21.8 V (dashed line). Inset: The charge transfer vs gate voltage. (d) For the third orientation at different bias voltages: V,=0.0 V (solid line), V;,=0.27 V
(dashed line), V,=0.41 V (dotted line), and V,=0.54 V (dot-dashed line). Inset: Transmission eigenvalues as a function of electron energy at V,=0.

that, initially, the current increases quickly. At the bias volt-
age V;,=0.3 V the current starts to saturate and then increases
again for V;,>0.6 V. The current is in the range of 20 nA at
V,=0.7 V which is much smaller than that (approximately
50 uA) of the corresponding Al(100)—Cgy—Al(100)
junction.24 The differential conductance dI/dV versus bias
voltage is shown in the right inset of Fig. 1(a). We see that at
the Fermi level (when V,=0), the conductance G is the larg-
est showing metallic behavior with G~ e?/h. It decreases
quickly, reaches the minimum at V,=0.4 V, and increases
after that. To understand the behavior of the I-V curve, we
depict in Fig. 2(a) the transmission coefficient T(E,V,) ver-
sus energy E at different bias voltages.30 We see that there
are two peaks for the transmission coefficient at zero bias,
one near the Fermi level and the other one is near
E=0.44 V. In the inset of Fig. 2(a), we have diagonalized
the transmission matrix and found two eigenchannels3 ! con-
tributing to the current. As the bias voltage increases, the first
peak in the transmission coefficient shifts toward the positive
energy while the peak value decreases slightly. This shift is
responsible for the decrease of dI/dV in the right inset of

Fig. 1(a). Since the current is obtained by integrating
T(E,V,) from O to V,, the current increases as the bias
voltage increases. To gain further insight, we study
the charge transfer during the formation of the
Al(100)—C4gN;,—A1(100) junction. For an isolated C4sN,
molecule, there is a charge transfer from C to N since N
dopes hole into the carbon system. Orbital energies Ey of the
Kth eigenstate of an isolated C,N;, are shown in Fig. 3.
Since there are 252 valence electrons, the highest occupied
molecular orbital (HOMO) (doubly degenerate) of the
molecule is completely filled with four electrons leaving
the LUMO state (singly degenerate) empty. Hence, this
molecule would be an insulator if we donot dope it. How-
ever, when the C,N;, molecule is connected to Al elec-
trodes, further charge transfer occurs. In Fig. 4(a), we show
the contour plot of the equilibrium charge density of
A1(100)—C4gN;,(1)—-Al(100) along the middle cross section
(x=0) of the device at zero bias voltage. Note the perfect
match across the boundaries between the molecular region
and the electrode. The charge density of the electrodes is
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FIG. 3. Orbital energies Ey of the Kth eigenstate of an isolated CygN .

affected by the molecule C,4N;,, but this effect is well
screened away from the molecule. As a result we found that,
in equilibrium, about 0.8 electron flows into the molecular
region from the Al electrodes so that a common Fermi level
is established. This extra charge transfer of 0.8 electron
will make the LUMO state of the isolated C4gN;, almost
half filled, leading to a drastic enhancement of the con-
ductance near the Fermi level. Therefore, the
Al1(100)—C4gN»(1)—Al(100) is metallic at zero bias.

B. The second symmetric configuration

Now we look at the second configuration by rotating the
molecule CNy, such that two parallel carbon hexagons are
facing the Al electrodes [see the inset of Fig. 1(b)]. The
I-V characteristics of the Al(100)—C4gN;,(2)—-Al(100) are
depicted in Fig. 1(b). The I-V curve is symmetric about the
bias voltage. The current is in the range of 14 uA at V,
=0.7 V which is much smaller than that of the first configu-
ration. We also notice that the current jumps at about V,
=0.16 V. To understand this jump, we examine the transmis-
sion coefficient T(E,V,) versus energy [see Fig. 2(b)]. We
see that in equilibrium (V,=0) the transmission coefficient
has a minimum at the Fermi level, giving rise to an insulat-
ing behavior which is very different from the first configura-
tion. There are two peaks around E=-0.15 eV which are
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close together corresponding to two resonant states. From the
eigenchannel analysis [the inset of Fig. 2(b)], we see that in
the energy range [—0.2,0.2] eV, the transport is dominated
by a single eigenchannel. As we apply the bias voltage, one
of the peaks in the transmission coefficient moves toward the
positive energy. At around V,=0.16 V, this peak moves
across the Fermi level and contributes to the energy integral
of the transmission coefficient, leading to a jump in the cur-
rent. As the bias voltage increases further the current in-
creases similar to the current before the jump. To confirm
this insulating behavior in the equilibrium, in Fig. 4(b) we
show the contour plot of the equilibrium charge density of
the second configuration. From the figure, we see that more
electrons have been transferred to the system. Indeed, we
found that, in equilibrium, about electrons flow into the mo-
lecular region during the formation of the molecular junc-
tion. From Fig. 3, we conclude that the molecular LUMO
state is completely filled when the molecule is connected to
the Al electrodes, resulting to a semiconducting behavior
with a much smaller conductance near the Fermi level, as
shown in Fig. 2(b). Since the gate voltage V, can critically
control the charge transfer, which in turn determines the
transport properties near the Fermi level, we plot in Fig. 1(c)
the [-V curve versus the bias voltage when V,=13.6 ev.*?
We see that the current varies almost linearly with the bias
voltage. There is a tiny jump in the current near
V,=0.14 V. The physical origin of this jump is similar to the
case without the gate voltage. In the presence of the gate
voltage, the current increases about five times. This is due to
the charge transfer which is shown in the inset of Fig. 2(c).
In the presence of the gate voltage, charges have been de-
pleted away from the molecule. We see from the inset of Fig.
2(c) that the charge transfer is a linear function of the gate
voltage which agrees with previous calculation.?* In the ab-
sence of the gate voltage, we have electrons transferred from
the Al electrodes to the molecule so that LUMO state is
filled. At Vg=13.6 V, the charge transfer is —0.5 electron
instead of electrons. This means that about 2.5 electron
charges are pulled back from the molecule to the Al elec-
trodes. This makes the HOMO state of the isolated CygNy,
partially empty which enhances the conductance at the Fermi
level, resulting to a metallic behavior.* In the main panel of
Fig. 2(c), we plot the transmission coefficient versus energy
at two different gate voltages V,=13.6 and 21.8 V. We see
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FIG. 4. Contour plot of the equilibrium charge density along the middle cross section of the device at zero bias voltage. (a) For the first orientation, (b) for

the second orientation, and (c) for the third orientation.
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that the conductance at Fermi level increases from 0.1 for
V,=01to 1.2 for V,=13.6 V. It increases further to 1.9 when
V,=21.8 V where the charge transfer is -2 electrons so that
the HOMO state of the isolated CgN, is half filled, leading
to the maximum conductance. For the Al-Cg,—Al molecular
junction studied in Ref. 24, the HOMO state is half filled and
the system is metallic in the absence of the gate voltage.
When the gate voltage is applied, the HOMO state can be
filled completely due to the charge transfer, giving rise to a
semiconducting behavior. For our Al-CysN,(2)—Al mo-
lecular junction, it is the opposite case. The gate voltage can
switch from a semiconducting state to a metallic state.

C. The third asymmetric configuration

Finally, we study the third configuration by rotating the
C4sN;, molecule such that two parallel hexagons, each con-
tains one N atom, are facing the Al electrodes [see the inset
of Fig. 1(d)]. The I-V curve is shown in Fig. 1(d). We see
that the current is slightly asymmetric about the bias voltage
due to the symmetry of the C4sN;, molecule. The current is
about 7 uA at V,=0.6 eV which is much smaller than that of
the other two configurations. In Fig. 2(d) we plot the trans-
mission spectrum of the third configuration for different bias
voltages. We see that at Fermi level E=0, T(E,V,=0)
=0.16, showing an insulating behavior similar to the second
configuration. When the bias voltage is smaller than
V,=0.15 eV the currents of two configurations are about the
same. The reason that the current of the third configuration is
smaller than that of the second configuration after
V,=0.15 eV is due to the absence of the resonant states
which are responsible for the jump in Fig. 1(b). In Fig. 4(c),
we show the contour plot of the equilibrium charge density
of the third configuration. In Table I, we list the coordinates
of each atom in the C44N, molecule with the corresponding
excess charge in the presence of Al electrodes. The excess
charge in the absence of electrodes can be found in Ref. 7.
We found that, in equilibrium, about 1.9 electrons flow into
the molecular region from Al electrodes. This gives rise to a
filled molecular LUMO state and confirms the insulating be-
havior in equilibrium.

IV. SUMMARY

We have studied quantum transport through the C4gN,
based molecular devices from first principles. Since it is very
difficult to determine experimentally the orientation of the
molecule relative to the electrodes, we have investigated the
transport properties of the molecular device with different
orientations. We found that the /-V curves depend critically
on the orientation of the C44N, molecule with respect to the
Al electrodes. For three different orientations of the C4gNj,
molecule relative to the Al(100) electrode, we obtained dif-
ferent I-V characteristics showing metallic and semiconduct-
ing behaviors. We found that the charge transfer during the
formation of the molecular junction plays an important role
in determining the transport properties. For different orienta-
tions of the C,N;, molecule, the charge transfer can be dif-
ferent. If the charge transfer is such that the lowest unoccu-
pied molecular orbital (LUMO) is completely empty, the

TABLE I. The excess charge distribution Q of CygNj,.

J. Chem. Phys. 124, 114702 (2006)

Atom

Coordinates

QOZoooono0ozaozoooonooQozozoozZzozooooozozzZzZooooooooooooooozoooooo0ooaoaon

(17.65,14.72,8.84)
(16.67,10.39,19.56)
(16.09,12.56,21.16)
(10.37,11.48,18.00)
(13.09,9.42,12.00)
(20.37,12.75,18.00)
(9.07,12.34,13.93)
(13.92,17.44,21.15)
(16.58,17.16,21.16)
(17.34,10.50,10.18)
(18.16,18.75,19.56)
(9.88,12.73,11.38)
(16.08,12.56,8.85)
(14.27,20.77,18.00)
(12.34,15.29,8.85)
(20.93,17.66,16.07)
(16.57,17.16,8.85)
(11.12,19.44,12.00)
(19.71,19.47,14.55)
(15.66,21.46,13.93)
(14.40,9.43,18.63)
(14.34,8.54,16.07)
(16.51,8.69,14.55)
(18.88,10.56,18.00)
(10.29,10.53,15.45)
(18.94,9.43,15.52)
(8.21,14.38,15.52)
(21.23,13.15,15.44)
(20.08,14.78,19.81)
(10.48,18.30,18.63)
(20.13,17.27,18.62)
(13.42,12.84,8.84)
(19.52,11.70,11.37)
(9.74,18.80,16.07)
(9.92,15.22,10.19)
(19.82,14.14,10.44)
(17.86,21.19,15.52)
(11.06,20.57,14.48)
(13.33,19.61,10.44)
(15.60,20.57,11.37)
(12.28,10.71,19.82)
(13.43,12.84,21.15)
(12.14,8.81,14.48)
(15.73,9.23,12.00)
(9.22,13.86,18.01)
(17.66,14.71,21.15)
(10.18,15.86,19.56)
(20.26,11.20,13.93)
(11.84,11.25,10.44)
(12.66,19.50,19.82)
(8.77,16.84,14.56)
(21.79,15.62,14.48)
(16.91,20.58,18.00)
(9.63,17.25,12.00)
(20.78,16.14,11.99)
(13.91,17.44,8.84)
(13.49,21.31,15.45)
(19.63,18.52,12.00)
(17.72,19.29,10.18)
(12.35,15.28,21.16)

0.20
0.02
0.14
-0.09
-0.10
-0.09
-0.11
0.02
0.11
0.31
0.02
-0.10
0.02
-0.09
0.07
=0.11
-0.02
-0.11
-0.10
-0.10
-0.10
-0.10
-0.10
=0.11
-0.10
0.32
0.32
-0.10
0.31
-0.11
-0.10
0.11
-0.11
-0.10
0.32
0.02
0.32
0.32
0.02
-0.10
0.31
-0.02
0.32
-0.09
-0.11
0.07
0.02
-0.10
0.02
0.31
-0.10
0.32
-0.10
-0.09
-0.11
0.14
-0.10
-0.09
0.31
0.20
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Fermi level of the electrode is in the conductance gap, lead-
ing to a semiconducting behavior. On the other hand, a me-
tallic behavior is obtained if the charge transfer aligns the
Fermi level of the electrode with the partially occupied
LUMO state. Since the gate voltage can critically control the
charge transfer, we have also studied the effect of the gate
voltage on the charge transfer from the device electrodes to
the central molecular region. We found that the gate voltage
can be used for current switching. For a particular orientation
of the C4N;, molecule (the second configuration in our
study), its transport behavior can be changed from insulating
to metallic by the gate voltage V,=21.8 eV. For the gate
voltage V,=13.6 eV, the current can be magnified by five
times than that of V,=0.
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