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Ab initio investigations of the charge
transport properties of endohedral M@C20

(M = Na and K) metallofullerenes∗
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Using density functional theory and quantum transport calculations based on nonequilibum Green’s function

formalism, we investigate the charge transport properties of endohedral M@C20(M = Na and K) metallofullerenes.

Our results show that the conductance of C20 fullerene can be obviously improved by insertion of alkali atom at its

centre. Both linear and nonlinear sections are found on the I–V curves of the Au-M@C20-Au two-probe systems. The

novel negative differential resistance behaviour is also observed in Na@C20 molecule but not in K@C20.
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1. Introduction

Electronic transport calculations through molec-
ular and nanoelectronic devices are currently
attracting much attention in nanoscience and
nanotechnology[1−9] because of their novel physical
properties and potential applications in electronic
devices, such as single-electron characteristic,[10] neg-
ative differential resistance (NDR) behaviour,[11,12]

electrostatic current switching,[13] etc. Various forms
of carbon nano-structures, namely, buckyball,[14] car-
bon nanotube,[15] have aroused a great deal of interest
due to their novel fundamental properties and possi-
ble applications in electronics. More importantly,
with the progresses in microfabrications and self-
assembly techniques,[16] carbon-based nanostructures
have emerged as one of the most promising materials
for nonsilicon electronics.

Fullerenes and endohedral metallofullerences[17−19]

have attracted wide interest because of their func-
tional characteristics and potential applications in
the fields of nanomaterials and biomedical science.
The C20 molecule, consisting solely of pentagons, is
the smallest unconventional fullerene which breaks
the ‘isolated pentagon rule’. This fullerene is ex-
pected to have larger vibronic coupling than C60,
and its solid form could be a good candidate for a
superconductor.[20] So, it is significant to study the

structural, electronic, and transport properties of C20

and its endohedral metallofullerenes, which are all ex-
pected to produce novel functional molecular devices.

In the previous work,[21] we have investigated the
transport properties of C20 fullerene and its endohe-
dral metallofullerene Li@C20. It is found that the Li
atom significantly varies the transport properties of
C20 fullerene and makes it show novel NDR behaivour,
which implies that Li@C20 molecule could be used as
a candidate of the NDR molecular devices. To know
more about the effects of other alkali metal atoms on
the transport properties of C20, we extend our inves-
tigations to the M@C20 (M = Na and K) molecules
in this paper.

2. Methodology

The charge transport properties of the endohe-
dral M@C20 (M = Na and K) metallofullerenes are
calculated with the Atomistix ToolKit (ATK) soft-
ware package,[22,23] which combines density functional
theory (DFT) and non-equilibrium Green’s function
(NEGF)[23−25] method. This method has been used
by several groups in a variety of applications and is
well documented.[24−28] In brief, the charge density
is computed within the Keldysh NEGF theory, tak-
ing into account the open system boundary condi-
tions through an iterative procedure. Once the Kohn–
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Sham effective potential has been self-consistently
converged, the transport properties of the molecule
are obtained.

Our calculations use a two-probe model as shown
in Fig. 1. Each molecule is rigidly attached to
Au (111) surface. In practical theoretical simula-
tion, such a two-probe system is divided into three
parts: the left electrode, the right electrode, and
the central scattering region. The scattering re-
gion actually includes a portion of the semi-infinite
electrodes. In order to compare the effect by dop-
ing different alkali metal atoms into C20, we have
used the same molecule-electrode contact configura-
tion like that of Li@C20.[21] The distance between
the molecule and electrodes is also fixed at 2.185 Å
(1 Å = 0.1 nm). To save computational efforts and
improve calculating precision and reliability, valence
electrons are expanded in single zeta plus polarisa-
tion (SZP) basis sets for metal electrode (Au atom)
and double zeta plus polarisation (DZP) basis for
other atoms. The norm-conserving Troullier–Martins
pseudopotentials[29] are used to describe the core elec-
trons for all atoms. The exchange–correlation po-
tential is described by the Perdew–Burke–Ernzerhof
(PBE) parametrisation of generalised gradient ap-
proximation (GGA) function.[30] The electrode calcu-
lations are performed under periodical boundary con-
ditions, with the unit cell being three layers along the
transport direction, and the Brillouin zone has been
sampled with 3×3×100 points within the Monkhorst–
Pack k-point sampling scheme in the case of our three-
dimensional two-probe systems. The self-consistent
calculations are performed with a mixing rate set to
0.01 and the convergent criterion for total energy is
10−5 eV. The electrostatic potentials are determined
on a real-space grid with a mesh cutoff energy of 110
Ry to achieve a balance between the calculation effi-
ciency and accuracy.

Fig. 1. The geometry of the two-probe systems Au (111)-

M@C20-Au (111). Each molecule together with two sur-

face gold layers on the left and right electrodes is included

in the self-consistent calculation.

The current through the atomic scale system is
calculated from Landauer–Büttiker formula[31]

I =
2e

h

∫
T (E, Vb)[fL(E − µL)

− fR(E − µR)]dE, (1)

where Vb is the applied bias voltage, and µL and µR

are the electrochemical potentials of the left and right
electrodes, respectively, µL − µR = eVb. The energy
region between µL and µR, which contributes to the
current integral above, is referred to as the bias win-
dow. While fL and fR are the Fermi–Dirac distribu-
tion functions of the left and right electrodes, respec-
tively. T (E, Vb) is the transmission coefficient at en-
ergy E and bias voltage Vb. Based on the eigenchannel
decomposition of the conductance, the total transmis-
sion probability T (E) can be decomposed into non-
mixing eigenchannels Tn(E),[32] T (E) =

∑
n Tn(E),

and can be calculated from the formula as

T (E, Vb) = Tr
[
ΓL (E) GR(E)ΓR (E) GA(E)

]
, (2)

where GR(E) and GA(E) are the retarded and ad-
vanced Green’s functions of the central scattering
region, and ΓL and ΓR are the contact broaden-
ing functions (or named coupling matrix) associated
with the left and right electrodes, respectively. The
broadening functions are anti-Hermitian components
of the self-energy terms of the contacts, ΣL and
ΣR, which depend on the electrode’s surface Green’s
function and the contact-molecule bonding: ΓL,R =
i
(
ΣR

L,R −ΣA
L,R

)
/2. For the system at equilibrium,

the conductance G is evaluated by the transmission
coefficients T (E) at the Fermi energy EF of the system
G = G0T (EF), where G0 = 2e2/h is the fundamental
quantum conductance unit.

3. Results and discussion

The stable structures of Na@C20 and K@C20

are first obtained using first-principles DFT method
as implemented in the DMol3 software package.[33]

The exchange correlation energy is calculated using
GGA with the parametrisation of Perdew and Wang
(PW91).[34] The energy tolerance in the self-consistent
field calculations is set to 10−6 Hartree. Optimised ge-
ometries are obtained using an energy convergence tol-
erance of 10−5 Hartree with the force on each atom less
than 5.0×10−4 Hartree/Bohr. The frequency analysis
has been performed to validate the energetic stabil-
ity of all the molecules. The vibrational spectra are
calculated in the harmonic approximation using the
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finite displacement technique to obtain the force con-
stant matrix. The maximum allowed change in any
Cartesian coordinate is set to 0.002 Å in order to ob-
tain more accurate geometries. This method has well
been used in the previous work.[35−38] After the ge-
ometry optimisation and vibration frequency analysis,
the stable structures of Na@C20 and K@C20 molecules
are obtained.

To show the process in which Na or K is inserted
into the C20 cage, we place the Na or K at different
distance from the centre of the cage and calculate the
energy curve versus the distance. For the sake of clar-
ity, only the energy curve for K is plotted in Fig. 2.
We can find from the figure that the whole inserting
process is endothermic. However, there is a barrier
at the surface of the C20 cage. There is an obvious
exothermic process after the K atom getting into the
cage. It means that the K atom can spontaneously
go to the centre of the C20 cage and stay there as
long as it approaches and passes through the surface.
Therefore the synthesis is not very difficult.

Fig. 2. The energy curve of K inserted into C20 Cage.

Based on the method described in Section 2, we
first probe the equilibrium transport properties of
Na@C20 and K@C20, which are symmetrically sand-
wiched between the three-dimensional Au electrodes.
The most important physical quantity in NEGF-DFT
calculations for electronic transport through single
molecular junctions is the transmission function T (E).
Its value at the Fermi level defines the zero-bias con-
ductance, and its integral over the bias-dependent en-
ergy window gives the current. Therefore, we first
calculate the transmission functions T (E) of both the
two-probe systems under zero bias, and show them in
Fig. 3. For the sake of clarity, the Fermi level has been
shifted to EF = 0.

Fig. 3. The zero bias transmission spectra of the two-

probe systems Au (111)-M@C20-Au (111). The energy is

relative to the Fermi level (vertical line).

In the case of Na@C20 molecule, the calcu-
lated equilibrium conductance is 2.257G0, which
is slightly larger than that (2.198G0) of Li@C[21]

20

and also larger than that (1.315G0) of C20. For
K@C20 molecule, its equilibrium conductance is about
2.312G0, slightly larger than that of both Na@C20 and
Li@C20 molecules. So, the interstitial Na or K atom
can obviously improve the conductance of C20.

This enhancement of conductance by inserting Na
or K atom into C20 can be understood by the effective
method in which the self-consistent Hamiltonian of the
molecular junction is projected onto the molecule and
the molecular projected self-consistent Hamiltonian
(MPSH) matrix is diagonalised. Related MPSH states
are the eigenstates of the molecular system placed in a
two-probe environment. As we know, the properties of
the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are of-
ten especially important for the electronic properties,
because electron transitions typically take place be-
tween these two orbitals. The MPSH eigenstates of
the HOMO and LUMO of the two-probe systems are
presented in Fig. 4. The molecular orbital occupation
states of Au-C20-Au[21] are also included as a refer-
ence. The charge distributions of HOMOs (Figs. 4(a),
4(c), and 4(e)) of these two-probe systems show sim-
ilar characteristics, while the LUMOs display differ-
ences. In comparison with the LUMO of Au-C20-
Au (Fig. 4(e)), more charge distributions and obvious
bonding between two carbon atoms are observed on
the LUMOs of Na@C20 and K@C20. This fact makes
the electron easier to tunnel through C20. So, the con-
ductibility of C20 is improved by the interstitial Na or
K atom.
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Fig. 4. Molecular orbital occupation states of the two-

probe systems: (a) HOMO of the MPSH states of Au-C20-

Au; (b) LUMO of MPSH states of Au-C20-Au; (c) HOMO

of the MPSH states of Au-Na@C20-Au; (d) LUMO of

MPSH states of Au-Na@C20-Au; (e) HOMO of the MPSH

states of Au-K@C20-Au; (f) LUMO of MPSH states of Au-

K@C20-Au.

The zero-bias transmission spectrum is not suffi-
cient to describe the charge transport properties of a
molecule. The current–voltage (I–V ) curve is a more
important property in designing a molecular device.
Therefore, it is necessary to investigate the change of
the transport properties under the applied bias volt-
age. Figure 5 shows our calculated I–V curves of both
Na@C20 and K@C20 molecules. The considered bias
voltage varies from –2.0 to 2.0 V.

Fig. 5. Current–voltage (I–V ) curves of the two-probe

systems.

From Fig. 5, it can be seen that their I–V curves
show linear and nonlinear characteristics. Under
low bias voltages (from –0.7 to 0.7 V), the two I–
V curves present linear current–voltage characteris-
tic, and nearly overlap each other. It implies that
both Na@C20 and K@C20 behave like metal in this
voltage range. When the bias is beyond 0.7 or

−0.7 V, both I–V curves show nonlinear charac-
teristic, but the two molecules display different be-
haviour. For Na@C20, a maximum on the I–V curve
suggests that the molecule has the novel NDR be-
haviour like Li@C20.[21] As we all know, NDR be-
haviour is very important in the field of electronic
technology. Lots of applications in the area of semi-
conductor physics, including amplification,[39] digital
applications and oscillators,[40] have been found since
it was discovered.[11] The NDR behaviour of Na@C20

makes it a potential candidate for NDR molecular de-
vice. While for K@C20, no NDR phenomenon is ob-
served.

Characteristics of the I–V curves can be well ex-
plained by the transmission spectra obtained at differ-
ent bias voltages, because the current is directly de-
pendent on the transmission coefficient based on the
Landauer–Büttiker formula. The calculated transmis-
sion spectra T (E, Vb) for different applied bias volt-
ages from –2.0 to 2.0 V (each curve represents a dif-
ference of 0.1 V) are presented in Fig. 6. The bias
window contributing to the current integral in Eq. (1)
is indicated by the two dotted lines in this figure. For
Na@C20 molecule, as shown in Fig. 6(a), we can see
that under low bias (from –0.7 to 0.7 V), the trans-
mission coefficients within bias window hardly change
with the increase of bias voltage, which makes the cur-
rent linearly increase along with the bias increasing.
While in the ranges from 0.7 to 1.2 V (or from –0.7
to –1.2 V), the transmission resonances within bias
window obviously reduce. As a result, the integra-
tion value (current) decreases and NDR phenomenon
exhibits. When the bias reaches larger values (be-
yond 1.2 or –1.2 V), more resonances enter into the
bias window and contribute to the current. There-
fore, the current continues to increase. For K@C20

(Fig. 6(b)), when the bias is beyond 0.7 or –0.7 V, the
transmission coefficients within bias window also re-
duce but the gradient is smaller than that of Na@C20

molecule, which results in that the current always
increases smoothly. Therefore there is no NDR be-
haviour for K@C20.

Another characteristic of the I–V curves can also
be understood by the properties of the molecular or-
bital energy levels. As shown in Fig. 7, we depict
the HOMO–LUMO gaps (H–Lgs) of both Na@C20 and
K@C20. Under low bias voltage (from –0.7 to 0.7 V),
the H–Lgs of the two molecules are very small, and
the electron can easily tunnel through the molecule.
So, the current through the molecules will increase
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quickly with increasing bias, which corresponds to the
linear segment (from –0.7 to 0.7 V) of the I–V curves.
When the bias reaches –0.7 or 0.7 V, for Na@C20

molecule, the H–Lgs also increase to about 0.7 eV. The
transition probability of electron between HOMO and
LUMO will increase because of the almost same en-
ergy values of H–Lgs and bias. It obviously decreases
the tunneling probability of the electron, and makes
the current through Na@C20 diminish. It is respon-
sible for the NDR behaviour of Na@C20. When the

bias is beyond 1.2 or –1.2 V, the electron carrying

more energy can easily tunnel through the molecule.

So the current will continue to increase under higher

bias. However, for K@C20 molecule, the H–Lgs do

not display the obvious change like that of Na@C20.

Therefore, the electron can always tunnel through the

molecule and the current always increases with the in-

crease of bias voltage. So no NDR behaviour exhibits

for K@C20 molecule.

Fig. 6. Transmission spectra T (E, Vb) at different biases: (a) for Na@C20 and (b) for K@C20. The two crossing

dotted lines indicate the bias window.

Fig. 7. The HOMO–LUMO gap of both the molecular

devices.

We also calculate the conductances of the two
molecules under various biases from –2.0 to 2.0 V and
the results are shown in Fig. 8. Under low bias voltage,
both molecular devices present similar electronic con-
ductivity. Although their I–V curves in Fig. 5 present
linear characteristics in the range from –0.7 to 0.7 V,
the calculated conductances show a little deviation
from the invariable, but the largest error is no more
than 13%. When the bias is beyond 0.7 or –0.7 V,
K@C20 has a larger conductance than Na@C20, which

implies that K@C20 molecule has better conductibil-
ity in this range. However, their conductances tend
to have the same value when the bias is close to –2.0
or 2.0 V. The average conductance of K@C20 is about
109.939 µS, larger than that of Na@C20 (101.586 µS),
Li@C20 (101.466 µS) and C20 (96.523 µS). So, it is
safe to say that the conductance of M@C20 molecules
increases with the doped atom from Li to K, and all
the metallofullerenes have better conductibility than
C20.

Fig. 8. The conductance–voltage (G–V ) curves of both

the two-probe systems.
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4. Conclusions

In the present work, we have performed first-
principles calculations on electronic transport proper-
ties of endohedral M@C20(M = Na and K) metallo-
fullerenes coupled to three-dimensional Au electrodes.
Our results indicate that inserting Na or K into C20

fullerene obviously improves its conductibility like the
case of Li atom. Under low bias voltage, the I–V

curves of both Na@C20and K@C20 display the metal-
like characteristics although nonlinear characteristic is
observed under high bias. It is found that all the inter-

stitial alkali metal atoms (Li, Na and K) can improve
the conductance of C20 molecule. It should be noted
that like Li@C20, Na@C20 molecule also shows NDR
behaviour, which implies that Na@C20 could also be a
candidate of NDR molecular devices. Unfortunately,
this is not true for K@C20. Obviously, alkali metal
atoms can perform different effects on C20 molecule
despite the same effect on improving its conductance,
which suggests that it could design various molecular
devices by inserting different alkali metal atoms into
C20 fullerene.
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[31] Büttiker M, Imry Y, Landauer R and Pinhas S 1985 Phys.

Rev. B 31 6207

[32] Brandbyge M, Sørensen M R and Jacobsen K W 1997

Phys. Rev. B 56 14956

[33] Delley B 1990 J. Chem. Phys. 92 508

[34] Perdew J P and Wang Y 1992 Phys. Ref. B 45 13244

[35] Yang C L, Wang M S, Sun M Y, Wang D H, Ma X G and

Gong Y B 2008 Chem. Phys. Lett. 457 49

[36] Sun M Y, Yang C L, Wang M S, Gong Y B, Zhu Y T and

Liu W 2008 J. Phys. Chem. A 112 4556

[37] Yang C L, An Y P, Sun M Y, Wang M S, Wang D H, Ma

X G and Gong Y B 2009 Chem. Phys. Lett. 474 311

[38] Li Y C, Yang C L, Sun M Y, Li X X, An Y P, Wang M S,

Ma X G and Wang D H 2009 J. Phys. Chem. A 113 1353

[39] McWhorter A L and Foyt A G 1966 Appl. Phys. Lett. 9

300
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