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We investigate the thermoelectric transport through carbon chains connected by two Al leads. Using a
Landauer-Buttiker-like formula, we calculate the thermopower and thermoconductance of Al-Cn-Al from first
principles. We find that the charge transfer plays an important role in the thermoelectric transport. Because of
the charge transfer, the thermopower changes sign for even-odd number of carbon atoms. The thermopower
and electric conductance as a function of the gate voltage also exhibit oscillatory behaviors with a phase
difference of � /2.

DOI: 10.1103/PhysRevB.71.233406 PACS number�s�: 73.40.Jn, 72.15.Jf, 73.40.Cg, 71.15.Mb

The quantum transport through atomic junctions has at-
tracted increasing attention recently.1 To capture the atomic
degrees of freedom, one has to use the first-principles calcu-
lation in the theoretical modeling of atomic systems.2–10 Up
to now, most of the theoretical studies on transport properties
through atomic systems focus on the conductance and the
I-V characteristics. Less attention has been paid on the ther-
moelectric transport. The thermoelectric properties of an
atomic system is important since it provides more informa-
tion on the transport properties. For instance, at low tempera-
tures, the electric conductance is proportional to the trans-
mission coefficient at Fermi level while the thermopower is
related to the derivative of the transmission coefficient so
that the sign of the thermopower determines the sign of ef-
fective charge carriers.11 In this work, we investigate the
thermoelectric properties of atomic junctions from first prin-
ciples. In particular, we calculate the thermopower and ther-
moconductance of a series of carbon chains with different
lengths connected by Al leads. We find that the charge
transfer4 plays an important role in the thermoelectric trans-
port. Due to the charge transfer during the formation of the
Al-Cn-Al junction, the thermopower changes sign for even-
odd number of carbon atoms. Since the charge transfer can
be critically controlled by the gate voltage, we investigate
the thermopower and the electric conductance as a function
of the gate voltage which also show oscillatory behaviors
with a phase difference being approximately � /2. Roughly
speaking, for even-number carbon chains, the electric con-
ductance reaches maximum when the charge transfer is 2 and
is minimum when there is no charge transfer. When the
charge transfer is 1 the thermopower is maximum whereas
the transferring of three charges leads to a minimum of the
thermopower. All these behaviors can be described within
the picture of � orbitals conduction of carbon chains.

For the carbon chains with Al leads, the quantum trans-
port problem is solved using the ab initio technique of Ref. 5
where DFT is carried out within the nonequilibrium Green’s
function �NEGF� formalism. We use an s, p, d real-space
linear combination of atomic orbitals �LCAO� basis set5,7

and define the atomic core by standard nonlocal norm con-
serving pseudopotential.12 The density matrix of the device is

constructed 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 exter-
nal potentials. The NEGF-DFT iteration is numerically con-
verged to 10−4 eV which we determine to be reasonable for
our purpose. The NEGF-DFT formalism has several good
features for our purpose:5,7 �i� it constructs charge density
under external bias potential using NEGF, thereby treats
open device structures within the full self-consistent atomis-
tic model of DFT; �ii� it treats atoms in the device and the
leads at equal footing; �iii� it treats localized and scattering
states at equal footing; �iv� it is numerically efficient. The
NEGF-DFT formalism5,7 is now a standard tool for ab initio
atomistic calculations of transport and we refer interested
readers to the existing literature.5,7

To analyze the thermoelectric effect, we apply a voltage
bias Vb and a temperature gradient �T between two atomic
leads such that there is no electric current Ie through the
system. The thermopower is defined as the ratio between the
voltage bias and the temperature gradient. With this defini-
tion, one finds13

S��� = −
1

eT

K1���
K0���

, �1�

where e is positive and

Kn =� dE�− �Ef�E���E − ��nT�E� �2�

with T�E� the transmission coefficient. Here the left lead is
maintained at temperature T and bias V and the right lead is
at T+�T and V+Vb. Although the electric current vanishes,
there is a heat current Iq which is proportional the tempera-
ture gradient, i.e., Iq=��T, where � is the thermoconduc-
tance given by14

PHYSICAL REVIEW B 71, 233406 �2005�

1098-0121/2005/71�23�/233406�4�/$23.00 ©2005 The American Physical Society233406-1



���� =
2

hT
�K2��� −

K1
2���

K0���
� . �3�

In the low temperatures, one can expand Eqs. �1� and �3� to
get14

S��� = −
�2kB

2T

2e
� �ln G���

��
+

�2kB
2T2

15G���
�3G���

��3 	 + ¯ �4�

and

���� =
�2kB

2T

2e2 G���
1 +
�2kB

2T2

15
� 8

G���
�2G���

��2

− 5� �G���
��

�2	� + ¯ . �5�

Therefore, at the low temperatures, the sign of the ther-
mopower is determined by the derivative of the electric con-
ductance G��� while the thermoconductance is proportional
to the electric conductance which is the Wiedemann-Franz
law. In the numerical calculation, the energy is measured in
a.u. �1 a .u . =27.2 eV�.

Now we consider carbon chains with n carbon atoms con-
nected by two Al atomic leads15 �see Fig. 1�.

In Fig. 1 we plot the thermopower as a function of the
temperature T for different n. We see that the thermopower is
largely linear in T. For odd-number carbon chains, the ther-
mopower is positive while for even-number carbon chains, it
reverses its sign. We attribute this behavior to filling of the �
state. It is known that the transport through carbon chains is
dominated by the � state which is double degenerate. For
Al-Cn-Al carbon chains, each carbon atom contributed two
electrons to the � states.3 As a result, for Al-Cn-Al carbon
chains with odd n, the highest occupied molecular orbital
�HOMO� is half filled leading to a large conductance while
for even n the HOMO is completely filled making the con-
ductance very small.18 In addition, due to the electronegative
nature of the carbon atoms the charge is transferred from the
leads to the carbon atoms.4 Since the charge transfer is criti-

cally controlled by the gate voltage, we plot in Fig. 2 the
charge transfer as a function of the gate voltage for different
carbon chains. As expected, the charge transfer is linearly
proportional to the gate voltage. In the absence of the gate
voltage, about −0.5e �half an electron� has been transferred
from the leads to the carbon atoms �see Fig. 2�. Hence for
odd-number chains, the HOMO is more than half filled so
that charge transfer makes the conductance smaller. On the
other hand, for even-number chains, there is a � state which
is partially occupied by about −0.5e �one-eighth of the filling
since the HOMO can accommodate four electrons� so that
the conductance increases due to the charge transfer. This
can be seen clearly from Fig. 3 where we plot the electric
conductance of different carbon chains as a function of the
gate voltage. From the above argument, we see that the de-
rivative of the conductance with respect to the chemical po-
tential is negative for odd-number chains and positive for
even-number chains. For our atomic system the energy scale
is of order of eV so that for the temperature of order 100 K
is still in the low-temperature limit. Hence from Eq. �4�, we
conclude that the thermopower is positive �negative� for odd
�even� number of carbon atoms in the absence of gate volt-
age. This physical picture agrees qualitatively with our nu-

FIG. 1. �Color online� The thermopower vs temperatures for
Al-Cn-Al junction with n=5 �solid line�, n=6 �dotted line�, n=7
�dot-dashed line�, n=8 �short dashed line�, and n=9 �long dashed
line�. The unit of the thermopower is �V/K and the temperature is
measured in K. Right inset: schematic plot of the Al-C5-Al device.

FIG. 2. The charge transfer vs gate voltage �in a.u.� for different
carbon chains with n=5 �solid circle�, n=6 �open circle�, n=7
�solid square�, n=8 �open square�, and n=9 �triangle�.

FIG. 3. The electric conductance vs gate voltage for different
carbon chains. Here the symbols are the same as in Fig. 2.
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merical calculation depicted in Fig. 4 where we plot the ther-
mopower vs the gate voltage.21 When the positive gate
voltage is applied, electrons are depleted from the region
where carbon atoms are located. As the gate voltage is in-
creased such that the −0.5e charge, which has been trans-
ferred into the region of carbon atoms due to the formation
of the Al-Cn-Al chain, is completed depleted. At this gate
voltage v0,22 the conductance should reach maximum for
odd-number chains due to the half filled � state while for
even-number chains the conductance goes to minimum be-
cause of the completely filled � states. This is indeed what
we observed in Fig. 3. Furthermore, the thermopower is zero
at v0. From Figs. 3 and 4, we see that the zeros of ther-
mopower are well correlated with the zeros of charge trans-
fer. Upon further increasing the gate voltage, the carbon at-
oms are positively charged indicating the electrons have been
transferred from the carbon atoms to the leads. In this case,
for even-number chains, this charge transfer from the filled �
states gives rise to “hole” state resulting in an increase of the
electric conductance or positive thermopower. For odd-
number chains, the electron occupation is less than the half
filling and the conductance decreases making thermopower
positive. From Fig. 3, we also see that the even-odd parity
oscillation for the conductance persists when the gate voltage
is less than 0.8 a.u. beyond which this oscillation breaks
down. We also note that the even-odd parity oscillation for
the electric conductance and the thermopower may not occur
simultaneously. They are determined by the charge transfer.
However, the � /2 phase shift between the oscillation of elec-
tric conductance and thermopower remains. To see this more
clearly, we plot in Fig. 5 the charge transfer, conductance,
and thermopower as a function of the gate voltage for an
Al-C10-Al chain. We see a clear oscillation of electric con-
ductance and thermopower as the gate voltage is varied. In
particular, when vg�0.4 a .u. the charge transfer is zero so
that the � states are completely filled for C10. At this gate
voltage the electric conductance is minimum and the corre-
sponding thermopower is zero. When vg�0.4 a .u. the sys-
tem shows holelike behavior with negative thermopower
while for vg�0.4 a .u. the system exhibits electronlike be-
havior with positive thermopower. As the gate voltage in-
creases to vg�1.4 a .u., two electrons have been transferred

from the leads to the carbon atoms so that a � state is half
filled so that the conductance is maximum and the ther-
mopower is zero again. Whenever the gate voltage sweeps
across those extremum of the conductance the thermopower
reverses sign.

Classically, the temperature gradient drives electrons to
the low-temperature lead and the thermopower is positive
which measured the effective voltage difference. Quantum
mechanically, the temperature gradient may drive electrons
to the high-temperature lead depending on the charge trans-
fer. This leads to the negative thermopower which is similar
to the negative effective mass of holes in the semiconductors.
Negative thermopower has been found in many systems such
as carbon nanotubes11 and atomic-size gold contacts using
mechanically controlled break junctions.23 Recently, the
even-odd parity oscillation of electric conductance has been
confirmed experimentally for Au, Pt, and Ir using mechani-
cally controlled break junctions.24 In view of the fact that the
thermopower of atomic-size gold contacts has been mea-
sured using the same method as that of electric conductance,
we are confident that the sign oscillation for even-odd num-
ber chains can be also tested experimentally.

In summary, we have investigated the thermoelectric
transport through carbon chains connected by two Al elec-
trodes. During the formation of the Al-Cn-Al system, charge
transfer occurs and approximately an amount of −0.5e
charges have been transferred from the Al leads to the carbon
atoms. Since the transport through carbon chains is domi-
nated by the � states which are twofold degenerate, the ther-
mopower exhibits a sign oscillation for even-odd number
carbon chains. Since the charge transfer can be critically con-
trolled by the gate voltage, one can tune the amount of
charge transfer to be multiples of 2e by varying the gate
voltage. As a result, the electric conductance shows extre-
mum and the thermopower is zero at these gate voltages
leading to an oscillation as a function of gate voltage as well.
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7044/04P and a grant from NSFC, Grant No. 10274052
�Y.D. Wei�. We also thank the computer center of the Uni-
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FIG. 4. The thermopower at 5 K vs gate voltage for different
carbon chains. Here the symbols are the same as in Fig. 2.

FIG. 5. The charge transfer �solid square�, the electric conduc-
tance �solid circle�, and the thermopower at 5 K �open circle� vs the
gate voltage.
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