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Carbon string structures: First-principles calculations of quantum conductance
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Carbon forms various nanostructures based on the monatomic chains or strings which show transport
properties of fundamental and technological interest. We have carried out first-principles quantum conductance
calculations using optimized structures within density functional theory. We treated finite segments of carbon
monatomic chain, metal-semiconductor heterostructure, and resonant tunneling double barrier formed of C-BN
chains, as well as symmetric and antisymmetric loop devices between two electrodes. We examined the effects
of electrode, contact geometry, size of the device, strain, and foreign atoms adsorbed on the chain. Calculated
guantum ballistic conductance of carbon chains showing even-odd disparity depending on the number of atoms
and strain are of particular interest. Notably, chains consisting of an even number of carbon atoms contacted to
metal electrodes display a resonant tunneling-like behavior under axial strain. The double covalent bonding of
carbon atoms depicted through self-consistent charge density analysis underlies unusual transport properties.
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I. INTRODUCTION equilibrium conductanc&(N) varies in an oscillatory man-
As the research on molecular electronicéor M€l with odd-numbered C-LCs having a higher conductance

moletronicg!2 has been in progress for several decades, corfhan even-numbered ones. This oscillatory variation o_f con-
necting those nanodevices has remained a real challenge. fiyctance was attributed to the effectifon the occupation
an effort to develop highly conducting interconnects, intensé@f the degenerate(,) =&(m,) levels and their modification
research has focused on nanowiteghich revealed unusual bPY the coupling of jellium electrodes. The combined effect is
mechanical and transport properties of metallic wirédn reflected in the state density at the Fermi level of the
particular, a close correlation between their atomic structur&lectrode-C-LC-electrode system. The oscillatory behavior

and stepwise variation of conductance has attracte@ G(N) ,nas. revealed earlier also for the Na-chain
interes®1° Following predictions of several theoretical structure®® Similar arguments based on the Laughlin Kalm-

studied3 the production of monatomic linear gold chain €Yer theory* were used in explaining the conductance
has been a breakthrough® More recently, multiwall and through a single Al atom between two metal electrotes.

single-wall tubular wires of gold have been observed anci‘ater’ Lang and Avouri§ showed that there is a Iargg trans-
studied6-18 While those thin metal wires drawn between ' Of charge from the electrodes to the chain, which pro-

two electrodes have been useful to reveal fundamental aV|des doping of the chain without introducing scattering cen-

Yers. Recently, Laradet al3’ reported a first-principles

pects of quantum ballistic conductance, they were not reproénalysis of finite-size C-LCs with < N<7 in contact with

ducible, and hencezc\)/vere unsuitable for device applicationsy,, crystalline Al-electrodes under external bias. Their work
Carbon .nanotubé.% with their unusual mechanical and yemonstrated that the conductance is affected by the crystal-
electronic properties have been considered as a promisinge order of electrodes, and coupling between carbon chain
class of nanostructures meeting several requirements and q{nq Al electrodes is one of the major factors controlling the
fering new paradigms in nanoelectronics. Further to severatansport. Accordingly, whether carbon atoms were attached
device applications, single-wall carbon nanotulf®8/NT)  to the top site or hollow site on the Al electrode becomes
are also considered as interconnects. Experimentally angignificant as pointed out much earl#Most importantly,
theoretically it has been shown that SWNTs can be unithe even-odd disparity in the number of chain atoms found
formly coated with Ti atom8!?2With their high conductiv- by Laradeet al3” has a trend opposite to that obtained in
ity and polarized spins at the Fermi level, coated carborellium-electrode calculations, even-numbered chains having
nanotubes appear to be suitable for spintronic applicat®ns. higher conductance values than odd-numbered ones. The
Another ultimate one-dimensional(1D) nanowire, first-principles analysis has also revealed a negative differen-
namely, monatomic linear chain of carbon atof@LC), tial resistance at finite biases owing to a shift of conduction
attracted the interest of several researchers much e&rfi€r. channels relative to the states of Al electroées.
Using chemical methods, production of carbon monatomic This paper presents an extensive study of the transport
chains up to 20 atoms in length has been achi€dé®e-  properties of various structures based on carbon strings using
cently, C-LC has been observed at the center of multiwalfirst-principles calculations of quantum conductance. Our
carbon nanotube¥. preliminary results have been reported as a short f&tter.
The transport properties of C-LC have attracted considerHere we extend our analysis to investigate the effect of elec-
able attention owing to its ultimate size in fabricating trodes, contact geometry, strain, and device-size which
nanodevices. Lang and Avoulsstudied the conductance shows interesting even-odd disparity in the number of atoms.
variation of finite-size C-LCs havinhl atoms(3<N<7)in  We also examined atomic string heterostructures and loop
contact with two jellium electrodes. They found that the devices.
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IIl. METHOD

5L
We have performed self-consistent figl8CH total en-

ergy and electronic structure calculations using the first- S 6r

principles pseudopotential plane wave meffid8 within >

density functional theof} (DFT). All infinite and finite-size g 7r

nanostructures in our study have been treated within super- W 8

cell geometries. Generalized gradient approximéation

(GGA) and local density approximatiéh(LDA) have been

used in the calculations. The reported values are GGA results 10}

unless otherwise stated. All the atomic positions and lattice

parameters of periodic structures have been optimized by

minimizing the total energy, forces on atoms, and the stress

on the structure. For the ultrasoft pseudopoterffidisused

in our calculations the wave functions are represented by

plane waves up to kinetic energy cutdi+G|=400 eV. oo bed e

The Brillouin zones of various structures have been sampled 1.0 11 12 13 14 15 16 1.7 1.8

by the Monkhorst-Packk-point sampling schent&. The c (A)

number ofk-points are determined by performing conver- ) _ _

gence tests, which yieldX 1 x 51 mesh appropriate for the FIG. 1 Total energy per atom and ten5|or_1 of carbqn linear c_haln

case of C-LC with a single atom per supercell. For Iargelas functions of Iat’_[lce parameter. The energies are given relatlv_e to

supercells, the appropriate numberkefoints have been set the energy of the |soI§ted C atom. The energy curve is a .best fit to

by scaling according to the size of the unit cell. the caICL_JIa_ted value(slrcl_es), then the t_en5|on curve is obtained by
The analysis of quantum ballistic conductance for infinited'ﬁerem'at'on' The vertical das_hed _Ilne separates the St"’.‘ble. and

and finite size structures have been performed uSinunstable_domalns of the chain with respect to a longitudinal

L %eformatlon.

TRANSIESTA-C, a recently developeab initio transport

software based on DFT, localized basis sets, and nonequilib- ) _

rium Green's function (NEGP formalism®47 In most other elements and cqmpound;, monatomic strings _of

TRANSIESTA-C we have employed double-zeta-parametefaron do not tend to form zigzag chains. The carbon atomic

numerical basis sets which are usually comparable to weffn@in is stiff along its axis but flexible in the transverse

converged plane wave basis sets. As usual, we have used %ections?s In Fig. 1 the total energy and tension variations

electrode-device-electrode geometry for conductance calcdf) Periodic C-LC as functions of the lattice parameter are
hown. The equilibrium lattice constant is 1.27 A. As the

lations. The conductance of the device has been calculated §8°WN-
chain is stretched homogenously both the energy and the

. tension of the chain increase. At the point where the maxi-
G(E) = —Tr(I'G'T,G?) (1) mum value of the tension is reached, the velocity of sound of
h the longitudinal-acoustic mode is zero, and the chain breaks
after iteratively solving nonequilibrium Green’s function and du€ to long-wavelength perturbatioffsFor C-LC the slope
DFT equationé’ In the above equatiorG' and G? are re- of the tens_|on becom_es zeroat 1.56 A, which corresponds
tarded and advanced Green’s functions, dhcand T, are to a maximum strain value 0&€=0.23 before the chain
coupling functions to the left and right electrodes, respecPréaks.

tively. In order to match the device potential and the surface N the present work we are concerned with the conduc-
potential of the semi-infinite electrodes, the device regiond@nce of the unstrained and strained finite segment of C-LC

are defined to contain some portions of the electrodes. between different types of electrodes, the finite segment of

DFT is employed to describe exchange correlation and>--C having  substitutional —impurity, (BN); barrier,
charging effects as well as the atomic structure of both théBN)sCe(BN); resonant tunneling double barrier, and asym-
device and the electrodes in a self-consistent manner. Unlik@etric and symmetric loop devices. We will address impor-
conventional DFT simulation schemes, in order to accountant questions, which have not been investigated thoroughly
for the infinite and open nature of the system due to the/et and reveal the effect of size, axial strain, geometry, and
electrodes, DFT is used in combination with NEGF formal-2lso the type of electrodes on the transport properties.
ism. The latter provides the means for representing the ef- In atomic scales, the detailed atomic structure of contact

fects of infinite electrodes in the form of self-energy terms. and the type of the electrodes have considerable effects on
the conductance of the molecular conductors. We first choose

to use C-LC as the metallic electrodes. The atoms in the
IIl. RESULTS AND DISCUSSION device region are subjected to geometry optimizations in su-
percells, keeping the electrode-atom positions fixed. The ge-
Earlier, we treated the conductance of periodic, infinittometry optimization has been performed also for devices un-
C-LC, infinite and finite helix structures-GHX ) in Ref.  der axial strain. Accordingly, interatomic distances in the
38, where the mechanical and electronic structure of carbodevice and the distance between the electrodes and the chain
monatomic strings are also discussed to some extent. Unlikare determined by minimization of the total energy. We also

Tension (eV/A)
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FIG. 3. The electrode-device-electrode model used for the cal-
culation of conductance of finite C-LC consisting §E4,5,6,7
atoms. Electrodes are taken ag08l1) bars made by consecutive
squares and centered squatestated by 45f representing(001)
planes of an Al fcc crystal perpendicular to the chain akiss the
spacing between two electrode surfaaksis the distance between
the electrode surfaces and the terminal atoms of the C-LC segment.

N=6
U
4 -4
Energy (eV)

numbered ones. When geometrical optimization of the chain
is omitted and the strain is assumed to be uniform the con-
ductance oscillations are still present but their amplitudes are
smaller®® The observation that even-numbered, strained car-
FIG. 2. Variation of calculated conductanG¢E) of a segment bon chains have lower conductance values is compatible

of strained C-LC placed between two semi-infinite, strain-free carWith thze findings of Lang and Avouris for unstrained
bon linear chains as electrodes. Fermi levels are set to zero. Atomha@ins?? They reportedG=1.8G, for carbon chains with

positions in the segments consisting£4,5,6,7 atoms are opt- N=5 and 7 in between jellium metal electrodes. In our
mized for the value of strair=0.15 and resulted in nonuniform Mmodel, the use of C-LC electrodes naturally corresponds to a

C—C bond distances. better or even perfect contact that lead$te2G,. With our
choice of electrodes, unlike the results in Ref. 32, the differ-

used Al electrodes having a specific crystalline orientation t¢Nce 0N being odd or even in the calculated conductance of
nstrained(e=0) carbon chain does not manifest itself, be-

reveal the effect of the electrodes on conductance propertieg. . EE
cause for allN the configuration is the same. Therefore the

odd-evenN disparity we find in the conductance of carbon
chains is a pure strain-induced effect.

First, we consider the conductance of a C-LC segment To study the effect of electrodes on the strain-free and
under applied strain. Here the C-LC segment haWhgar-  strained carbon chains we also consider another system
bon atoms is in contact with two electrodes taken as als@uhere a finite sizéor a segment 9fC-LC is in contact with
semi-infinite C-LCs. By using C-LC electrodes we intend totwo metal electrodes. As metal electrodes, we consider Al
achieve perfect contacts to the chain. Here, while semibars consisting 0f001) planes, wherg001] crystalline di-
infinite C-LCs are kept in their ideal atomic configuration, rection is taken parallel to the chain axis. The atomic posi-
the N-atom segment of the chain in the device region istions of atoms in the Al electrodes have been optimized in
strained. When an axial tensidhis applied to anN-atom  the infinite wire configuration. Once thé-atom chains are
chain, the length_ of the chain increases so that-L(1  connected to the hollow sites of the Al electrodes, the atomic
+¢€). We optimize the atomic positions of the elongated segpositions of C atoms are optimized by minimizing the total
ment by keeping the separation of two C-LC electrodes aénergy and stress while keeping the distabhdeetween the
L(1+e). The strain leads to nonuniform bond lengths in thetwo Al electrodes fixed. In that optimization step, C atoms
device region. For example, in a six-atom C-LC under aare allowed to move but Al electrodes are assumed to be
strain of e=0.15 the sequence of equilibrium bond lengthsrigid. It should be pointed out that the assumption of rigid
becomes 1.56,1.31,1.59,1.30,1.59,1.31,1.56 A after relaelectrodes is an approximation, in particular for strained sys-
ation. The lengths of the bonds between the terminal atomems. However, we consider these as model systems and our
of the chain and the electrodes are equal to 1.56 A. Themphasis is on the response of carbon atomic chains to ex-
resulting conductance spectrum of these strained chains diternal strains. In principle, the part of the electrodes in the
plays oscillatory behavior witk. Figure 2 present&(E) of  device region should also be allowed to relax, but deforma-
a finite C-LC device containing=4-7 atoms subjected a tions in the electrodes would prohibit one to attribute the
strain ofe=0.15. The character of oscillations is dramatically conductance modifications to the carbon chain alone. In our
different depending ol being odd or even. IN is odd, the electrode-device-electrode configuration, each device is a
chain always has a peak conductance value ®f at the  segment of C-LC consisting dfl atoms(N=4,5,6,7 as
Fermi level, whereas for eveN, G(Eg) corresponds to a shown in Fig. 3. It is similar to the model considered in Ref.
minimum of oscillations which drops considerably with in- 37, except that in the present case chain-electrode distances,
creasinge. This salient feature is related to the alignment ofd,, and all G—C bond lengths are optimized.
the molecular energy levels of the device region with the The optimized (equilibrium) carbon positions at zero
electrochemical potential of the electrodes. It turns out thastrain exhibit interesting features worth emphasizing: First,
Er coincides with the HOMO for odd-numbered chains, andthe C—C bond lengths are not uniform. Fa{=4, d
with the center of the HOMO-LUMO gap for even- =0.84 A(ords_c=2.2 A); and the sequence of equilibrium

oL

4

A. Conductance of carbon chain segments
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Conductance G (Zezlh)
N

N
<

number of atoms in the segment. The atomic positions in the seg-
. _ ment and the distance to Al electrodes are optimized for each case.
! ! The N-atom C-LC segment is in contact with two Al electrodes as
1

0 ! described in Fig. 3. The variation @&(E=Eg) of strained C-LC
-5 0 5-5 0 5

Energy (eV)

segments between two C-LC electrodes as a functidtisfshown
for the sake of comparison.

FIG. 4. (a)—(d) Variation of conductance vs ener@ G(E), the Spacing_' the positions ofN carbon atoms in the seg-
calculated for relaxedstrain freg¢ C-LC segments consisting of ment have been determined again by optimization. To ex-
=4,5,6,7 atoms, respectively, in between Al electrodes as de<lude the effect of the site where the chain makes contact, we
scribed in Fig. 3. The Fermi enerdy: is set to zero(e)—(h) Same  constrained the chain to be connected to the hollow-site as in
for the C-LC segments under a strair0.15. the case ofe=0. Without this constraint, the chain under

strain favored the contact at the axial site, namely, a bridge
C—C bond lengths starting from the first carbon atom insite above two adjacent AlAl bonds. Such a constrained
Fig. 3 are 1.34, 1.25, and 1.34 A. Whereas 5, d,  structure optimization is of importance, since the bond dis-
=0.92 A (or dy_c=2.3 A); and the sequence of four equi- tances of the strained finite C-LC segment are not uniform,
librium C—C bond lengths is 1.34, 1.26, 1.26, and 1.34 A.instead they exhibit variation depending NnEspecially, the
ConsideringN=6 and 7, the equilibrium distance from the distance from the first anéith carbon atoms to the elec-
end atom of the chain to the last atomic plane of electrodérodes,d,, is crucial for the coupling between C-LC and Al
changes in the range 0.841,<0.95 A; as for the &-C  electrodes. An earlier study by Laradeal3” examined the
bond lengths, they are nonuniform with specific symmetryeffect ofd, on the transport properties of a C-LC segment by
and vary in the range 1.25d,;,,<1.34 A. varying the value ofl.

The variation of calculated equilibrium conductance of The present study first determines what the required value
the system described in Fig. 3 with a finite segment of C-LCof d, should be. Then the corresponding conductance is cal-
comprising a different number of atonibl=4—7) undere culated. The conductance of a segment of C-LC between two
=0 is shown in Figs. @)-4(d) in the energy range -5 eV electrodes depends on the details of its electronic level struc-
<E=5 eV. The conductance spectrum is derived from theure relative to the Fermi level of the metal electrodes. The
electronic structure of two electrodes coupled to thestrength of the coupling to electrodes also induces changes
N-carbon atom chain for Al electrodes. The electronic energyn the detailed electronic structure. The valueslioénd all
level structure of the chain strongly dependshoand C—C  bond lengths,d;;,;, optimized under a given strain of
bond lengthsg; ;,;, and it shifts and broadens depending on=0.15 reveal interesting features. As in the case=0, the
the strength of coupling with metal electrodes. Eventuallypond lengths remain to be nonuniform under strain. How-
the resulting transmission coefficient a@dE) incorporate  ever, the dramatic changes occur in the valued.ofor N
all these effects self-consistently. =4,5,6,7, theoptimizedd, (or da__¢) values at the contact

Figure 5 shows the dependence of the equilibrium conare calculated to be 1.22.99), 1.37(3.00, 1.42(3.03, and
ductance values on the number of carbon atoms present h54 (3.12 A, respectively. We explain this situation by a
the chain(zero strain. The value of G(E=Eg) varies be- carbon-Al-electrode coupling which is relatively weaker than
tween~1.8 and 1.2G, for optimized C-LC segments with the strong G—C bonds. It also shows that, under higher
Al electrodes and under=0. As far as the even-odd dispar- strains, the chain would break at the contact points to the
ity is concerned, the trend depicted in Fig. 5 agrees with thelectrodes rather than at a-€C bond.
trend reported by Laradet al.®” but disagrees with the In Fig. 4 we also show the calculaté8(E) curves for
variation obtained from jellium calculations by Lang and C-LC segments undes=0.15 strain. The values & (E) for
Avouris 32 E=E; are plotted in Fig. 5 to show how the equilibrium

In order to see the effect of strain, we studied the sameonductance depends dw under strain. We see that the
system described in Fig. 3, fa=0.15, so that the spacing even-oddN disparity in conductance continues to exist under
between Al electrodes has becohid +¢). Having increased €=0.15. An interesting issue one observes in Fig. 5 is @hat
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FIG. 7. (a) The conductanc&(E) of a (BN)3 barrier in between
two C-LC electrodes.(b) G(E) of a double barrier structure,
(BN)3Cg(BN)5. Ef is set to zero.

Energy (eV)

FIG. 6. Variation of calculated conductanGE) of a segment
of C-LC having a single(N,P,0,3 substitutional impurity. The
dashed lines delineate the conductance of each of the two equivdae individual channels. In Fig. 6, in all cases of substitution-
lent eigenchannels of transmission. The variation of the total conally doped C-LC, there are two eigenchannels that make
ductanceG is shown by the solid lines. identical contributions to the total conductance.

While the decrease in conductanceEgtis minor for N

increases for eveN in spite of the fact that the contact to the @nd P impurity, S causes a significant decrease with a char-
electrodes gets weakdpr stated differentlyd, becomes @acteristic pattern. The eff_ect of substltu_tlonal O impurity is
larger under strain For example, foN=4 and 6 the conduc- €ven more d_ramatlc causing a substantial fall of con_dgctance
tance becomes very close to the perfect value, $E &t the Fermi Ieve_l. It_ should bg_noted that the_ variation of
=E;) — 2G,. This means that the effect of scattering from ponductanc@(E) is highly sensitive to the atomic positions

the contact is totally eliminated. This situation suggests & the segment and on the distance to the electrodes. The
resonant tunneling-like behavior between metal electrodeBresent variation o6(E) for P impurity atE=Eg is slightly

and the carbon chain, even though the present system corr@ifferent from that in Ref. 38 owing to an improved structure
sponds to a metal-metal contact, and is not in the tunnelin§Ptimization in the present.calculanons. Present results sug-
regime. The nontrivial variation of equilibrium conductance 9est that C-LC can be easily doped and its conductance can
under applied strain is due to the detailed effects of chargin§€ modified.
and broadening in the molecular energy levels of the chain

when coupled to the electrodes. Variationsdinchange the

degree of the coupling, and the relative weights of competing

effects of charging and broadening. In Fig. 5 we also plot the The binary compound BN can form a stable linear struc-
variation of the conductance at the Fermi le\®E=Eg) of  ture and displays properties very similar to that of C-LC,
the €=0.15 strained C-LC segment placed between twgexcept that it is a wide band gap insulator. The band gap of
C-LC electrodes as a function &f. We see a reverse trend BN has been calculated to be 5eV. Normally, a C-LC-
compared to the case with Al electrodes. The situation deBN-LC junction is a metal-semiconductor heterostructure. A
picted in Fig. 5 indicates th&@(E=E;) is strongly dependent periodic arrangement of {BN)y, forms a superlattice; it is a

on the type of electrodes and the contact geometry betweeggmiconductor with a band gap depending strongljNand
the segments and the electrodes. M. Here we consider two different devices composed from a

C-LC and BN-LC heterostructure. The first device is a short
o _ (BN); segment placed in between two C-LC electrodes. In
B. Effect of substitutional doping the case of a short segment, the BN-LC has HOMO and
We considered seven-atom C-LC segments containing N,UMO states separated by a wide gap. The variation of equi-
P, O, or S as a substitutional impurity atom. As shown in Figlibrium conductanceG(E) is illustrated in Fig. 7a). A
6 the conductanc&(E) of a segment of C-LC including a HOMO-LUMO gap of ~5 eV is present around the Fermi
substitutional impurity is strongly affected. We again usedlevel. The double barrier structut®N);Ce(BN); that con-
rigid C-LC electrodes. During the structural optimization of nected two C-LC electrodes from left and right can be envis-
the device region, the substitution of impurity atoms alters aaged as a resonant tunneling double barrier structure. The
few neighboring G—C bond lengths. With the particular conductanceG(E) in equilibrium in Fig. 7b) reflects the
C-LC electrodes the problem corresponds to calculating thelectronic structure of the C-BN string heterostructure.
conductance of infinite C-LC with a single impurity atom at  Ring structures of carbon are also present, and they are
the origin. In Landauer-Bdttiker formalism, the conductancestudied in several recent works:?6We have considered the
of a device is defined through the transmission matrix, diago€-R;, ring structure to form a loop device. The circular ring
nalization of which leads to a set of eigenchannels. The totatonnected to short C-LC segments from both sides has been
transmission is obtained as the sum of the contributions obptimized. Here we consider a symmetric and an asymmetric

C. Conductance of various devices
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(@)

of the eigenchannels has a smoothly oscillating pattern, the
“‘O’“‘ other channel’'s contribution occurs as sharp peaks@§ at
certain energies. As a result, the symmetric loop device is
metallic. The situation is dramatically different for the asym-
i' metric device. Here the contribution of both eigenchannels
.I‘}\ vanishes for a wide range of energies arolfy] but the

2
L

£ A \ 7\ device conductance has some sharp peaks at some resonant

g values of energy.

< 2[p) -

0

IV. CONCLUSIONS

In this work we presented aab initio study of transport
properties of various structures and devices based on carbon
and carbon-boron-nitride heterostructure strings. These struc-
tures show unusual mechanical, electronic, and transport

o
T
{
I
|
\
)
PRI [ I SRR, Q.
I
|
\
1
1
]

4 2 0 2 4 properties. We examined the effect of the electrodes and con-
Energy (eV) tact geometry, the effect of size, geometry, and strain of the
string structures between electrodes.
FIG. 8. The conductand8(E) of a loop device fofa) symmet- As far as technological applications of interconnects or

ric and (b) asymmetric connection with C-LC electrodes. The two nanodevices are concerned, the transport properties of carbon
eigenchannels and the total conductance are shown by dashed, dgiing structures are of particular interest. We carried out an
ted, and solid curves, respectively. extensive analysis of the transport properties of segments of
strained carbon linear chains including a different number of
loop device and calculate the variation of their conductancegarbon atoms placed between different types of electrodes. In
The atomic structure of these two devices is described in Figparticular, the conductance calculations for a chain segment
8 as an inset. After the structural relaxation the circular shapgf N carbon atoms contacted to Al electrodes from both ends

of the ring is deformed in both devices. Carbon atoms of tthveaied interesting odd-eveN disparity and resonant
ring Connecting to the C-LC Segments from both sides forn'tunneiing_iike behavior under strain.

planar sp? bonds. As a result, the circular shape becomes
oval. Figure 8 illustrates calculated tota(E) together with

the contributions of two eigenchannels. In the case of a sym-
metric loop the conductance is smaller thagat E, but we S.C. acknowledges the partial support by TUEFRhe
see well-defined peaks &f(E) at certain energies. While one Turkish Academy of Sciencis
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