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Quantum interference in carbon nanotube electron resonators
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The quantum conductance fluctuations of the electron resonator composed of the single-walled carbon
nanotube(SWNT) has been studied numerically. It is shown that the conductance oscillations appear at the
strong coupling between the electrical contact and SWNT, and become well-defined resonant peaks as the
coupling is very weak. It is also found that the disorder and defects in the SWNT cannot induce the observed
slow and fast conductance oscillations. More importantly, it is demonstrated that the experimentally observed
deep dip in the conductandg vs Fermi-energy plot is probably caused by the chemisorbed atoms on the
SWNT.
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The behavior of traditional electronic devices can be usuperimental results, showing that both rapid and slow
ally understood in terms of the classical diffusive electronconductance fluctuations are caused by the intrinsic quantum
motion. However, as the size of a device continuously deinterference’. However, appearance of a deep dip in the con-
creases and becomes comparable to the electron coherertiéctance oscillations vs the gate voltage plot has not been
length, the quantum interference between electron waves beolved until now. Also, the effects of different defects and
comes increasingly important, leading to dramatic changes idisorders in the SWNT on both fast and slow conductance
the device properties. This classical-to-quantum transition ipscillations are an interesting problem, and have not been
the device behavior suggests the possibility of using quanconsidered in the analytical expression. In this paper, we
tum coherence in the nanometer-sized electronic elementBave numerically calculated the quantum conductance of the
Molecular electronic devices are promising candidates of reSWNT's with near transparent contacts by using a tight-
alizing such devices because the electronic motion in them iginding-based Green’s-function approdcihich easily in-
inherently quantum mechanical and can be modified by wellcludes the disorder effects, and the effect of contact coupling
defined chemistry. Another example of the coherent elecis also discussed. Our numerical calculations demonstrate
tronic device is the Fabry-Perot electron resonator based dhat the conductance oscillations appear at the strong cou-
individual single-walled carbon nanotubé&SWNT) with  pling between the electrical contact and SWNT, and become
near-perfect ohmic contacts to electro#ésn which the  well-defined resonant peaks as the coupling is very weak.
nanotube acts as a coherent electron waveguide with a resbhe disorders or topological defects in the SWNT cannot
nant cavity formed between the two nanotube-electrode incause the slow conductance fluctuations, and on the contrary,
terfaces. the disorders will smear them. It is also found that the dip in

Within the Landauer formalism, the ballistic conductancethe conductance curve is probably induced by the chemi-
of a perfect system is proportional to the number of conductsorbed atoms on the SWNT, providing a consistent explana-
ing channels at the Fermi energy. In the case of an isolatetion for the observed phenomena.
metallic SWNT, there are two bands derived from the The geometrical structure under consideration is com-
m-bonding andr-antibonding orbitals between neighboring posed of two leadgleft and righy plus a central metallic
carbon atoms, which cross at the Fermi legl, leadingto  SWNT, with all three parts being metallic SWNT'’s of the
a perfect transmission in the case of ideal electrical contacgame chirality, which can be described by a tight-binding
and thus two units of quantum conductanGe=2G,(G, Mmodel with ones electron per atom. The tight-binding
=2e?/h). If the electrical contacts are imperfect, the elasticHamiltonian of the system is written as
scattering on the interfaces affects the transmission coeffi-
cients and thereby reduces the conductance, which then is
no longer precisely quantized. For SWNT's, the conductance
G=T(2G,)=4Te?’/h with transmission probability up to
T~0.5-0.95 has been observed in the transport measurghere g; is the on-site energy, which is taken to have a
ments2~° In addition, the rapid conductance oscillations arerandom distributiong;=e,+ Ae; to model the on-site dis-
observed to be superimposed on a slow fluctuation backerder. Here, for simplicityg, is taken to be zero, andl¢;
ground, and several independent samples are observed to dhuctuates between a small interval values. The sum over
hibit a deep dip inG vs gate voltage/,. The fast conduc- i,j is restricted to the nearest-neighbor sites, ang.
tance oscillations have been ascribed to the confinement=2.75 eV Within this formalism, the defect-free nanotubes
induced discrete “particle-in-box” electronic states, and bothhave complete electron-hole symmetry with their Fermi lev-
the slow oscillations and the dip to the localized states inels at zero. In our calculations, all nearest-neighbor hopping
duced by defects. Recently, Jiaegal. have derived an ana- parameters are assumed to\ig,,. except those at contacts,
lytical expression and successfully explained the main exwhich are taken to beV,,, with 0<a<1. The length of

chzi Siarai_vppv% a;raj+c.c., (1)
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0163-1829/2004/695)/1534074)/$22.50 69 153407-1 ©2004 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B9, 153407 (2004

the central SWNT is taken to bé&=200 nm(100 nm), 20
which is equivalent to 81806 layers of carbon atoms for
the armchair tubes and 980 layers for the zigzag tubes. 191

Consequently, electrons will be slightly scattered at the inter-
faces fora#1 and the system behaves like a Fabry-Perot- 4g}— 4 . + .+ .
type nanotube-electron waveguide.

[ a.(5,5) tube, L=100 nm
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[ b.(5,5) tube, L=200 nm

—_~
=
-~

The conductanc® of the SWNT electron waveguide can  : " o
be calculated by using the Landauer form@a- (2e?/h)7, S W
with 7; the transmission coefficient, which can be expressec N AL i i - NP P
as follows?*° : '

7= Tr(FLGrCFRG%), (2) 2

where G¢. and G¢ are the retarded and advanced Green's sl .+ . . . . . [ . (00) wbe, L-200nm_}
functions of the SWNT, respectively, aibg (I'g) is the cou- 008 08 *"4F°r:fene:'° E°'(28v )M o6 0810
pling of the SWNT to the leftright) lead. The Green’s func- 5

tion of the SWNT can be explicitly written as FIG. 1. Conductancé& (in unit of Gy) vs Fermi energyeg for
- =0.70. (a) (5,9 tube withL=100 nm; (b) (5,5 tube, but with
Ge(e)=(e—Hc—3 -3 71 @R ¢ @ (59 (b) (5,9

L =200 nm;(c) (9,0 zigzag tube with_=200 nm.
where 3, =h/.g h c and Sg=hcrgrhig are the self-

energy terms due to the semi-infinite lealdse andhcr are  resonators exhibit pronounced fast oscillations with the
the coupling matrices with nonzero elements only for themaximum conductance approachinG@ The fast conduc-
adjacent points between the SWNT and the leads,cang  tance oscillations period\Ex~0.0090 eV for the length
=(e—H_gr) ! are the Green’s functions of the two leads. . =200 nm and AEF~0.018 eV for L=100 nm have
The coupling functiond’ g can be easily obtained by the peen obtained, showing its variations proportional to
following formula:** L~! and coinciding very well to the experimental data
r a and the previous theoretical predictioAEr=hVg/2L
PLr=i[2 r =20 R] (4) ~(1.68 eV nm)L.1?614|t is the manifestation of electron
Following the method in Refs. 6,12, we obtai‘rlzhlc? scattering only at the SWNT-electric contact interface and
passing through SWNT ballistically. The ratio of the slow
oscillation period to the fast one is independent of the cou-
npIing strength between the SWNT and electric contacts, but
is relevant to the SWNT length. All the numerical results
said above are well consistent with the analytical reSult.
Since now neither disorder nor defect exists in the central
— - ~ ~ ~ SWNT for Fig. 1, the slow and fast conductance oscillations
T=tottotyttotstot - +totsty, ... sty + ..., (6)  can only be manifestations of the intrinsic quantum interfer-
ence in the conducting SWNT's, supporting Jiaegal.'s
analytical arguments.
t=(l =t T T qti_q) 22 7) On the other hand, it is found from Figs. 1 and 2 that both
' e the fast and slow oscillations superimpose on a slower varia-
~ ~ ~ o tion background, showing more subtle structure in &es
==ttt = tiatiog) 7t ® Er plot, which is absent in Ref. 6. It is shown that this
and slower variation background depends on contacts coupling
strength and the structure of SWNT. As the contacts coupling
to=(e—H¢c) *h/¢, (9) is strong(the parameterr=0.60, for instancg the SWNT
system behaves as electron resonator as seen in f@g. 2
TO:(G_HC)ithR- (10) but, as the contacts coupling is very we@kg., the param-
etera=0.01), the well-defined resonant peaks appear, show-
The process is repeated untj|, t,<4& with & arbitrarily  ing the limit of conductance oscillations and the resonant
small®13 transmission. In this case the SWNT system behaves like a
We have calculated the conductance of different metalliquantum dofas seen in Fig. 2)]. At the weaker contacts
SWNT electron resonators at zero temperature and zero biasoupling[ «=0.4, Fig. Zb)], as the Fermi energy is driven
Obtained results for the perfect armchair and zigzag SWNT#ar from the charge neutrality energy point by the applied
are shown in Fig. 1, from which it is seen that all metallic gate voltageV, the strong contacts-SWNT interfacial scat-
SWNT electron resonators can show the slow oscillationsering makes electrons have the probability to hop to higher
except the zigzag ones and the slow oscillation period isubband, leading to decrease of the conductaht®e-ow-
inversely proportional to Fermi enerdse, which is driven  ever, the zigzag-type SWNT electron resonators do not show
by the gate voltag¥ . Also all the metallic SWNT electron the slower variation background.

and 2 r=hcgT. Here T and T are the appropriate transfer
matrices, which are easily computed from the Hamiltonia
matrix elements via an iterative proced§ré:

T:to‘l‘Totl‘l‘To’fltz‘f' s +’EO’flTZ! P ,tn + ... ’ (5)

wheret; andt; are defined via the recursion formulas
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FIG. 2. Conductancé (in unit of Gg) of L=100 nm(5,5) tube
vs Ex with contact coupling coefficienta) «=0.60; (b) a«=0.40;
(c) @=0.01.

PHYSICAL REVIEW B9, 153407 (2004

0.010

a.disorder 0% (V_ )
0.005 |; =
V\\ 1 1 1 1 1 0.010

0.000

L 1
b. disorder 1.0% (un )
- 0.005
0.010 L L 1 1 L Il 1 1 0.000

c. disorder 3.0% ( wa )

Amplitude

0.005 f-

0.000 1 L L L
[} 10 20 30 40 50 60 70 80

Frequency (eV)"

FIG. 4. Amplitude Fourier transformations for three cases of
Fig. 3, and disorder ofa) 0% (Vpp,); (b) 1% (Vpp,); (€) 3%
(Vppﬂ')'

oscillations and coincides well with previous theoretical pre-

Now, let us study the disorder effect on the slow conducjjction value of 59 eV for L =100 nm SWNT's2614The
tance oscillations, which could not be included in the anayeaker component 2.6 eV corresponds to the slow oscil-
|yt|Ca| treatment of Ref. 6, but is easily taken into account in|ation background_ These two main frequencies are weak-
our numerical calculations by introducing randomly distrib- gned in the case dfe=1% (Vppx) [Fig. 4b)] and smeared
uted on-site energies in EQL). The calculated results for the gt in the case ohe=3% (Vppn) [Fig. 40)].

L=100 nm(5,5 SWNT with three different degrees of the

disorder in the SWNTAe=0% (Vyp,), 1% (Vpp,), and

Appearance of a deep dip in the conductance oscillation
vs the gate voltage plot is an interesting problem, which has

3% (Vppn), respectivelyare shown in Fig. 3, from which, it - not been solved until now. Our numerical calculations show
is clearly seen that the slow conductance oscillations caghat it probably comes from the chemisorbed atoms on the
survive in the case of smaller disord&ig. 3(b)], but will be  central SWNT's, which can appear easily in experiments. In
smeared out as the disorder becomes laf§igy. 3(c)], dem-  qur calculations the chemisorbed atom is coupled to one car-
onstrating the possible disorder in the SWNT disfavors th&on atom of central SWNT for simplicity. Calculations show

slow conductance oscillations, and could not be its origin. Inhat its contribution to conductance is to induce a deep dip in
order to see more clearly the disorder effect, we have madge conductance vEg plot, being independent of the ad-

an amplitude Fourier transformation for the three cases iRgrped atom position on the SWNT. The width and depth of
Fig. 3, and shown the obtained results in Fig. 4. It is clearlyihe deep dip is determined by the coupling strength of the

seen that in the case of perfect central SWNFg. 4(a)],
there are two main frequencies of 55 €Vand 2.6 eV !,

The main component of 55 e\t corresponds to the fast
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FIG. 3. Conductanc® (in unit of Gy) of L=100 nm(5,5) tube
vs Eg with «=0.70, and disorder ofa) 0% (V,p,); (b) 1%
(Vppm): (©) 3% (Vppr)-

adsorbed atom to SWNT and the position of the deep dip in
the conductance curve depends on the on-site energy of the
chemisorbed atom. In our calculations the hopping coeffi-
cient and the on-site energy for the chemisorbed atom are
taken to be 0.¢,,, (0.55 eV} and 0.1V, (0.30 eV, re-
spectively, to fit the experimental data, and obtained result is
shown in Fig. %a), from which it is clearly seen that a deep
dip appears at 0.M,,, (0.30 eV} with the fast conductance
superimposed on it. We have also calculated the system with
five chemisorbed atoms, which have the same hopping coef-
ficient and different on-site energies in one cHsig. 5b)],

as well as the same on-site energy and different hopping
coefficients in another ca$Eig. 5(c)]. It seems that Fig.(b)

is more like that observed in experiménAll the obtained
results clearly show that the chemisorbed atoms could be an
origin of the deep conductance dip in tl&vs Eg curve,
observed in experiment.

On the other hand, it is well known that the specific to-
pological defects in the SWNT’s have big effects on the
transport properties of the SWNT.So, it is natural to ask
whether or not they can be the origin of the slow conduc-
tance oscillations or the deep dip. We have calculated the
conductance of5,5 SWNT with a pentagon-heptag@s-7-
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FIG. 5. Conductance (in unit of Go) of L=200 nm(5,5) tube FIG. 6. Conductancé (in unit of Go) of L =200 nm(5,5) tube

vs E¢ with @=0.70. (a) One chemisorbed atom of on-site energy VS Er With «=0.70 and one pentagon-heptagon pair. Inset: the
0.30 eV and hopping coefficient 0.55 el five chemisorbed at- conductance of the same resonator but with perfect contacts.
oms with the same hopping coefficient of 0.55 eV and different

on-site energies of 0.25 eV, 0.28 eV, 0.30 eV, 0.33 eV, and 0.36 eV,

respectively(c) Five chemisorbed atoms with the same on-site en- In conclusion, our numerical calculations demonstrate

ergy of 0.30 eV and different hopping coefficients of 0.40 €V, 0.50yh ¢ 4 metallic SWNT resonators, except the zigzag ones,
eV, 0.55 eV, 0.60 eV, and 0.70 eV, respectively. have the slow conductance oscillations at strong contact cou-
pling, and show well-defined resonant peaks as the coupling
7-5) pair on it, and the obtained result is shown in Fig. 6, inhecomes very weak, which are the manifestation of the in-
which, for comparison, the system conductance with perfeciinsic quantum interference in the SWNT resonator. More
contacts is also given. It is seen that even in the case qfnportanﬂy, it is found that the deep dip in ti&~ Eg curve
perfect contacts, the 5-7-7-5 defects can induce two conduGsan pe ascribed to the chemisorbed atom on the central
tance dips, distributed below and above the Fermi level, req\wNT of the resonator, which, however, cannot cause the
spectively, but there are no fast and slow conductance 0SCif, ot ang slow conductance oscillations. The disorder and the

Laaﬂce)rr]]st'ovgz%nytggthn;ﬁgigg jr?(?t;?(;:/cgc;;l?ccgﬁe,(i‘llulitua topological defect cannot do it either. Our results provide a
o consistent explanation for the observed phenomena.

tions appear and are superimposed on the dips, but the dips
seem to be too wide and shallow in contrast to the experi- This work was supported by the Natural Science Founda-
mental observations. So, the topological defects could not begon of China under Grant Nos. 10074026 and A040108. The
the origin of the slow conductance oscillations, and the deeputhors acknowledge also support from a Grant for State Key

dip either. Program of China through Grant No. 1998061407.
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