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Electrical transport through carbon nanotube junctions created by mechanical manipulation
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Using an atomic force microscope we have created nanotube junctions such as buckles and crossings within
individual single-wall metallic carbon nanotubes connected to metallic electrodes. The electronic transport
properties of these manipulated structures show that they form electronic tunnel junctions. The conductance
shows power-law behavior as a function of bias voltage and temperature, which can be well modeled by a
Luttinger liquid model for tunneling between two nanotube segments separated by the manipulated junction.

Molecular electronics has taken a large step forward sincevere fabricated with an AFM from individual metallic car-
the discovery of carbon-nanotube metallic and semiconducton nanotubes. In the fabrication procedure, the tip of the
ing molecular wires. Various nanotube devices have beenAFM is used to change the lateral position of a nanotube
found to behave as conventional electronic components. Fdying on top of metallic electrodes. First, a nanotube is iden-
instance, individual semiconducting nanotubes function a$fied by scanning the tip over the sample in tapping-mode
field-effect transistors at room temperatérehile metallic ~AFM. Then, the tip is pressed onto the surface and moved
nanotubes are single-electron transistors  at lowdlong a predefined path across the nanotube. In this manner,
temperaturé:* More recently, it was found that intramolecu- the position and shape of nanotubes can be controlled with a
lar metal-semiconductor kink junctions can act as rectifyinghigh degree of accuracy.In Fig. 1(a) we show the initial
diodes at room temperatutéJnlike conventional solid-state configuration of a straight nanotube lying across four elec-
devices, however, nanotubes are molecules. ConformationgPdes. In order to bend the tube between the middle two
changes can, therefore, be expected to strongly affect tHlectrodes, the nanotube has been dragged across the surface
electronic properties of nanotubes, opening up a route tol' & direction perpendicular to its length. During this drag-
wards nanoscale electromechanical devices. Indeed, theoréling action, the nanotube has slided along its length across
ical work has indicated that local deformations such as twistéhe electrodes. The sharp bend that results from the AFM
and buckles may induce strong barriers for electron
transporf® While some transport experiments have been
conducted on carbon nanotube junctions which occur §
naturally”®'°and on defects due to locally applied striim
focused study with control over the geometry and configura- g
tion of the junction is lacking. :
Here, we report electron transport measurements on mo- |
lecular junctions that have been fabricated in a controlled
manner from straight undeformed nanotubes by manipula-
tion with an atomic force microscogdFM). We have fab-
ricated nanotube buckles and crossings and characterize
their electron transport properties. We find that these me-
chanically manipulated structures act as tunnel junctions
with a conductance that show power-law dependences onf
both bias voltage and temperature. For various sample lay- *
outs we obtain a wide range of power-law exponents, from =
0.25 to 1.4. We show that this variety can be understood - 3
within one consistent Luttinger model. ¥ S
Single-wall carbon nanotubes were produced by the group |
of Smalley at Rice University. A small amount of this raw
material is ultrasonically dispersed and spin coated on top of d
a SiG,/Si-substrate containing a large array of predefined Pt
electrodes. These electrodes are fabricated using a double
layer p(_)lymethylmethacr_ylat_e/metac_ryliC acid resist, ?leCtrorg\anipulation. Between the images {@ and (b), an initially
*?eam Ilthography', reactive ion etching, Pt evappratlon, an traight nanotube has been dragged to the bottom by the AFM tip,
lift-off. The resulting electrodes are embedded in the ;SiO egyiting in a sharp 105° buckle. Imag® and (d) show the ma-
substrate such that the height difference between the elegiyiation of a nanotube crossing from an initially straight nano-
trodes and substrate is less than 1 nm. Nanoscale tunnel jungme. The nanotube ends are extending @4f) and 130 nnright)
tions are then created within individual carbon nanotubes b%eyond the crossing point. The difference in apparent width of the
use of the AFM. Conductance measurements are performeghnotubes in these images is due to variation in the AFM tip radius
using a standard ac-lockin technique. which is different for different tips, and which moreover can change
Figure 1 presents two examples of nanojunctions thain the manipulation process.

-»

FIG. 1. Formation of carbon nanotube nanojunctions by AFM
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=154 uS, which indicates that the buckle acts as a tunnel
barrier.

In Fig. 2 the conductanc& of the buckled segment is
plotted versus absolute temperatuie on a double-
logarithmic scale for both the two- and four-terminal con-
figuration. At high temperatures the data can be fitted with a
power-law functionGe«T* (solid lineg. Below 120 K, Cou-
lomb blockade sets in which further suppresses the conduc-
tance. The power-law exponeatis found to be very differ-
ent, «=0.26 versus 1.4, for the two- and four-terminal
measurements respectively. The intrinsic buckle conductance
(four-terminal datathus appears to be much more strongly
temperature dependent than the contact conductémee
terminal data

We can understand these findings on the basis of a Lut-
tinger liquid model. The Luttinger modéI*® has been em-

1000

Conductance (nS)
=

. 1 ployed to explain recent transport experiments on metallic
o carbon nanotube€:® In this model, electron-electron corre-

10F o - lations combined with the one-dimensional nature of nano-

) ] tubes lead to a power-law suppression of the tunneling con-
L . ' ductance as a function of energil/dV«<E®. HereE is the
50 100 300 maximum of the thermal or voltage energy scale, kgT, or
eV respectively, withkg Boltzmann’s constant and the
Tem perature (K) electron charge. At low bias voltag¥s<kgT/e this leads to

a power-law behavior of the conductance as a functiom, of
FIG. 2. Conductance of a nanotube buckle as a function of temi.e, G T¢. At high voltagesv>kgT/e, however, it yields a
perature in a four- and two-terminal measurement. The straighbower-law dependence on voltag#l/dVeV®. The expo-
solid lines on this log-log plot indicate the power-law behav®r  pent 4 depends on the strength of the electron-electron in-
=T¢ with the exponentr as denoted. Below 120 K, Coulomb tar5ctions which is characterized by the Luttinger interaction
blockade sets in which further suppresses the conductance at loﬁ’arameteg 14-16 oy repulsive interactiong ranges from 0
temperatures. The inset shows a 30 nnf AFM phase image very strong interactiongo 1 (no interactions Estimates of

of the nanotube buckle. The four-terminal measurement reveals th for carbon nanotubes are in the range of 0.2 1% The

intrinsic buckle conductance, whereas the two-terminal conduc-ex onenta also depends on the position of tunnelina. When
tance is limited by the contact conductance. P P P g.

electrons are added to the end of the nanotube, the excess
manipulation has an angle of 1058ee Fig. 1b), and also electron charge can spread away in one direction only and
inset to Fig. 2. This is well above the critical value of about the tunnel conductance is suppressed strongly with an expo-
60° needed to form a so-called “bucklé>where a strongly ~Nentaenqg=(1/g—1)/4. Tunneling into the bulk of the nano-
bent nanotube releases strain by locally collapsing the cylintube is more weakly suppressed, witta,,=(1/g+g
drical shell structure into a flattened tube structure. Accord-—2)/8, because the excess charge can now spread in both
ingly, a small height increase is found at the bending pointdirections away from the contact.
Another example of a manipulated nanojunction is shown in The conductance of the buckle is suppressed with a
Figs. 1c) and Xd). In this case, the dragging action of the power-law exponentr=1.4 (Fig. 2). If the buckle acts as a
AFM has broken the nanotube. Subsequently, the two broketunnel barrier, transport across the buckle takes place by tun-
ends of this nanotube have been pushed back together intoh&ling of electrons from the end of one nanotube segment to
configuration where they cross each other. The resultinghe end of the other segment. This end-to-end tunneling is
nanotube ends extend about 100 nm beyond the crossir@psociated with an exponent twice as large as tunneling into
point. a single end, i.e.@aond-end™ 2®eng= (1/g—1)/2. Solving
Multiterminal contacting of the nanotube allows one to @eng-—eng= 1.4 yields a Luttinger interaction parameter value
separately measure the contact conductdfroe two- and g=0.26. In the two-terminal configuration, however, the
three-terminal measurementnd the intrinsic conductance contacts limit the conductance and one thus probes bulk tun-
of the manipulated tubérom a four-terminal measurement neling from the contacts to the nanotube. Here we find
The buckled nanotube sample in Figbjlhas contacts with  «ay,=0.26, from which we obtain theamelLuttinger pa-
a low contact conductance, i.e., only 65 nS at room temperaameter valugg=0.26. It is gratifying that these exponents
ture. The intrinsic buckle conductance appears to be abouwthich are differing by a factor 6, can be reconciled by this
1uS at room temperature. This is much lower than the foursingle parameteg. The value ofg=0.26 is also well in
terminal conductance value of order 10@ that we typi- agreement with theoretical estimatés? recent experiments
cally find for nonmanipulated straight nanotubes in a similarin a different geometry,and the value ofj=0.29+0.04 that
layout. The effect of the buckle on the electron transport isve find for many samples with straight nonmanipulated
thus quite dramatic. The buckle conductance is also muchanotubes. We thus conclude that the transport characteris-
lower than the quantum conductance unit ok?#h tics of this buckle are well described by assuming that it acts
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FIG. 3. Differential conductance of a manipulated nanotube crossing as a function of applied bias voltage for several temperatures. For
this sample, the Coulomb blockade effect suppresses the conductance below 70 K. At low bias wbltad&y/) is constant while it
depends as a power-law on temperature. At high voltages, the differential conductance crosses over to a power-law dependence on bias
voltaged1/dVe V¢, with «=0.48(dashed ling The inset ofl@ shows a 208200 nnf AFM amplitude image of the crossingh) presents
a scaling plot, wherdl/dV has been scaled bl and is plotted versusV/kgT for the crossing segment and, for comparison, for a typical
straight segment of a nanotube.

as an artificially created nanometer-size tunnel junctiorfor g. The bulk-to-bulk tunneling observed for the crossing
within an individual nanotube. can be readily compared to the regular bulk-tunneling con-
We now discuss data for the nanotube-crossing samplgguration, which is done in Fig.(B), where the scaled dif-

shown in Fig. 1d). The conductance of the crossing reads 80erential conductance is shown for a straight nanotube as
nS at room temperaturé.Again this value is much lower well.!® In this case, the exponent is found to be-0.24,

than the conductance quantum indicating that the crossinghich indeed is half the exponent observed for bulk-to-bulk
also acts as a tunnel junction. The conductance again dggnneling. Molecular dynamics simulations have suggested
creases as a power-law upon lowering the temperature, Wittt crossing nanotubes can be both deformed by about 20%
a=0.50 (not shown. For this sample, the Coulomb block- o the crossing point due to the van der Waals binding of the
ade effect further suppresses the conductance below 70 pper nanotube to the substrate away from the croZ8ing.

The bias dependence of the differential conductance at Se\ﬁ(pparently, this deformation, if present at all, does not elec-

eral temperatures is shown in Fig. 3. At all temperatures, th . . o
data show the same behavior: At low applied bidV is ?ronlcally break up the nanotubes, since our data indicate that

constant at a level that scales as a power law with temper:'%r%tr%ﬁuzeent;?g ngg o(r)cecnuo:?to-\gilk%lrz(r;tglgrt:UIk rather than
ture (@=0.50). At high bias voltage it crosses over to a 9 9-

power-law voltage dependence, i.edl/dVeVe with Recently, transport experiments were conducted on metal-
a=0.48 (dashed ling The dependence of the differential metal nanotube k!nk Junctions f(?armed by a pentagon-
conductance on both energy scak¢ and kgT is empha- h_eptagon Qefe_ct pair 'OES“QO' at the raind_natu_rally oceur-
sized in Fig. 8), where the differential conductance is ring crossing junction$® Whereas such junctions are rare

scaled byT® and plotted versusV/ksT. As expected, all the objects, the present work shows that one can use an AFM to

data obtained at different temperatures and bias voltages C(ﬁ)_remsely define local junctions at arbitrary positions along a

lapse onto a single curve, which is well described by thE!nanotube. The transport characteristics demonstrate that

theoretically expected forrtdashed ling® The exponentr these local junctions significantly alter the electronic trans-

that has been used to scale these curves onto each otherp QIt properties of carbon nanotubes. A unifying description

0.50. Transport between crossing nanotubes was studied & single nanotubes, kinks, buckles, and crossings can be

cently, but only in the low-bias regime, where this power-Obtam?ecj from the Luttinger liquid mo_del._The mampulqﬂon
: technique shown here allows the fabrication of various inter-
law behavior was not observéd.

The crossing junction thus yields a significantly different esting new nanotube structures. For instance, double-buckle

: . . structures can be envisioned which define a room-

value a~0.50 than the buckle junction discussed above, ; . >
. : temperature single-electron transistbf?> More generally,
This can be understood as a direct consequence of the par- . ) )
. . ) Wwe expect that electromechanical effects may find their use
ticular crossing geometry. Unlike the case for the nanotube . .
: in future nanoelectronic devices.

buckle where the two tube ends meet, the contact in the
crossing is now from the bulk of one tube to the bulk of the ~ We thank A. van den Enden for experimental assistance
other. The electron transport thus takes place via bulk-toand L. Balents for useful discussions. The nanotube material
bulk tunnelind® with an exponent that is twice as large aswas kindly supplied by R.E. Smalley and co-workers at Rice
that for regular bulk tunneling, i.e.apu-buk=2apux  University. This research was financially supported by the
=(l/lg+g—2)/4. From apyk_pui=0.50 we findg=0.27, Dutch Foundation for Fundamental Research on Matter

which again is in excellent agreement with the other result§FOM) and the European Community SATURN Project.
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(dI/dV)ITeesinh( 7x/2)|T (1 + al2+i yx/2m)|?

X {3 coth(7x/2) — Ll Im[ W (1+ al2+i px/2m)]}
for the bulk-to-bulk tunneling expected for the crossing, and
(d1/dV)/Teccosh@x/2)|T[ (1+ a)/2+iyx/24]|? for a straight
tube. Herex=eV/kgT, v depends on the ratio of the contact
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plied bias voltage that drops at the contacts to the nanotube, and
I' and ¥ are the gamma and digamma functions, respectively.
Using y and » as fitting parameters, we fing=0.6 and
7=0.18.
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