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Transport in ropes of carbon nanotubes: Contact barriers and Luttinger liquid theory

Th. Hunger,1 B. Lengeler,1 and J. Appenzeller2

1II. Physikalisches Institut, RWTH Aachen, Templergraben 55, 52056 Aachen, Germany
2IBM T. J. Watson Research Center, Yorktown Heights, New York 10598, USA

~Received 20 October 2003; revised manuscript received 12 January 2004; published 7 May 2004!

In this article we report on the conductance of bundles of single-wall carbon nanotubes as a function of
temperature and bias voltage. We focus on the nonlinearity in the IV curves near zero bias, i.e., a pronounced
conductance dip. While we observe that all temperature dependent data scale onto a single curve, we also find
that the characteristic scaling exponenta is widespread between 0.1 and 0.9. This behavior cannot be easily
understood within the context of a Luttinger liquid. On the other hand, our data reveal a correlation betweena
and a possible interfacial barrier between the metal contacts and the nanotubes. We point out the importance to
gain a better understanding of the interfacial properties between three-dimensional and one-dimensional metals
and to include contact effects into the currently existing theory on Luttinger liquid.
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Carbon nanotubes~CN’s! have attracted an increasin
amount of interest over the past years. This is a consequ
of their unique mechanical, thermal and electrical propert
For example they represent one of the rare cases of an
one-dimensional conductor. Due to this fact they are pro
ising candidates for the study of Luttinger liquid~LL !
theory.1 Recently, a number of experiments have been p
lished confirming the presence of a LL state in meta
CN’s.2–4 All of these measurements rely on the electric
transport properties of a carbon nanotube in contact with
electron reservoirs—metal contacts attached to the two e
of the CN. While on one hand high quality contacts are m
datory for a reliable electrical transport experiment, it is i
possible to observe LL behavior in a clean and ‘‘complet
open’’ system—one with no barriers at the metal conta
nanotube interface.5 For the quantitative analysis of the L
state it is thus desirable to correlate experimental obse
tions on Luttinger liquids with the type and strength of t
contact barriers.

In this article the influence of barriers on the transp
properties of ropes consisting of single-wall nanotubes is
vestigated. Transport in CN’s bundles which is dominated
metallic tubes is studied within the framework of LL theor
We present evidence for the existence of barriers at the
tallic nanotube/metal contact interface and relate those
perimental findings with a LL-type scaling behavior of o
transport data. We also point out similarities in this stu
with the recent observation that Schottky barriers are ea
formed between metal contacts and semiconducting ca
nanotubes.6,7

Carbon nanotube bundles grown at Rice University w
dissolved and sonicated in dichloroethane. Then, they w
deposited on a SiO2(300 nm)/Si(n11) substrate. Ropes
were located by scanning electron microscopy relative
prepatterned alignment marks. A variety of different cont
configurations have been fabricated using electron beam
thography and subsequent liftoff. Titanium is used to cre
top-lying electrodes and gold is used to contact tubes fr
the bottom, meaning that tubes are spun on predefined
pads. Annealing of the sample at 800 °C for 30 s in arg
gas below atmospheric pressure was used to reduce the
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terminal resistance at room temperature.7,8 Bundle diameters
as characterized by atomic force microscopy were typica
found to be approximately 10 nm. Electrical transport me
surements were performed in a standard lock-in techniqu
well as by employing conventional current-voltage~IV ! mea-
surements. The sample resistance does not show any sig
cant monotonic variations when a back gate voltage app
to the silicon substrate is swept at any temperature. T
behavior is consistent with the notion that metallic tub
dominate electrical transport inside the ropes.9 In fact, for
zero gate voltage and drain voltagesVSD as applied in our
experiments, semiconducting nanotubes, which are likely
be also present in the ropes, behave like insulators within
temperature range considered here10 and do not contribute to
the measured conductance.

Figure 1 shows the sample resistance at room tempera
of devices exclusively contacted by titanium electrodes
the linear response regime for small applied voltages. T
measured resistanceR is normalized by the numberN of
current carrying tubes in the respective rope (R is multiplied
by N). The valueN is estimated from the measured curre
according to the current saturation model for every ro
individually.11,12 The normalized experimental resistanceN
3R varies from 20 to 120 kV. Because of the presence o
many metallic tubes inside every rope, the measured re
tance can be viewed as an effective average resistance
tube. There is no obvious correlation between the ro
source-drain separation given by the distance between
annealed contacts and the device resistance. Accordingly

FIG. 1. Room-temperature device resistance as a function
source-drain separation for samples made with annealed titan
contacts.
©2004 The American Physical Society06-1
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observed variations cannot be attributed to scattering in
the tube which should show a distinct length dependenc
is rather a consequence of the formation of contacts of n
reproducible quality. As in the case of other molecular s
tems~for a review see, e.g., Ref. 13! making a reliable con-
tact to a carbon nanotube is challenging and often masks
observation of the intrinsic transport properties.

More information can be gathered from the temperat
dependent IV curves as displayed for two samples in
upper part of Fig. 2. We find that the two types of charact
istics are representative forall examined samples~in total
12! under investigation.14

The bottom part of Fig. 2 shows the corresponding diff
ential sample conductancedI/dVSD . While both measure-
ments are sufficiently different in terms of conductance v
ues and overall shape, one can easily identify a comm
feature—a dip in thedI/dVSD characteristics—for smal
VSD . Increasing the temperature or the bias increases
sample conductance thus suppressing the dip independe
the type of sample under investigation. Such dips called z
bias anomalies~ZBA’s! are frequently found in carbon nano
tubes and we will focus our attention on the ZBA as a m
sure of the formation of a Luttinger liquid~LL !.

As has been pointed out2,3 an indication of LL behavior of
a system is the scaling behavior of the differential sam
conductance. If one observes experimentally a relations
@dI(V,T)/dV#•T2a;F(e0V/kBT) a Luttinger liquid state is
inferred.F is the scaling functional according to Ref. 2 anda
an exponent depending on the interaction strength of
electrons as well as on the contact geometry.15 To study the
origin of the observed ZBA in our experiment Fig. 3 show
the scaling behavior for the two types of samples in Fig.
While the actual values ofa found for the two cases unde
consideration vary, both samples—as representative for
entire set of samples characterized—clearly show the
pected LL scaling behavior as a function of temperature
bias voltage. Note that curves roll-off in case of sample~b!
since optical phonon scattering11 dominates already at low

FIG. 2. Upper panels: Typical temperature dependent IV cur
taken at 2.5, 10, 25, 50, 100, 200, and 250 K, respectively. Lo
panels: Differential conductance calculated from the IV curves
temperature dependent zero bias anomaly occurs. Here, samp~a!
is made with bottom-lying gold electrodes and~b! with top-
positioned annealed titanium contacts. The total number of con
uting tubes isN>4 in case~a! andN51 in ~b!.
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VSD values. Accordingly, the roll-off occurs at higher valu
of e0V/kBT for lower temperatures where the ZBA is mo
pronounced. The envelope is marked and highlights the
evant scaling behavior. A pronounced power law is also v
ible in the temperature dependent linear response con
tance shown in the inset of Fig. 3 as predicted by
universal scaling.

From these data one may conclude that our samples
yet another set of data supporting the existence of a LL s
in case of carbon nanotubes and in agreement with very
cent results by photoemission experiments that confirm
existence of a LL state in isolated single-wall nanotube16

However, it is interesting to take a closer look at the para
etera. a describes the interaction strength between the o
dimensional system~the carbon nanotube! and the electron
reservoirs. In the limit of ideal couplinga is expected to be
zero. The maximum expected value ofa is the so-called end
exponent,17 in case of a weakly coupled system consisting
a single single-wall carbon nanotube. Taking into account
fact that we are dealing with bundles of tubes, we calcul
the maximum expected value ofa in our experiment not to
exceeda'0.3 using the theory by Egger.18 However, experi-
mentally we finda to range from 0.1 to 0.9. While there ar
so-called exponent addition rules3 that could in principle ex-
plain larger exponents, their origin—kinks in nanotubes
could not be found to be present in our samples.

At this point it is important to reassess the assumptio
that enter into the theoretical predictions on Luttinger liqu
formation. Among other things, it is assumed that the tra
mission probability for charge injection from the reservo
into the tube isenergy independent. Only under this condi-
tion can the entire temperature and bias voltage depend
as observed in the ZBA be attributed to the LL state.
ohmic contact obviously fulfils the above criteria. Howeve
there is an ongoing debate about the actual interface betw
a three-dimensional metal contact and a one-dimensiona
ject as a carbon nanotube. In case of a semiconducting

s
r

b-

FIG. 3. Scaling plot of IV curves from Fig. 2~same temperature
range!. ~a! All data fall onto one scaling curve~highlighted as guide
to the eye!. ~b! Scaling is only found for the dip region (VSD

,0.2 V), at larger bias current saturation suppresses the sca
behavior. Insets: The temperature dependence of the zero bias
ductance showing power law behavior.
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TRANSPORT IN ROPES OF CARBON NANOTUBES . . . PHYSICAL REVIEW B 69, 195406 ~2004!
bon nanotube it was pointed out that Schottky barriers
exist at this interface6,19 and that these barriers can in itse
result into a zero bias anomaly.7 Since charge screening i
one-dimensional~1D! metals is much less efficient than
their three-dimensional~3D! counterparts,20 it may not be
justified to describe a 3D/1D metal interface as a barrier f
transition region. In fact, the ‘‘resistivity dipole’’21 that oc-
curs at a 3D/3D metal interface for metals with differe
work functions just over a few angstroms may not be ne
gible any more in case of a 3D/1D metal contact. Acco
ingly, one may attempt to characterize backscattering at
interface in terms of a barrier~similar to a Schottky barrier!
with a characteristic heightF0 and a width given by the
screening length in the 1D metal. In this case, charge in
tion from the 3D metal into the 1D region wouldnot be
independent of temperature or applied bias.

In order to explore this hypothesis, we have performed
analysis similar to what is typically done in case of
semiconductor/metal interface to characterize a Schottky
rier. Figure 4 summarizes the approach we have u
‘‘Arrhenius-type’’ plots as shown in Fig. 4~b! were employed
to extract aVSD dependent barrier heightF @see Fig. 4~c!#,
that can be used to extract the actual barrier heightF0 for
zero applied bias. Interestingly,~i! I shows a clear exponen
tial dependence on the inverse temperature for high enouT
and ~ii ! F is indeed proportional toAVSD. Both of these
findings are typical for barrier dominated transport.22 While
the term ‘‘Schottky barrier’’ is certainly inadequate to d
scribe the metal/metal interface, it is curious to note that
experimental data can be equally well understood in term
barrier dominated transport as in the context of Lutting
liquid theory. In one case the entire temperature and volt
dependence is attributed to the contacts and in

FIG. 4. ~a! Temperature dependent IV curve for a sample w
annealed titanium electrodes.~b! Current I taken at biasVSD

520 mV and different temperatures. The linear slope for the dat
temperaturesT.100 K is used to calculate the barrier height.~c!
Effective barrier height as a function of the bias voltageVSD .
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other case it is the formation of a correlated electron sys
inside the tube which gives rise to the observed zero b
anomaly.

Last, we want to illustrate how the two descriptions rela
to each other. Within the framework of LL theory we hav
extracted the exponenta for the 12 samples under investiga
tion. Those samples differ in terms of contact type, num
of contributing tubes, and source-drain separation. Then
used the same samples to extract a hypothetical barrier a
nanotube/metal interface. The result is displayed in Fig
There is a clear correlation betweena and F without any
apparent impact of the actual sample layout.a scales withF
and both values cover a significant range.

Currently it is unclear whether our observations imp
that the zero bias anomaly observed in metallic nanotu
can be entirely explained as a result of barrier domina
current injection or if the theory on LL state has to be e
tended to explain larger values ofa as found in this article.
In any case it seems to be relevant to establish a more
tailed understanding of the impact of contacts in on
dimensional structures.

In conclusion, we presented temperature and bias de
dent transport measurements on ropes of single-wall car
nanotubes. A pronounced zero bias anomaly is found as
common feature in the IV characteristics for all samples
gardless of the actual contact positions and materials.
data were analyzed according to the well established sca
behavior within the Luttinger liquid theory. Reasonab
agreement was achieved except for the absolute value
the variation of the scaling exponent which could not
explained in the framework of existing theories. Another a
proach based on transport properties of barriers at
nanotube/metal contact-interface was used to examine
ZBA. Interestingly, our data could also be described with
this context. The clear correlation between the two findin
shows that there is a need for a deeper understanding o
impact of contacts on the transport properties of nanotub

at

FIG. 5. Barrier height taken at zero bias versus scaling expon
a. The same trend is found for all samples regardless of con
type: The higher the barrier the larger the exponent.
6-3



L.

e
.

h

J

ci

E.

ris

B

on

by
the
city
see

Y.
T.

M.

nd

HUNGER, LENGELER, AND APPENZELLER PHYSICAL REVIEW B69, 195406 ~2004!
1R. Egger and A.O. Gogolin, Phys. Rev. Lett.79, 5082 ~1997!;
C.L. Kane, L. Balents, and M.P.A. Fisher,ibid. 79, 5086~1997!.

2M. Bockrath, D.H. Cobden, J. Lu, A.G. Rinzler, R.E. Smalley,
Balents, and P.L. McEuen, Nature~London! 397, 598 ~1999!.

3Z. Yao, H.W.C. Postma, L. Balents, and C. Dekker, Nature~Lon-
don! 402, 273 ~1999!.

4H.W.C. Postma, M. de Jonge, Z. Yao, and C. Dekker, Phys. R
B 62, R10 653~2000!; H.W.C. Postma, T. Teepen, Z. Yao, M
Grifoni, and C. Dekker, Science293, 76 ~2001!.

5D.L. Maslov and M. Stone, Phys. Rev. B52, R5539~1995!; V.V.
Ponomarenko,ibid. 52, R8666 ~1995!; D.L. Maslov, ibid. 52,
R14368 ~1995!; I. Safi and H.J. Schulz,ibid. 52, R17 040
~1995!; Y. Oreg and A.M. Finkel’stein,ibid. 54, R14 265~1995!.

6J. Appenzeller, J. Knoch, V. Derycke, R. Martel, S. Wind, and P
Avouris, Phys. Rev. Lett.89, 126801~2002!.

7R. Martel, V. Derycke, C. Lavoie, J. Appenzeller, K.K. Chan,
Tersoff, and Ph. Avouris, Phys. Rev. Lett.87, 256805~2001!.

8Y. Zhang, T. Ichihashi, E. Landree, F. Nihey, and S. Iijima, S
ence285, 1719~1999!.

9J. Nygård, D.H. Cobden, M. Bockrath, P.L. McEuen, and P.
Lindelof, Appl. Phys. A: Mater. Sci. Process.69, 297 ~1999!.

10J. Appenzeller, M. Radosavljevic, J. Knoch, and Ph. Avou
Phys. Rev. Lett.92, 048301~2004!.

11Z. Yao, C.L. Kane, and C. Dekker, Phys. Rev. Lett.84, 2941
~2000!.
19540
v.

.

.

-

,

12M. Radosavljevic´, J. Lefebvre, and A.T. Johnson, Phys. Rev.
64, 241307~R! ~2001!.

13M. Mayor, H.B. Weber, and R. Waser, inNanoelectronics and
Information Technology, edited by R. Waser~Wiley-VCH, New
York, 2003!, Chap. 20.

14Samples were fabricated with gold as well as titanium contacts
top or below the tubes.

15The strength of the Coulomb interaction is often characterized
the so-called Luttinger parameter given by the quotient of
velocity of the noninteracting electrons and the plasmon velo
which accounts for the correlation. For a detailed discussion,
Ref. 1.

16H. Ishii, H. Kataura, H. Shiozawa, H. Yoshioko, H. Otsubo,
Takayama, T. Miyahara, Sh. Suzuki, Y. Achiba, M. Nakatake,
Narimura, M. Higashiguchi, K. Shimada, H. Namatame, and
Taniguchi, Nature~London! 426, 540 ~2003!.

17C.L. Kane and M.P.A. Fisher, Phys. Rev. B46, 15 233~1992!.
18R. Egger, Phys. Rev. Lett.83, 5547~1999!.
19S. Heinze, J. Tersoff, R. Martel, V. Derycke, J. Appenzeller, a

Ph. Avouris, Phys. Rev. Lett.89, 106801~2002!.
20A.A. Odintsov and Y. Tokura, J. Low Temp. Phys.118, 509

~2000!.
21S. Datta,Electronic Transport in Mesoscopic Systems~Cambridge

University Press, Cambridge, England, 1995!.
22S.M. Sze,Physics of Semiconductor Devices, 2nd ed. ~Wiley,

New York, 1981!.
6-4


