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Tunneling spectroscopy of disordered multiwalled carbon nanotubes

R. Tarkiainert M. Ahlskog, M. Paalanen, A. Zyuzihand P. Hakonen
Low Temperature Laboratory, Helsinki University of Technology, FI-02015 HUT, Finland
(Received 13 October 2004; published 28 March 2005

The tunneling density of states has been studied on disordered multiwalled carbon nanotubes. The tunneling
conductance shows a large zero-bias anomaly, whose temperature and voltage dependence is successfully
compared with the non-perturbative theory of electron tunneling into a disordered 1D electrode. The environ-
mental Coulomb blockade is expected to set in at lower energies, where junctions can be considered to be
zero-dimensional. In one of the samples, Coulomb blockade behavior is revealed over a wide range of tem-
peratures. In this sample the tunneling is also studied using a superconducting counterelectrode, and the
observed reduction of the conductivity is found to be in quantitative agreement with the theory.
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Measuring the tunneling conductance is a way to probereases, this model fails for two separate reasons. First of all,
the effect of electron-electron interactions in carbonthe power law is expected at the high energy regieme
nanotubed. Power law tunneling anomaly around zero bias=maxeV,ksT}=#%r/l, where| andr are the transmission
has been observed in both single-waflethd multiwalled  line parameters of the nanotubreis the resistivity and is
nanotubes:” While in single-walled nanotubes Luttinger the inductance per unit length. In the second place, one needs
liquid is a valid model, in multiwalled nanotub€IWNTS) {4 have small enough contacts; < L>=\AD"/ €, whereLc
the power law arises due to environmental modes compatiblg the width of the contacts ar =1/rc; is the field diffu-
with LC-transmission line modélin a double junction con-  gion constantc; is the capacitance of the contact per unit
figuration, when the samples are cooled down to low enoug ngth. This means that needs to be low enough to leave

temperatures, complete Coulomb blockade develops both i : .
single-walled and multiwalled nanotube$:-? In MWNTs Some energy range available, ergs 1 k02/;m. However in

the tunnel junctions are located between the metal electrodég_eg’opriggnl;) /experlmgnt;[, tr:Nt?] are usw;_g nat?ot??ﬁs with
and the nanotube, and the entire nanotube forms the island, >~ pm, and bo € assumption about the zero

where charge is localized. imensi.onality of the cqntacts and th€-line description of
The above picture needs to be modified if the resistivity ofth® environment will fail. _ ,
the nanotubes is very high, or if the tunneling contacts have Our samples are madg using CVD grown mul't|wa||ed
a finite size. In the diffusive electron transport limit, where Nanotube$? Previous studies have indicated that this mate-
the time it takes for the electron system to accommodate théal contains a large amount of defeéts;?and the nanotubes
tunneling charge becomes comparable to the fifreV, one  have quite high resistivity, which we estimated from four-
observes the well known suppression of tunneling density ofead measurements as30—100 K)/um?® In a magnetic
states near zero bid3Rollbihleret al# and Mishchenket  field, typical signature of 2D weak localization was ob-
al.’ have calculated such anomalies nonperturbatively in inserved, with phase coherence length~10 nm, which is
finite 1D junctions, and the former also considered the crossshorter than nanotube diameter. The temperature dependence
over from 1D to the OD junction case, where tunneling canof the conductivity was compatible with the interference and
be described using the environmental quantum fluctuatioe-e interaction corrections in a 2D diffusive conductor, with
theory (EQFT).16 In metallic systems the perturbative treat- very short¢.?! In order to access the tunneling density of
ment is found sufficient’ but disordered nanotubes allow states in these samples, the contact resistances need to be
one to reach the non-perturbative range experimentally. Medarger thanR,=h/€?, and clearly larger than the nanotube
surements on boron-doped multiwalled nanotdbasd bulk  resistance. Partly, variation @ vs T arises from the change
multiwalled nanotube sampfésshowed deviations from the in nanotube conductivity, but as long Bgr= Ry this loga-
power law, pointing that this anomaly is relevant in disor-rithmic change is small compared to the exponential suppres-
dered samples. Here we present observations and analysissfn due to tunneling effects, and it shall be neglected in our
this type of behavior in individual disordered multiwalled analysis.
nanotubes. We chose to use aluminum as the contact material, be-
The power law anomalies have maifiyf been analyzed cause the contacts degrade quite fast by oxidation in air,
using the environmental Coulomb blockade thel§nyjth an  creating a tunable contact resistance. For example, the two-
LC-transmission line modelling the carbon nanotube enviterminal resistance of sample C increased from original
ronment of the junction, which is assumed to bel130 k() to 250 K2 in roughly 2 days. Therefore we know
0-dimensional. In this theory, the rate of inelastic tunneling isthat at room temperature the contact resistances
determined by the available electromagnetic modes of th&:>60 k()/contact, while the resistivity of the nanotube
environment, with which the tunneling electron can ex-pyt=50 kQ}/um. One of our samples, D, has Ti/Au con-
change energy. There is no explicit assumptions about thicts, and high contact resistances occurred accidentally.
mean free patl. When the resistivity of the nanotubes in- Main characteristics of our samples are given in Table I. All

1098-0121/2005/7112)/125425%5)/$23.00 125425-1 ©2005 The American Physical Society



TARKIAINEN et al. PHYSICAL REVIEW B 71, 125425(2005

TABLE I. Main characteristics of the sample®. is the diam- AL AL AL
eter,L is the distance between the contattg, is the total length . @ e

of the nanotube, and is the width of the contacts. Also resistance ; ~
at 300 K is given. [ A/
Sample @ (nm) L (um) Lt (um)  Le (#mM)  Rgoo k (k) | : ]
0.01} / 4
B 14 1.9 4.1 0.58/0.55 190 [ 3
Cc 23 2.8 9 0.6/0.6 250

D 21 0.78 2.51 0.61/0.64 1600 i / D

aMeasured at 1.3 K. [ /
0.001 |

measurements were done in a 2-lead configuration. By ———
The tunnel junctions can be considered 1D relative to ' ! T(K)lo

field diffusion down to temperatures aroukgT=#D"/LZ. 1,000

Below this temperature the system approaches the OD Cou (b) ) ' r o : _|

lomb blockade limit. We have selected among the longest Metallic contact

tubes and made the contacts relatively wide, 0.5,

in hoping to observe the 1D behavior over as large tempera

ture scale as possible. Assuming=50 kQ)/um and

c;=300 aFjum, we expect the one-dimensionality to be

valid down to approximately 1 K. The width of the contacts

and the large stray capacitance of a long nanotube shoul

also guarantee that the total capacita@geis large enough

so that the charging enerdg-=€?/2Cs <kgT, and to first

approximation the charging effects can be considered small ~ 0.010
We have measured the differential conductance of our

samples as a function of voltage and temperature. Figaye 1

shows how conductance decreases when the samples a

cooled down(a small magnetic field=0.1-0.3 T was ap-

plied to keep the Al electrodes in the normal state these 0.001

samples, it is not possible to describe the conductance by i . " . " . ! .

single power law over the experimental range of tempera- 00 0.5 1.0 L5 20

tures. If the conductance is plotted on aI/scaIe as in Fig. /T2 (1/K12)

1(b), it becomes apparent that it is roughly given by

Gxexp(—\To/T), which is in accord with the nonperturba-  FIG. 1. (Color online (a) Zero-bias conductance vs tempera-

tive result for tunneling into 1D disordered wires. Instead ofture. Normal state is induced in the Al electrodes by a small mag-

the perturbative first order correctidh,ov(e) x—e Y2 one  netic field(0.1-0.3 7. (b) Over a wide range of temperatures, the

A 24 0.77 5.7 1.12/0.70 220

G, (e’/h)

0.100

G, (¢*/h)

has tunneling density of states conductance is roughly given by l@p<-1/VT. The theoretical
curves are calculated from the infinite 1D tunnel junction theory.
€ The inset shows a schematic model of the tunneling system
v(e) = Vo<1 erf —) (1)  considered.

tT=0 K (Ref. 14 and
a (Ref. 14 an G(V,T) = fdev(e+eVT)dn(E) (4)

1
¢ ' Rago de
v(T) ~expl —\/——= (2)
keT wheren(e) is the Fermi distribution. The full numerical cal-
at zero bias voltage, whefi< €' .15 At higher temperatures Culation shows that the functional form Gf(T) differs only

v(e,T) can be obtained by numerical integration of Etg)  Vvery slightly fromGocexp(— \To/T). Fits to the experimental
in Ref. 15, which is valid in the diffusive regime. The energy data are shown as solid lines in Figlb), and the corre-

scale€’ is given by sponding parameters are given in Table Il. The 1D junction
model only has two adjustable parametefsand R,s
. e To check if the model is reasonable, we assume a plau-
- 4_CTR_Q 3 Ssible value for the resistivity of the nanotube, 50®/um

for example, and extract a value fof from Eq. (3). We
Using the density of statege, T) one can calculate the con- obtain ¢c;=140-950 aF4m, while in the literature values
ductance as 540 aFum®? and 800 aF4m (Ref. 11) have been reported

125425-2
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TABLE Il. Fitting parameters of the 1D tunneling mod&,sis lower resistance, one-junction model is appropriate. Despite
the resistance in the absence of the anomaly, i.e., at high voltagg®me irregular variation in the experiment@tV curves,

and/or temperatures. The ratibcy has been calculated froed. which the theory does not account for, the theoretical curves
are reasonable.

Sample Ras (kQ) € (K) r/cr (KQ/fF) At higher bias voltages the conductance shows more ir-
regular structure and may increase even nonmonotonously.

A 105 0.95 53 The detailed characteristics for each sample are different.

B 120 13 72 These features are less prominent on samples with more

C 540 2.7 150 transparent contacts. Obviously it is not entirely correct to
D 2200 6.6 370 assume the transmission to be independent of energy. Such

individual features may arise, e.g., from resonances in the
transmission through the tunnel barriétsind can be studied
for nanotube-metal contacts. Thus this model seems consiby shifting the Fermi level using a gate voltagee inset to
tent. Fig. 2). This variation in conductance is similar in magnitude
The data in Table Il suggest that there is a dependenceompared with the deviation of the experimer@aV curves
betweenR,g and € «r/cr. In Fig. 1(b) this is visible as a from the theoretical prediction., o
steeper slope for samples with higher resistanceRASSs At small energiese<#D"/Lg, the finite length of the
dominated by the tunneling resistareg, which mainly de- ~ €ontacts becomes significant, and the environment beyond

pends on the geometry of the junction, any variations in théhe contact starts to determine the conductivity of the junc-
intrinsic resistance of the nanotubenust be uncorrelated. It ton- In our samples, we estimate the cross-over temperature
seems highly unlikely that any significant change Ra  © be around 1 K, and the 1D model is found to be valid
would arise from some intrinsic property of the the nanotube@oWn to temperatures of that ordgig. 1(b)]. The dimen-
such as bare density of states, becaR@s@aries a lot even sional crossover from 1D to OD is discussed in Ref. 14. No-
between different contacts on the same nanotube. The junébly sample C shows deviation from the straight line behav-
tion capacitance; on the other hand is inversely propor- 1of In plot of Fig. 1(b) towards low temperatures. However,
tional to tunneling barrier widtld, and assumin@;<expd, ~ €Xtensive data from each regime would be necessary for a
we havecy=1/In(Ry), which is compatible with the data. meaningful analysis of the crossover. It would be necessary

This observation suggests that the variation between samplé% extenr(]j tﬂe measur%ments to temperatures helow 0'5’ Kto
mainly arises from the tunnel barrier, while all the nanotubes$noW whether or not this CroSSOver occurs as expected.
have similarr. In the OD regime, thé.C-line environment is not a usal:.)I.e
Theory also describes the suppression of tunneling aqnodel, because our samples _do not fulfill the _cond|t|on
Fermi level as a function of bias voltag®lin Fig. 2 the e>fir/l. Instead, one can use either a lumped resistor, or an

differential conductance of sample A at two different tem- RCtransmission line, which also incorporates the distributed

peratures is compared to the theoretical prediction. The p&aPacitance of the nanotube. Th&C-transmission line is

rameterse” andR,sfrom Table Il are used in the calculation, M°'¢ accurate ”.‘Ode' for long nanqtubes. Since in_our
with no additional fitting parameters. Since we know from S&MPles the spacing of the electrodes is not much larger than

3-probe measurements that one of the junctions has mu eir width, also finite length effects can come into play be-
ow 1 K. For very short tube segments, wheh<Cy, the

8.0 ———r—m—mp—r—"———"1Tr—r—Tr—TT1T—T—r difference between aRC-line and a lumped resistor model

[ ] disappears.

Looking at Fig. 1b), it appears that the straight line fit is

less satisfactory for sample B than for the other samples. The
temperature dependence is weaker than expected towards
higher temperatures. If the data is plotted ol ktale in-
stead of 14T, as shown in Fig. 3, it becomes obvious that
Goexp-Ty/T) fits the data over a wider range in tempera-
ture than the 1D-tunnel junction mod@lashed line in Fig.
3), which we have observed to hold in all our other samples.
This type of temperature dependence suggests tunneling in a
0D junction. We have calculated theoretical temperature de-
pendence an@-V curves using the EQPE¥and finite length
RCline model withL=1 um. It turns out that the exact

00 o value ofL is of no importance, but it provides a convenient

2.00 -1.00 0.00 1.00 2.00 low frequency cutoff. Results of the calculation are com-
v (mV) pared to the data both as a function of temperatkig. 3
and bias voltagéFig. 4(@)], and a satisfactory fit is obtained.

FIG. 2. G-V of sample A at two different temperatures. The Just like in sample A, it is assumed that one of the junctions
dashed lines are theoretical curves calculated according to tunneligmits the conductivity and the other can be neglectsee
in an infinite 1D junction. Inset: Variation of the zero-bias conduc- schematic model in the inset to Fig).. 3
tance as a function of the back-gate voltag&da0.37 K. There are now three energy scales: The charging energy

6.0

»
<)

dI/dv (uS)

2.0
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6.0 T T T T T
sobt® « Sample B
\\ —— 0D junction model
40 — — 1D junction model
30T
g 3
o 20f %
=
10
09r
0.8 - . n
0 1 2 1 N 1 N 1 .
/T (1/K) 0 5 10 15
1/V (1/mV)

FIG. 3. (Color online Conductance of sample B plotted onTL/ —r T T
scale. The solid line results from a calculation using the EQFT for L
small tunnel junctions, with junction capacitancg;=260 aF, .(-:)\
Rr=162 k), r=45 kQ)/um, and c=240 aFjum. The model is 30t N\
shown schematically in the inset. The dashed line is the calculatior \- e,

according to tunneling in an infinite 1D junction. In zero magnetic
field, data has a sharp kink @t of the Al electrode.

Ec=€?/(2C1)=3.6 K, which is the most significan™ as
given in Eq.(3), but with ¢ replaced byc, and, because of
the finite length, the field Thouless enerigy,=#D" /L2 The [
fit depends only weakly on the exact valueedf(and there- . ~ T=055K
fore onr andc). In sample BE-> Eq,, and hence the trans-
mission line is effectively infinite. Coulomb blockade is not I -
due to two junctions in series, but due to the large resistance - T~
of the nanotuberL >Ry, which is enough to isolate an in- 03l . . . . .
dividual junction. Altogether there are four independent fit- ) 2 4 6 8 10 12
ting parameters. 1/V (1/mV)

The reason why sample B shows 0D behavior in tempera-
ture rangelT > 1 K, where all the other samples are compat- FIG. 4. (Color onling (a) Measured differential conductance at
ible with the 1D model, is possibly due to the character ofa few different temperatures on \L/scale. The curves have been
the contacts. Even though the contacts appear wide on visugYmmetrized by taking an average of the conductance on positive
examination, it is possible that most of the current is connd negative bias voltages. The dashed lines are calculated from
ducted via a small part of the entire length, which would EQFT using the same parameters as in FigbgDifferential con-
shift the OD regime aﬂ'SﬁD*/L(Z: towards higher tempera- ductance at zero and finite magnetic field, i.e., for superconducting
tures. and normal Al counterelectrodes.

As an additional check of the validity of the small junc-
tion model, theG-V curves for the superconducting electrode yisordered conductor. Similar suppression of tunneling DOS
case were calculated. The additional parameter, the criticd|3s peen observed in a very long metallic 1D tunnel
temperaturélc=1.33 K of Al, was taken as the point where ; n¢(ion17 However, in metallic systems the dip is small,
zero b|gs conductance at_zero magnetic field ;hows a shag}"y a few percent, due to the much higher conductivity of
kink (Fig. 3). The calculation was repeated using the samgpg’ ejectrodes, and therefore perturbation theory adequately
parameters as for the normal case and BCS density of statgg o nts for the data. In our samples, it is possible to observe

in the superconducting Al electrode. Comparison to datgjins approaching 100% and the nonperturbative treatment
[Fig. 4(b)] shows a satisfactory fit. Because the BCS theonhecomes a must.

is compatible with the suppression of conductivity when
magnetic field is switched off, the tunneling contact must be We thank A. Fonseca and J. Nagy from FUNDP, Namur
located between the nanotube and one of the Al electrodedfor supplying us with the nanotubes. Useful discussions with
To conclude, we have measured the tunneling conducd. Rollblhler, H. Grabert, and E. Sonin are gratefully ac-
tance in highly disordered MWNTs and observed that inknowledged. This work was supported by the Academy of
most cases it obey&x exp(—\T,/T) instead of the power Finland and by the Large Scale Installation Program ULTI 1l
law, which is observed in the less disordered samples. Thisf the European Union(Contract No. HPRI-1999-CT-
can be understood as a manifestation of tunneling into a 100050.

dI/dV (uS)
/
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