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Consistent picture of strong electron correlation from magnetoresistance and tunneling
conductance measurements in multiwall carbon nanotubes
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Both the magnetoconductance and the nonlinear differential conductance of multiwall carbon nanotube
ropes have been studied at low temperture. Suppression in the differential conductance was observed at low
bias voltages and at low temperatures, indicating the formation of a Coulomb gap. The magnetoconductance
was found to follow a scaling law at both high and low temperatures, but with different mechanisms. The
analysis of the data provides a sign of a non-Fermi-liquid-like behavior through magnetotransport measure-
ment.
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While it has been clear that the electrons in a single walgold wires of diameter~10 um and interval distances of
carbon nanotube form a Luttinger liqutdt remains unclear also~10 um were placed perpendicular to the bundle, serv-
as to what picture should be used to describe the electrons ing as the mask. After evaporating a gold film onto the sub-
a multiwall carbon nanotub@WNT). There are two kinds strate, four electric contacts were obtained. The resistance of
of experiment pointing toward two different pictures. The the samples was measured by using a standard lock-in tech-
tunneling conductance of a MWNT exhibits a power-law- nique in a magnetic field roughly parallel to the tube axis
like suppression at low energiésshowing the sign of (note that the tubes in the bundle are only roughly aligned
electron-electrond-e) strong correlation. The intepretation ~ Figure Xa) show the conductance as a function of mag-
of the power law might need a nonperturbative treatment ometic field at several different temperatures. In agreement
the effect ofe-e interaction in a disordered environmérft. With earlier result$;” we observed a positive MC, i.e, the
In the second kind of experiment probing the magnetotransQO”dUCtance increases with increasing magnetic field.

port properties of MWNP~ however, many aspects, includ- In the theory of weak localization, the positive MC is
ing the Aharomov-Bohm oscillation, the universal Conduc_ascrlbed to the dephasing effect of the electron’s wave func-
y tion by a magnetic field, i.e., the magnetic field breaks down

tance fluctuation, etc., all point indicate that electrons in athe weak localization. For the case of two-dimensional weak
MWNT form a comventional diffusive system, describableIocalization(ZDWL) t‘he MC is given by:

within the framework of weak-localization theory, wherein

the effect ofe-e interaction can be treated as a perturbation. e? 1 1

To clarify the controversy regarding the role @& interac- Aa(H,T)=a(H,T)—a(O,T)=—2[¢// =+ —) +Inx|,
tion between the two kinds of experiments, further investi- 2mh 2 X

gation is needed. @

In this paper, we report our magnetoresista(M€) and  wherey is the digamma functiorx=H/H,,, andH 4 is the
nonlinear differential conductance measurements on MWNTharacteristic “phase breaking field” which is defined as
ropes. The nonlinear differential conductance measurement
would mimic to a certain extent the tunneling conductance h
measurement. We will show that the MC data at high tem- H¢:49—DT¢' @
peratures can be scaled to a single functional form as pre-
dicted by the theory of weak localization. The MC data atwith D, the elastic diffusive constant, ang, the phase co-
low temperatures, although they can also be scaled to theerence time related to the inelastic and spin-spin scattering
same form, bear a slightly different mechanism in which theProcesses.
electron motion is via hopping instead of diffusion. We be-  Since in Eq.(1) H is the only parameter depending on
lieve that the mechanism change is caused by the formatioiemperature, the MC data at different temperatures are ex-
of a Coulomb gap at low temperatures. The scaling law opected to collapse onto a single functional form of
MC in the presence of the Coulomb gap is a consequence éfo(H,T)=F(H/H,) as defined in Eq(1), if a properH,, is
quantum interference of the electron’s wave function in thechosen for the data at each temperature. Rig\. dhows that
variable range hopping regime. our data do follow a scaling law.

The MWNTs used in this study were synthesized by According to the theory of 2DWL, we can determine the
chemical vapor depositich.High-resolution transmission phase coherence length,=\/D 7, from the scaling param-
electron microscopy analysis shows that the MWNTs areeterH ,, thus determining the inelastic scattering timg.
around ~30 nm in diameter. They are aligned, and reachin such a theoretical framework,, should vary with tem-
several millimeters in length. Thin bundles of MWNTs were perature in a power law of ,~T~ P, with p depending on
selected and laid down on a sapphire substrate. Then thrélke dominant mechanism of dephasing scattering. The ob-
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FIG. 1. (@) The magnetoconductan¢®IC) of multiwall carbon
nanotube samples as a function of the magnetic field parallel to the
ropes at different temperaturgb) The data as a function ¢f/H,; .
Above 15 K, the MC for different temperatures is scaled onto a
universal curve over the entire field range.
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tainedH , are plotted againsT in Fig. 2, showing a linear g
temperature dependence above 10 K, in agreement with the =~
previous experimental resuftg his result, i.e.p=1, implies
that e-e scattering is the dominant scattering mechanism
above 10 K.

We obtained. ,~10 nm even at 10 K, being comparable
to the magnetic lengthg= A/eB at 6 T. Thus this can well 0.006
explain why the data of MC can be well described by the '
theory of WL even at high magnetic field above 10 K. How-
ever, the 2DWL picture is correct only at temperatures above

0.009

G(H)-G(0

~10 K. Below 10 K, the temperature dependenceHof 35 40 45 50 55 50
deviates from its high-temperatupe=1 trend. In the raw B(T)

MC data, a downward deviation from the temperature-

dependent trend can also be noticed bete®0 K, as shown FIG. 3. Magnetoconductandg®C) as a function of magnetic
in Fig. 3. field for MWNTs samples at different temperatures I'5, 3, 4.2,

Let us see if the low-temperature deviation is an effect ofand 15 K. Lines are the fits by E() to data at low magnetic field,
e-e interaction. In conventional perturbation theory, the sup-T=1.5 and 15 K. At low temperature and higher magnetic field, the
pression in MC due te-e interaction, Ao, ., is a function negative MC contribution from thes-e interaction produced a
of the dimensionless parameter (gugB/kgT), i.e.’ downturn deviating from the weak localization theory results.
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We find that this functional form cannot account for our V (mV)

MC data at low temperatures and in high magnetic fields, In 40 20 0 20 40

fact, the MC at 1.4 K is even smaller than that at 4/Kg. — T

3), despite that these data in low magnetic fields can still be 0K |

scaled after properly choosing th¢, [as shown in Fig.

1(b)]. 0.20 [
In the following we will show that the deviation repre- 15K

sents a crossover of the electron system from weak to strong=
localization due to strong e-e interaction. Electron-electron 32
interaction is a very interesting and important issue in disor- ;
dered systems that affects the transport properties of the elec ©
trons. Two factors can usually enhance the Coulomb interac- 5
tion: low dimensionality and disordering. In particular, when

the localization length of the electron wave functiérbe-

comes smaller than the phase-coherence lengththe elec-

tron’s motion will crossover from diffusion to hopping.
Pollak® and Srinivasatt first showed that the unscreened 0.08
Coulomb interaction in localized systems would deplete the
single particle’s density of states near the Fermi lewel
Effros and Shklovski? pointed out that this depletion would
cause the formation of a Coulomb gap and lead to a hopping
resistance of the forrRecexp(T,/T)¥2. The low-temperature
resistance of our MWNTs seems to follow this behavfor,
indicating that the electrons undergo a crossover from weak
to strong localization below- 15 K.

For comparison, and also to clarify the seemingly discrep-
ant roles ofe-e interaction in magneto-transport and tunnel-
ing measurements, we have measured the differential con-
ductancedl/dV on the same sample as used for the MC
measurement, thinking that such a measurement would in-
volve the tunneling processes across the defects and at the
contacts. Figure (4) shows a series ofll/dV versusV
curves measured at different temperatures. Below 10 K, we
observed an obvious zero-bias anormaly, i.e., a suppressior V (mV)
in differential conductance at low bias voltages. The deple- .
tion of the density of states at low energies is always re- FIG. 4. (a) Thedl/dV of multiwall carbon nanotubes samples as

. . S o4 . a function ofV for various temperatures. At low temperatures, the
garded as a signature efe interaction,” in accordance with . . : . -
differential conductance at low bias voltages is suppressed, indicat-

the gradua_l opening of a Coulomb gap at low temperaturesmg the formation of a Coulomb gafb) dI/dV vsV at 4.2 K for
At some fixed temperatures, we have also measured thtﬁ

d1/dV versusV curves in several different fields. The results frerent magnetic field§=0.3, and 55T, respectively.
are shown in Fig. ). It seems that, while the whole curves
shift with the magnetic field, the overall feature of the Cou- N ) . ) 16
lomb gap remains unchanged. For the MC data taken at fixefld & critical percolation resistor model, Sivanal.™ found
bias voltages, therefore, the effectet interaction will be ~ that the MC in the VRH regime can be scaled if using
largely eliminated so long as the zero-field conductance i€ /®o as the variable, wher®y,=HRy,¥*y"? is the flux
subtracted, though a deviation kf, from its high tempera- through an effective area of the ordey,***% andRy is
turep=1 trend can still be seen. Our results indicate that théhe hopping distancey is the distance between impurities,
e-e interaction and the dephasing by a magnetic field are tw@nd @, is the quantum flux. Here the hopping leng®y,
nearly independent mechanisms that affect the electron proglays the same role as the phase coherence léngtioes in
erties of MWNT’s. This gives us a consistent picture to un-2DWL. In the VRH regime, therefore, the MC can also be
derstand the seemingly contradictory behaviore-efinter-  scaled by a single parametei/Hy""(T), whereHyR" is
action on magnetotransport and tunneling measurements dstermined by the hopping length instead of by the phase
mentioned in the introduction. coherence length. This explains why all of the MC data,
Further discussion of the low-temperature MC behaviobelow and above-15 K, can be scaled onto a same func-
would involve the effect ofe-e interaction in the variable- tional form as shown in Fig. (b), despite that the mecha-
range-hoppingdVRH) regime. Similar to the MC behavior in nisms behind them are different.
2DWL, the positive MC in the VRH regime is also caused by  For an analytic description of our MC data at low tem-
the dephasing effect of the magnetic field on the quantunperatures, it would require a nonperturbative theory for the
interference between many possible hopping p&tBy us-  e-e interaction, similar to that involves in a Coulomb §ap

diidv (ka™)
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a Coulomb blockade mechanidiim explain the non-Fermi- measurements on this kind of material. We have pointed out

liquid-like behaviors in MWNTS:13 that the explanation of the detailed MC behavior would prob-
In summary, we have shown that the MC behavior inably requires a nonperturbative theory.

MWNTSs is modified by thee-e interaction at low tempera-

tures, which is in consistency with the other experimental This work was supported by the National Science Foun-

observations such as the tunneling and thermoelectric powelation of China.

*Electronic address: lilu@aphy.iphy.ac.cn 9P.A. Lee and T.V. Ramakrishnan, Rev. Mod. Ph¥g, 287

1M. Bockrath, D.H. Cobden, Lu Jia, A.G. Rinzler, R.E. Smalley, L. (1985.
Balents, and P.L. McEuen, Natuteondon 397, 598 (1999. 10M. Pollak, Philos. Mag23, 519 (19712.

2A. Bachtoldet al, Phys. Rev. Lett87, 166801(2007). 1G. srinivasan, Phys. Rev. & 2581(1971).

SR. Egger and A.O. Gogolin, Phys. Rev. Let87, 66401 2A.L. Effros and B.I. Shklovskii, J. Phys. €2, 1869(1979.
(2009). 13N. Kanget al, cond-mat/020206%unpublisheil

4E.G. Mishchenko, A.V. Andreev, and L.I. Glazman, Phys. Rev.B.L. Altshuler and A.G. Aronov irElectron-Electron Interaction
Lett. 87, 246801(2001). in Disordered Systemsedited by A.L. Efros and M. Pollak

SA. Bachtoldet al, Nature(London 397, 673(1999. (North Holland, Amsterdam, 1985

6L.L. Langeret al, Phys. Rev. Lett76, 479 (1996. 150. Faran and Z. Ovadyahu, Phys. Rev3® 5457(1988.

7K. Liu et al, Phys. Rev. B53, 161404R(2001). 18y. sivan, O. E-Wohlman, and Y. Imry, Phys. Rev. L&, 1566

87.W. Panet al, Nature(London 394, 631(1998. (1988.

241403-4



