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Quantum interference of electrons in multiwall carbon nanotubes
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In magnetoresistance measurements of a single multiwall carbon nanotube we have observed the periodic
oscillation which increases in amplitude below 30 K. The period has the angular dependence @&f @/cos
being the angle between the nanotube axis and magnetic field, and it corresponds to the field that the magnetic
flux penetrating a nanotube equals one-third of a flux quduide, The observation is explained in terms of the
Aharonov-Bohm effect for three coexisting nanotubes with different chiralt®&8163-18209)12643-2

I. INTRODUCTION Il. EXPERIMENT

Since its discovery,the carbon nanotubCNT) has at- MWCNT’s were obtained from carbon sodfype |,
tracted great attention as a very interesting electronic matéfacuum Metallurgical Co. Ltd., Japarby repetition of
rial because of the one-dimensional structure and the tubulghysical purification processes, that is, the centrifugation at
honeycomb network in the nanometer scaféTheoretical 5000 rpm for 20 min. and filtration; we did not use any
studies of the CNTRefs. 5-8 predict some novel electronic chemical process such as oxidation treatment, because these
properties such as the band-structure characteristic of the PBrocesses may lead serious damages on the surface of
riodic honeycomb network and the magnetic quantum effecty\wCNT’s which act as electronic scattering centers.
The band structure of the CNT is either semiconductive or | this work, we measured the resistance of a single
metallic depending on the chirality and the diameter of the\ywcNT by using directly attached electric contacts, as
tube; the energy gapE) of semiconductor phase is in- ghown in a scanning electron microscdSEM) image(Fig.
versely proportional to tg\e_dlameter, and a typieglis 36 . The contacts were made by the electron-beam-
meV for a CNT of 200 A in diameter. Some experlmentalIithography technique in the following processes.

works confirm these electronic structured.Another inter- MWCNT's, which were ultrasonically dispersed in methyl
esting feature is the magnetic interference effect predicted bglcohol w'ere placed onto a substrate of oxidized Si wafer.

Ajiki and Ando® When a magnetic field is applied to a me- . . - .

: . : - After spin-coated with a positive photoresist, the lead pattern
tallic CNT, th d linearly with' . . .
e © energy gap 9pens anc Increases Znearty wi of contacts with 1.25um pitch and 10um in length was

field, and after reaching the maximum value &g& at ¢ q b | b h q
—hi2e, it decreases again to zero dét= ¢o=h/e, where d rawn by an electron beam. The exposed pattern was re-

is the magnetic flux penetrating the cross section of a CNTMOVed by a solvent, on which gold was deposited. In this
Namely, the band structure changes from metallic to semime”?Od, we could not control the position of an MWCNT
conductive and revolves in the period éf. This phenom- relative to contacts, so that after patterning of gold contacts
enon is analogous to the Aharonov-BoliaB) effect’* A We have to choose a good sample in which only a single
similar interference effect was observed in a normal-metaCNT intersects four contact leads; the sample in Fig. 1 is a
cylinder made of single-crystal bismuth.Very recently, successful one. The dc MR measurements were carried out
Bachtoldet al*® have reported periodic oscillations of mag- by using Quantum Design model PPMS physical property
netoresistancéVR) in multiwall (MW) CNT, and ascribed it measurement system with a rotating sample mount. The
to Altshuler-Aronov-SpivakAAS) effect® because the pe- measurements were performed in the Ohmic region, usually
riod corresponds t@p= ¢o/2. They consider that CNT’s are in the region from 5 to 30 nA. We will present the experi-
always metallic independent of the strength of magnetianental results for two samples, nos. 1 and 2, with 190 and
field. 390 A in diameted and 1.0 and 0.6um in voltage contact

In this paper we present the quantum interference effeaflistance, respectively. The inner diameter is estimated as
of electrons in the MR measurement of a MWCNT. MR about 30 A for both samples from the transmission electron
shows an oscillatory dependence on magnetic field, and theicroscopd TEM) observation of samples in the same lot. In
observed period corresponds ¢@/3 and has the angle de- the present case we have not found any mechanical stress
pendence of 1/cag 6 being the angle between field and the coming from bending, defects, or flexure reported
CNT axis. The observed oscillation is ascribed to the ABpreviously?*® although MR occasionally jumps irreversibly
effect mentioned above, and the perioddyf/3 can be un- in the region of very high fields, which might arise from
derstood by the coexistence of the three types of CNT’s wittadisplacement of sample due to a strong galvanomagnetic
different chirality. force.
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FIG. 1. SEM image of a CNT and gold contacts for transport
measurements. The scale bar igfin. The stripe-shaped gray areas
are gold leads and the fine line presents a MWCNT.

Ill. RESULTS AND DISCUSSION

Figure 2 shows the magnetoresistance of samples 1 and 2
for the magnetic field parallel to the CNT axis at some tem-
peratures. For both samples, we observe a periodic oscilla-
tion, whose amplitude increases significantly at low tempera-
tures. The period of the major oscillation is determined as
4.3 T for sample 1 and 1.1 T for sample 2 by fitting to a

o
)
N
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Magnetic Field (T)

FIG. 3. Magnetoresistance of sample 1Tat2 K for various

16 —

anglesd. The dashed line is a fitting result for transverse magne-
toresistance in order to obtain the phase coherence lépgth

triangular wave. These observed periods are about one third
of those estimated from the outside diameter by assuming the
AB effect, that is, 14.6 and 3.5 T for samples 1 and 2, re-
spectively. The difference of the period will be discussed
later.

E 10 y Figure 3 shows the angled) dependence of magnetore-
: oy |30;0K sistance of sample 1 a&t=2.0 K, where@ stands for the
2 angle between the magnetic field and the CNT axis. The
ST T T ] peak field(and bottom fieldl strongly depends o#, and, as
S ] shown in Fig. 4, the9 dependence of the peak fieft}, can
~ 35k - be presented by the relation
NW 3.08]
30 W 40K
WWMM 52K
Wloﬂ- H.(6)= Hno (3.
talw 150 n cosf’ '
i 20.0
20 [ ] ! ] ! ] L
0 2 4 6 8 wheren is the index of the peak and, o is the peak field at

Magnetic Field (T)

#=0°. The solid lines in Fig. 4 show the best fit to this
relation, where we assumed a small-angle deviafiarf the

FIG. 2. Magnetoresistance of samples 1 and 2 for various temCNT axis from §=0° due to a possible experimental mis-
peratures with a magnetic field parallel to the CNT axis. The dashed@lignment. Fitting results are listed in Table I. The observed
lines are fitting results for data at=2 K by Eq.(3.4).

angle dependence &f,(6) tells us that the MR peak field is
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8 v T T T T TABLE I. Results of the fitting foré dependence of the peak
positions by Eq(3.1). Fitting parameters ardl; 5, H, o, andé.
| | n Hno (T) 5 (deg)
6 L _ 1(H,) 2.4 50
. 2(H,) 7.1 '
=
N’ L -
= phase shift; namely, the zero gap field is shiftechif3e and
4 - 2h/3e for v=—1 and 1, respectively. Thereforg, of a
CNT is described as
i ] 3 H v
S - Eg(H)=§EgXFtW H_+§ , (3.3
2 I TR U BTSN i o N T N T 0
-9 -60 -30 0 30 60 90 whereF,,(x) is a triangle wave functioiicf. Fig. 2 in Ref.
0 (deg) 8). In the MWCNT we expect the coexistence of all the types
of CNT's, and the metallic resistivity appears &t
FIG. 4. 0 dependence of peak positions fé; andH,, in Fig. 3. =nh/3e(n=0,1,2...), because they make a parallel cir-
The solid lines are fitting results by E¢B.1). cuit. Therefore the period becomb&e, which is in agree-

ment with the observed one. The resistance of a MWCNT for

determined by the parallel component of magnetic field todthe parallel circuit of three CNT’s can be described by
the CNT axis, namely, the magnetic flux penetrating the N
cross section of the CNT. 1 —E4(H)
We discuss the origin of the present oscillation. As elec- Vzl R ex;{kB—T
tron interference effects in a ring or tube, we consider two
cases, the AB effect predicted by Ajiki and Afdand the whereR,, is the resistance @&y=0, kg is Boltzmann con-
AAS effect14 The difference between them are the oscilla-stant andR’ is the coefficient of the nonoscillation term of
tion period and the temperature dependence of the oscillatiomagnetoresistance. Here, we assume that &INT's have
amplitude. The periods of the AB effect is expected to bethe sameR, and the same diameter for simplicity. The fitting
h/e while that of the AAS effect i$1/2e. The magnetic field results are plotted in Fig. 2 with dashed lines, and the fitting
corresponding to a flux quantumi =4,/ wd?), is 14.6 parameters are listed in Table Il. For the best fitting we
and 3.5 T for samples 1 and 2, respectively. The observefleeded a small amount of offset shift of fieltH ; the reason
periods are very close to one-third of these calculated valuer 5H is not clear at present.
for both samples; that is, the period of the observed oscilla- The obtained perio#, (13.11 T for sample 1 and 3.17 T
tion ish/3e. It is well known that the CNT has three types of for sample 2 is in good agreement with that estimated from
electronic structure depending on the chirality and the diamediameter, 45,/ 7d? (14.6 and 3.5 T, respectivélywhen tak-
eter, which is indexed by a chiral vectan,(m) (n,m: posi-  ing account of the ambiguity in diameter estimation. How-
tive integeif.5 The electronic structure of an(m) CNT can  ever, the obtainedy, 1.7X 10~* eV (sample 1 and 2.7
be determined by a parametef=0,+1) *®when we define  x 1075 eV (sample 2 are two or three orders of magnitude
smaller than theoretically expected valuéhat is, 3.7
X102 eV for sample 1 and 1810 2 eV for sample 2
For such a large reduction &, we can consider some pos-
sibilities as follows. The major effect may be the short co-
with integerN. The CNT with»=0 and=* 1 are metallicand herence length of electrons due to imperfections on tubular
semiconductive, respectively. In a magnetic field, we cametworks. In order to observe the AB effect, the phase co-
expect the AB effect mentioned in Sec. I. When we consideherent length of electrorl,;, should be much larger than
a metallic CNT ¢=0), Eg, which is zero at¢=0, i 7rd, but actually there are many imperfections on a CNT. We
creases linearly with field, and through a maximum value aestimate expenmentallyd, from the low-field coefficient of
¢=h/2e it decreases again to zero @t=h/e. For semicon- the H? dependence in transverse MRefs. 16 and 1j7on
ductor phasesy= +1), the field dependence &, has the assumption that the present sample is in the weak localiza-
same period as the metallic phase, but with the differention regime'®° The obtained 4 for sample 1 alf=2 K is

-1

R(H)= +R'H, (3.9

n—m=3N+v (3.2

TABLE II. Results of the fitting for magnetoresistanceTat 2 K by Eq. (3.4). Fitting regions areH
=0-7.0 T andH=0.5-4.0 T for samples 1 and 2, respectively.

R, (kQ) E, (1075 eV) Ho (T) SH (T) R’ (kQ/T)

Sample 1 21.30.1 16.9-0.1 13.110.05 —1.62+0.02 —0.194+0.004
Sample 2 85.6:0.4 2701 3.170.02 0.14£0.01 0.48-0.01




PRB 60 QUANTUM INTERFERENCE OF ELECTRONS IN ... 13 495

as AG(T)=T 2exp(—d/2l 4,(T)).>* However, in the case
of CNT's the AB effect appears as the changdegt There-
fore it can be written by Eq3.4),

3E,
P T kT
1+2 B || 3
ex —kB—T . (5)

. We assume a constaRt,, becauseR, has aT dependence

J much weaker than the exponential term in Eg.5. As
shown in Fig. %b), Eq. (3.5 explains well the experimental
- data as a whole. An interesting feature of Figs) and(b) is
thatl, and the amplitude of oscillation show a quite similar
T dependence. These facts indicate that the amplitude is pos-
sibly dependent on, and the oscillation arises from the
# O interference effect of electron.

-1

] AR(T)=R,,[

.}{b‘
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10 . IV. SUMMARY AND CONCLUSIONS
1 2 s 10 20 50

In transport measurements of single multiwall-carbon
Temperature (K) nanotubesMWCNT’s) with 190 and 390 A in diameter, we
have observed periodic oscillations in magnetoresistance
whose amplitude increases significantly below 30 K. The
oscillation periods for two samples correspond to the field
that the magnetic flux penetrating a CNT equals one-third of
the flux quantah/3e, which is realized for all the angle of
field relative to the CNT axis. We can understand that this

FIG. 5. Temperature dependence (ef the phase coherence
length and(b) the amplitude of the oscillation for samples 1 and 2.
The dotted lines are fitting results by E®.5).

150 A; a fitting curve is plotted by a dashed line in Fig. 3.
The temperature dependenced pffor samples 1 and 2 are oscillation is ascribed to the Aharonov-Boh(AB) effect

f_rhdo_wgllj? Fslg.miﬁs?éT?Sus:;grl]r;i?jirré:gszlss er:ttlzlzg?cl)lre“rcth;co_predicted theoretically by Ajiki and Ando, and the factor 1/3

dimensional system. This smdlj brings a broadening of comes from the coexistence of CNT’s with three different

4 . chiralities, which is inherent in MWCNT'’s. This is the first

band edge and red,ucﬁJ effectively. The second is the observation of the AB effect in CNT's.
effect of inner CNT’s. We so far assume that a few most
outer walls contribute the conduction. However, if electrons
penetrate into inner walls, the oscillation should be smeared
out by superposition of different period ones due to different The authors are grateful to Professor S. Kobayashi and
diameter. The third is the effect of the interwall interaction. Dr. R. Yagi for the use of the SEM and technical support and
In theoretical calculation ofg, the interaction between to Professor R. Saito for valuable discussions. This work was
neighboring walls is not taken into account, which exists insupported by the research project “Materials Science and
MWCNT’s. The tight-binding calculation for a double wall Microelectronics of Nanometer-Scale Materials”
CNT (Ref. 20 gives a smallelEy than the SWCNT, al- (RFTF96P0010¢from the Japan Society for the Promotion
though the effect might be very small. of Science, Japan. One of the authOhsF.) was supported

Now we will discuss the temperature dependence of thdy a Grant-in-Aid for Encouragement of Young Scientists
amplitude of the oscillation, which is shown in Fighp The  (Grant No. 09740270from The Ministry of Education, Sci-
amplitude for the AB effect in a metal ring can be expressednce, Sports and Culture of Japan.
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