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Coulomb blockade related to a localization effect in a single
tunnel-junction Õcarbon-nanotube system

Junji Haruyama, Izumi Takesue, Tetsuro Hasegawa, and Yuki Sato
Aoyama Gkuin University, Department Electrical Engineering and Electronics 6-16-1 Chitosedai, Setagaya, Tokyo 157-8572 J

~Received 30 August 2000; published 30 January 2001!

We report on Coulomb blockade caused by the high impedance external electromagnetic environment
~EME! related to a localization effect in a single tunnel-junction/carbon-nanotube system. Observed Coulomb
blockade, supported by a linear temperature dependence of zero-bias conductance, mathematically follows
phase correlation theory, which explains the roles of EME and implies that tunneling of electrons is suppressed
by transferring the energy to its EME with a total impedanceZt(v) higher than quantum resistance. Our high
Zt(v), however, is strongly associated with the antilocalization effect without any energy dissipation but
actually contributes to Coulomb blockade, because its phase modulation by magnetic field modulates also
Coulomb blockade. Is the energy transfer to such high impedance EME actually indispensable for Coulomb
blockade?

DOI: 10.1103/PhysRevB.63.073406 PACS number~s!: 73.23.Hk, 73.20.Fz, 73.40.Gk
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Coulomb blockade, a typical phenomenon associated w
single electron tunneling, has been successfully observed
variety of systems. Recently, its correlation with a phase
electron waves and spins in the external electromagnetic
vironment~EME! has attracted much attention because C
lomb blockade is very sensitive to its EME. Most of su
studies have been performed in multijunction systems.
the contrary, no work has reported it in single-junction s
tems. It is because Coulomb blockade in single-junction s
tems is too sensitive to the electron phase in its EME
hence provides characteristics quite different from those
multijunctions. It has been well known as phase correlat
~PC! theory.1,2

PC theory explains the roles of the phase fluctuation
EME on Coulomb blockade in single-junction systems, fro
the following two viewpoints:~1!. The tunneling of electrons
is suppressed by transferring the energy to the EME by
citing environmental modes~e.g.,LC andRCcircuit modes!,
leading to Coulomb blockade. It is based on the quantu
mechanical treatment of the total impedance of EMEZt(v)
replaced by a set of harmonic oscillators~i.e., a set ofLC
circuits in a circuit model! with energy quantum\v, in ac-
cordance with the spirit of Caldeira and Leggett.7 ~2!. Phase
fluctuation of the EME fluctuates the junction surfa
charges~e.g., by coupling with the zero-point oscillation o
through a commutation relation between phase fluctuatiow̃

in the environment and charge fluctuationQ̃ on the junction
surface~i.e., @w̃,Q̃#5 ie), smearing out Coulomb blockade
To realize the first interpretation and avoid the second in
pretation, the real part ofZf(v) (Re@Zf(v)# must be much
larger than resistance quantum (RQ5h/e2;25.8 KV). This
is the key factor in PC theory.Zt(v) also must be closely
connected to a single junction as a high impedance trans
sion lineRL (@RQ), to avoid the second interpretation.

To our best knowledge, an interpretation has been th
retically studied well,1–3 whereas only a few works exper
mentally reported it only by the data fitting to conductan
vs voltage features@i.e., data fitting by Eqs.~1!–~3! shown in
later section#.4–6 None directly confirmedhow the energy
transfer was performed in actual systems, nevertheless, it is a
0163-1829/2001/63~7!/073406~4!/$15.00 63 0734
th
a

f
n-
-

n
-
s-
d
in
n

f

x-

-

r-

is-

o-

very important problem from the viewpoint of quantum m
chanics with energy dissipation.

On the contrary, the second interpretation has been
perimentally well confirmed~e.g., by Cleland8 and Delsing,9

carefully treating the contribution of parasitic capacitanc!.
Clelandet al. also explained the Coulomb blockade by t
junction charge fluctuation calculated from a quantu
Langevin equation employing Nyquist voltage noise cau
in the LCR transmission line. It should be noticed that h
model did not employ any energy dissipation in the EM
We therefore ask a question ‘‘Is the first interpretation (en-
ergy transfer) actually indispensable to yield Coulom
blockade in realistic systems?’’ The purpose of this work is
to clarify that question.

Here, since the connection of the high impedance le
line RL automatically leads to a highZt(v), it is difficult to
distinguish the first interpretation from the second one.
this report, we try to utilize a localization effect, a typic
phase interference effect of electron waves, as the h
Zt(v). From the viewpoint of the first interpretation,Zt(v)
in the LC mode should correspond to a delay of surfa
electron charge propagation related to electron-phonon s
tering in the EME in actual systems. In contrast, when
single junction is coupled only with a resistive wire~an
Ohmic resistor! described by the frequency independent i
pedanceZ(v)5R, the system isRC circuit. Energy transfer
by exciting this RC mode should directly coincide with
electron-phonon scattering in the Ohmic resistance in ac
systems. Here, since a localization effect is basically an e
tic process, any energy cannot be transferred there in ac
dance with Landauer theory.11 If, therefore, Coulomb block-
ade is observable even in this system, it will imply that t
first interpretation~energy transfer! is not necessarily re-
quired in actual systems. In other words, only avoiding
phase fluctuation by connecting a highRL can yield Cou-
lomb blockade. In this paper, we used multiwalled carb
nanotubes~MWNT’s! to introduce a localization effect be
cause it is already known that it exhibits weak localizati
with resistance higher thanRQ ,10 nevertheless, weak local
ization is a small quantum correction in the theory of co
densed matters.11
©2001 The American Physical Society06-1
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BRIEF REPORTS PHYSICAL REVIEW B 63 073406
Although Coulomb oscillation also has been already
ported in single-walled carbon nanotube systems with mu
tunnel junctions,12 it should be emphasized that this repo
has quite a different physical meaning from those.

We measured the static electric characteristics of
sample shown in Fig. 1~a!. Figure 2~a! clearly exhibits a
zero-bias conductance (G0) anomaly. The shape ofG0

FIG. 1. ~a! Schematic cross section of the sample, an array
single tunnel junctions connected to multi-walled carbon nanotu
~MWNT’s! ~i.e., array of Al/Al2O3 /MWNTs). We have simply in-
terpreted the measurement result as a superposition of
MWNT’s characteristic, because of the large enough spac
among the MWNTs and the very high uniformity of structure p
rameters~e.g., half width of pore diameter distribution less th
10%!. ~b! Scanning electron microscope~SEM! image of the ex-
posed MWNT array.~c! Cross sectional high resolution transmi
sion electron microscope~CSHRTEM! image of one-side shells o
MWNT with about 26 layers, as indicated by the arrow.
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anomaly is drastically varied nearT55 K and the shape a
2 K is quite different from the inset.13,14 It is evidence that
the nanomaterials connected to single tunnel juncti
strongly contributes to theG0 anomaly. TheG0 anomaly in
Fig. 2~a! can be mathematically fit by phase correlation~PC!
theory as shown in Fig. 2~b! and as explained in the late
paragraph, whereas that in the inset of Fig. 2~a! cannot be
directly fit by PC theory. Its first derivative~i.e., dG/dV vs
V curve! is fit by Nazarov’s theory introducing an electron
electron interaction to the EME of Coulomb blockade13 as
shown in the left inset of Fig. 2~b!. This large difference is
also evidence that Coulomb blockade in the single-junct
system can be much influenced by mesoscopic phenome
the nanowires directly connected.

Figure 2~c! distinguishes the temperatures to the follo
ing three regions,~1!. Above 10 K:linear G0 vs log(T) rela-
tion, ~2! 5–10 K: its saturation region, and~3! Below 5 K:
linear G0 vs temperature relation~see the upper inset!. This
linear G0 vs temperature relation was also observable in
lower inset. This provides strong qualitative and quantitat
evidence of Coulomb blockade in an array of single jun
tions located in parallel~i.e., as a temperature dependence
averagedG0) as we have implied in Ref. 13, when one n
glects the influence of the external environment. In additi
this linear relation disappears in the sample without a tun
barrier. It also supports the presence of Coulomb blocka
The temperature of 5 K also agrees with that at which
shape of theG0 anomaly starts to change in Fig. 2~a!. It is
also consistent with this temperature region.

In order to clarify the correlation of this Coulomb block
ade with PC theory, we first numerically calculate aG vs V
curve, normalized by tunneling resistance (Rt) and the num-
ber of junctions, using Eqs.~1!–~3! from PC theory.1,2 We
then fit theG vs V curve measured at 2 K in the Coulomb
blockade regime in Fig. 2~a! by the calculation result. Here
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FIG. 2. ~a! Al/Al 2O3 /MWNT array: Temperature dependence of a typical conductance (G5dI/dV) vs voltage (V) curve. Inset:G vs V
curve of an Al/Al2O3/Ni-nanowires array, fabricated in the porous Alumina membrane with the exactly same structure parameters
1~a! ~Ref. 13!. ~b! Data fitting toG vs V curve of ~a! by phase correlation theory. The solid line was numerically calculated from
~1!–~3!. Left inset: Data fitting todG/dV vs V curve of the~a! inset by Nazarov’s theory~Ref. 13!. Right inset: CSHRTEM image of the
top part of MWNT. ~c! Temperature (T) dependence ofG0 shown in~a!. The solid line is the result calculated by Eq.~4!. Upper inset:
Linear G0 vs temperature relation at temperatures below 5 K in ~c!. Lower inset: Ni-nanowire system; Temperature dependence ofG0,
indicating a linearG0 vs temperature relation at low temperatures.13
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BRIEF REPORTS PHYSICAL REVIEW B 63 073406
Rt is 300 KV (@RQ) from the measurement and we al
employed a lumpedRC as the simplest case, because
inductance~L! related characteristics of MWNT is not ye
clarified. Hence, the fitting parameters are the resistanc
external environment (Rext) and junction capacitance~C! as
RQ /Rext and\vRC /kT, wherevRC51/(RextC).

I ~V!5
12e2beV

eR1
E

2`

1`

dE
E

12e2bE P~eV2E!, ~1!

P~E!5
1

2p\ E
2`

`

dteJ~ t !1 i ~E/\!t, ~2!

J~ t !52E
2`

` dv

v

Re@Zt~v!#

RQ

e2 ivt

12e2b\v , ~3!

where b is the 1/kT and Zt(v)51/@ ivC1Z(v)21# is the
total EME impedance consisting of junction capacitanceC in
parallel with an external environment impedanceZ(v)
5Rext in a RCcircuit model.J(t), P(E), andI (V) are phase
correlation functions, Fourier transform ofJ(t), and the tun-
nel current, respectively.

These three equations well represent the general argu
of PC theory mentioned in the introduction part. Phase fl
tuation of the junction surface charges caused by the tun
ing electrons and its time evolution lead to Eq.~3! through
the commutation relation between charge and phase. Tun
ing current~probability! is obtained from Eq.~1! by pertur-
batively treating the tunneling Hamiltonian using Ferm
golden rule andP(E), which is interpreted as a probabilit
density for the tunneling electrons to transfer the energy
exciting the EME mode described byJ(t). If Re@Zt(v)#/RQ is
much smaller than one in Eq.~3!, P(E) becomes delta func
tion d(E) and, thus, Coulomb blockade disappears in Eq.~1!
~i.e., the first interpretation!. In that case,J(t) and then phase
fluctuation w̃ can also be neglected. Hence, charge fluct
tion Q̃ diverges due to@w̃,Q̃#5 ie, smearing Coulomb
blockade voltagee/2C ~i.e., the second interpretation!.

As shown by the solid line in Fig. 2~b!, the measuremen
and calculation results are in excellent agreement in
weak tunneling case~i.e., Rt of 300 KV.RQ). The best fit-
ting gives theRext of 450 KV and Re@Zt(v)# with the same
order value asRext, which implies the value larger thanRQ .
This Rext of 450 KV should be due mainly to the resistan
of MWNT (RNT) in our system, because only MWNT wa
directly connected to the single junction and the resistanc
the gold contact layer with the gold/MWNT interface was
most on the order of 100V. The low interface resistanc
originates from the diffusion of gold particles deposited
the top contact layer into the MWNT by high-temperatu
annealing, as shown in the right inset of Fig. 2~b!. The value
of 450 KV as the resistance of MWNT is also in good agre
ment with that in a previous report.10 We, therefore, con-
clude that the MWNT acts as a high impedance EME for t
Coulomb blockade.

The origin of this high impedance of MWNT is the ke
point for this report. As we expected, it can be qualitative
understood as a result of a localization effect from the cu
fitting shown in Fig. 2~c!. As shown by the solid line, theG0
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vs temperature characteristic is in nice agreement with
following formula of two-dimensional~2D! weak localiza-
tion of MWNT,10 except for the Coulomb blockade temper
ture region:

G~T!5G~0!1
e2

2p2\

npd

L
lnF11S T

Tc~B,ts!
D pG , ~4!

wheren, d, L, andts are the number of shells, the diamet
of the inner shell of the MWNT, the length of the MWNT
and the relaxation time of spin-flip scattering, respective
The best fitting givesn518, p52.1, andTc510 K. Here,
the Coulomb blockade obstructs the observation of the t
perature dependence of the localization effect at the low t
peratures. It is, however, revealed by applying magnetic fi
along the tube axis as shown in Fig. 3 and as explained in
Altshuler-Aronov-Spivak~AAS! effect the latter part. The
positive magnetoresistances~MRs! around zero magnetic
field in Figs. 3~a! and 3~b! imply that this localization is an
antilocalization effect, in which phases of electron waves
locked in opposite to that of weak localization~i.e., with the
phase difference ofp!. It has been already reported in
two-dimensional gold film16 and the AAS effect in magne
sium tube,15 with strong spin-orbit interaction. Since the go
particles diffuse into the MWNT in our structure as shown
the right inset of Fig. 2~b!, it can cause this antilocalizatio
qualitatively similar to Refs. 15 and 16. In contrast, t
samples with the top contact layers of carbon and alumin
which have less spin-orbit interaction, exhibit negative M
aroundB50, which are consistent with weak localization,
shown in Fig. 3~c! and 3~d!, respectively. This is strong evi
dence that the resistance of the MWNT is associated wi
localization effect.

Consequently, these results and analyses@i.e., ~1! the lin-
ear G0 vs temperature dependence supporting the prese

FIG. 3. ~a! Magnetoresistance~MR! in the Coulomb blockade
temperature regime in the Gold contact sample. Magnetic field
applied along the tube axis as shown in Fig. 1~a!. ~b! MR oscillation
in the Platinum contact sample.~c! MR oscillation in the Carbon
contact sample.~d! MR oscillation in the Aluminum contact
sample. Inset of~b!: Observed MR oscillation perioddB vs inverse
of square mean radius (r 22) @10233nm22# of MWNT obtained
from HRTEM image in each sample. The dot line means a lin
relation, supporting AAS oscillation.
6-3
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BRIEF REPORTS PHYSICAL REVIEW B 63 073406
of the Coulomb blockade,~2! Coulomb blockade is fit by
Eqs.~1!–~3! with about 450 KV of the EME impedance,~3!
the EME impedance can exist only in the MWNT direct
connected to the junction, and~4! the origin of the highly
resistive MWNT is associated with antilocalization effec#
implies that the localization effect in the MWNT yield
Re@Zt(v)# higher thanRQ by coupling a junction capacitanc
C as theRC mode in PC theory and contributes to Coulom
blockade.

Since, however, antilocalization effect is basically
elastic process, the tunneling electrons cannot transfer
charging energy there as discussed in the introduct
Therefore, we conclude that~1! the energy transfer in the
EME with an impedance higher thanRQ is not necessarily
required and~2! Coulomb blockade in single-junction sys
tems can be caused only by avoiding the phase fluctuatio
connecting a highRL(@RQ). Of course, tunneling of elec
trons must be suppressed by transferring the energy so
where from the point of view of quantum mechanics w
energy dissipation, leading to Coulomb blockade. It will
performed in the other part of the external environment~i.e.,
metal reservoirs in which Landauer theory assumes qu
energy dissipation! with an impedance smaller thanRQ .

In accordance with this discussion,P(E) in Eqs.~1! and
~2! should be reinterpreted asthe other probability, which is
not associated with the energy transfer probability of the t
neling electrons to the EME. Here,P(E) is the Fourier trans-
form of J(T)5^@w̃(t)2w̃(0)#w̃(t)&, a time evolution of
phase fluctuationw̃ in the EME, and the origin of the phas
was defined as w(t)5e/\*2`

t dtV(t), where V(t)
5Q(t)/Cj is the voltage across the tunnel junction.1 The
phase interference effect in localization also originates fr
this definition. Hence,J(t) is a time evolution ofw̃ but
should be attached to the localization effect so as no
destroy phase coherence in the MWNT. In the sense,P(E)
may be reinterpreted as a transmission probability of e
trons, associated withJ(t) in the localization regime, in the
MWNT.

Otherwise, we may have to perform more careful d
fitting from the following points.~1! Junction capacitanceC:
We usedC obtained in Ref. 13. Since theC was estimated
from data fitting by Nazarov’s theory, it is not yet expe
mentally confirmed,~2! Parasitic capacitanceCp : We did
not take into consideration the influence of theCp of
l.
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MWNT. When we definedL5t3c ~where t;h/eV, c is
the velocity of light in vacuum! as the geometry for an ef
fectiveCp based on the horizontal model9,17 and included the
Cp in the data fitting, it did not exhibit perfect agreement.Cp

for better agreement should be smaller than that calcula
from L5t3c. To explain this difference, a smaller velocit
instead of ‘‘c’’ may have to be employed, because o
MWNT has a very disordered surface, and~3! LCR model:
We also have employed theRC mode as a lumped circui
model in PC theory here. Since, however, MWT has distr
utedL, R, andC including thisCp in the actual system, the
LCR transmission line model will have to be introduced1

However, even if apart from these data fitting problems,
linear G0 vs. temperature dependence~the high impedance
EME, which exists only in the MWNT directly connected t
the junction! and its dependence on the localization effe
will support our conclusion.

In order to reconfirm that the localization effect actua
contributes to Coulomb blockade, we modulate the phas
electron waves in the MWNT by applying a magnetic field
the Coulomb blockade temperature regime. Since the C
lomb blockade is basically independent of the magnetic fi
applied, this result will clarify it. As shown in Fig. 3~a!, the
R0 vs. magnetic field~B! relation exhibits oscillation. Such
an oscillation in MWNT has been understood as the A
effect in a graphite cylinder,15–17 which originates from
phase interference of the electron waves encircling the
inder in opposite directions, and modulated by magnetic fl
enclosed with an oscillation periodDB5(h/2e)/(pr 2),
wherer is the radius of cylinder. The inset of Fig. 3~b! shows
theDB vs r 22 relation using the radii measured by HRTEM
It exhibits the linear relation and the order of the slope
10216, coinciding with the order ofh/2ep. This is evidence
of AAS oscillation and therefore strongly supports that th
Coulomb blockade depends on the electron phase inte
ence of the MWNT as the EME.
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