PHYSICAL REVIEW B, VOLUME 63, 073406

Coulomb blockade related to a localization effect in a single
tunnel-junction/carbon-nanotube system
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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 impeda#ggo) higher than quantum resistance. Our high
Z(w), 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?
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Coulomb blockade, a typical phenomenon associated witkiery important problem from the viewpoint of quantum me-
single electron tunneling, has been successfully observed inghanics with energy dissipation.
variety of systems. Recently, its correlation with a phase of On the contrary, the second interpretation has been ex-
electron waves and spins in the external electromagnetic eperimentally well confirmede.g., by Clelanfiand Delsing’
vironment(EME) has attracted much attention because Coucarefully treating the contribution of parasitic capacitance
lomb blockade is very sensitive to its EME. Most of such Clelandet al. also explained the Coulomb blockade by the
studies have been performed in multijunction systems. Oitinction charge fluctuation calculated from a quantum
the contrary, no work has reported it in single-junction sys-Langevin equation employing Nyquist voltage noise caused
tems. It is because Coulomb blockade in single-junction sysin the LCR transmission line. It should be noticed that his
tems is too sensitive to the electron phase in its EME andnodel did not employ any energy dissipation in the EME.
hence provides characteristics quite different from those iYVe therefore ask a questioris‘the first interpretation (en-

multijunctions. It has been well known as phase correlatio rgy tran;fer) {icf[ually indispensable to yielq COU'me
(PO) theoryl2 lockade in realistic systerfd The purpose of this work is

}0 clarify that question.
Here, since the connection of the high impedance lead
line R, automatically leads to a high(w), it is difficult to

: . distinguish the first interpretation from the second one. In
is suppressed by transferring the energy to the EME by Ahis report, we try to utilize a localization effect, a typical

citing environmental mode®.g.,LC andRC circuit mode$, : .
leading to Coulomb blockade. It is based on the quantumphase interference effect of electron waves, as the high

. ) Z(w). From the viewpoint of the first interpretatios,( w
mechanical reatment of the total impedance of EREw) int(th)e LC mode shoupld correspond to a IC():ielay oft(su)rface
replaced by a set of harmonic oscillatdi®., a set ofLC

.o ; . lectron char r ion rel lectron-phonon -
circuits in a circuit modelwith energy quantuntw, in ac- electron charge propagation related to electron-phonon scat

. o . tering in the EME in actual systems. In contrast, when a
;or(;iant(.;e W'trf] tthhe s%mg gal?elia ar][?] Le.gde?_Z). Phas}e single junction is coupled only with a resistive wifan
uctuation o € EW uctuates he junction surtace o, ;. resistor described by the frequency independent im-
charges(e.g., by coupling with the zero-point oscillation or

. . . pedanc&(w) =R, the system ifRC circuit. Energy transfer
through a commutation relation between phase fluctuagion by exciting this RC mode should directly coincide with

in the environment and charge fluctuatiQnon the junction  electron-phonon scattering in the Ohmic resistance in actual
surface(i.e., [¢,Q]=ie), smearing out Coulomb blockade. systems. Here, since a localization effect is basically an elas-
To realize the first interpretation and avoid the second intertic process, any energy cannot be transferred there in accor-
pretation, the real part af;(w) (RgZi(w)] must be much dance with Landauer theofy.If, therefore, Coulomb block-
larger than resistance quantuiRd= h/e’~25.8 KQ). This  ade is observable even in this system, it will imply that the
is the key factor in PC theoryZ,(w) also must be closely first interpretation(energy transferis not necessarily re-
connected to a single junction as a high impedance transmistuired in actual systems. In other words, only avoiding the
sion lineR (>Rg), to avoid the second interpretation. phase fluctuation by connecting a high can yield Cou-

To our best knowledge, an interpretation has been thedemb blockade. In this paper, we used multiwalled carbon
retically studied well,™® whereas only a few works experi- nanotubeSMWNT’s) to introduce a localization effect be-
mentally reported it only by the data fitting to conductancecause it is already known that it exhibits weak localization
vs voltage featuref§.e., data fitting by Eqg(1)—(3) shown in  with resistance higher thaRq ,19 nevertheless, weak local-
later section*~® None directly confirmechow the energy ization is a small quantum correction in the theory of con-
transfer was performed in actual systemevertheless, itisa densed matters.

PC theory explains the roles of the phase fluctuation o
EME on Coulomb blockade in single-junction systems, from
the following two viewpoints(1). The tunneling of electrons
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anomaly is drastically varied nedr=5 K and the shape at
2 K is quite different from the inséf* It is evidence that

a6 the nanomaterials connected to single tunnel junctions

electron interaction to the EME of Coulomb block&tias
shown in the left inset of Fig.(®). This large difference is
also evidence that Coulomb blockade in the single-junction
system can be much influenced by mesoscopic phenomena in
the nanowires directly connected.

Figure Zc) distinguishes the temperatures to the follow-
ing three regions(1). Above 10 Kilinear G, vs log(T) rela-

FIG. 1. (8) Schematic cross section of the sample, an array ofion, (2) 5-10 K: its saturation region, an8) Below 5 K:
single tunnel junctions connected to multi-walled carbon nanotubelin€ar Go vs temperature relatiotsee the upper insetThis
(MWNT's) (i.e., array of AI/ALO;/MWNTS). We have simply in-  linear G, vs temperature relation was also observable in the
terpreted the measurement result as a superposition of ead@wer inset. This provides strong qualitative and quantitative
MWNT’s characteristic, because of the large enough spacingvidence of Coulomb blockade in an array of single junc-
among the MWNTSs and the very high uniformity of structure pa- tions located in paralldii.e., as a temperature dependence of
rameters(e.g., half width of pore diameter distribution less than averagedS,) as we have implied in Ref. 13, when one ne-
10%). (b) Scanning electron microscof€EM) image of the ex-  glects the influence of the external environment. In addition,
posed MWNT array(c) Cross sectional high resolution transmis- this linear relation disappears in the sample without a tunnel
sion electron microscopCSHRTEM image of one-side shells of parrier. It also supports the presence of Coulomb blockade.
MWNT with about 26 layers, as indicated by the arrow. The temperature of 5 K also agrees with that at which the

shape of the5, anomaly starts to change in Fig@2 It is

Although Coulomb oscillation also has been already re-also consistent with this temperature region.
ported in single-walled carbon nanotube systems with multi- In order to clarify the correlation of this Coulomb block-
tunnel junctions? it should be emphasized that this report ade with PC theory, we first numerically calculat&avs V
has quite a different physical meaning from those. curve, normalized by tunneling resistanég)(and the num-

We measured the static electric characteristics of thder of junctions, using Eqg1)—(3) from PC theory:? We
sample shown in Fig. (&). Figure 2a) clearly exhibits a then fit theG vs V curve measuredt® K in the Coulomb
zero-bias conductanceGg) anomaly. The shape o6, blockade regime in Fig.(2) by the calculation result. Here,

(a) Ly u Contact Alumina Film strongly contributes to th&, anomaly. TheG, anomaly in
) Fig. 2(a) can be mathematically fit by phase correlati®@®)
BT Mo theory as shown in Fig.(B) and as explained in the later
Single | L paragraph, whereas that in the inset of F_i@) Zannot be
Tunnellrerimmmm directly f|.t by PC theory. Its first de_nvatlv(a._e., dG/dV vs
?ir;':' 0 uif oy Al Substrate V curve is fit by Nazarov’s theory introducing an electron-
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FIG. 2. (a) Al/Al ,O;/MWNT array: Temperature dependence of a typical conducta@eedl/dV) vs voltage ¥) curve. InsetG vsV
curve of an Al/ALOs/Ni-nanowires array, fabricated in the porous Alumina membrane with the exactly same structure parameters as Fig.
1(a) (Ref. 13. (b) Data fitting toG vs V curve of (a) by phase correlation theory. The solid line was numerically calculated from Egs.
(1)—(3). Left inset: Data fitting tadG/dV vs V curve of the(a) inset by Nazarov’'s theorgRef. 13. Right inset: CSHRTEM image of the
top part of MWNT. (c) Temperature T) dependence o6, shown in(a). The solid line is the result calculated by Hd). Upper inset:
Linear G, vs temperature relation at temperatures WwefoK in (c). Lower inset: Ni-nanowire system; Temperature dependendgypf
indicating a lineaiG, vs temperature relation at low temperatutes.
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R; is 300 K (>Rg) from the measurement and we also 62t @ ] asf- (b) Ptcontact ,
employed a lumpedRC as the simplest case, because the E 60 gt T 460 ¢t
inductance(L) related characteristics of MWNT is not yet g 58 RIS £ b l‘ZéAucontac}.
clarified. Hence, the fitting parameters are the resistance of ESG? = ? Er .
external environmentR,,;) and junction capacitand€) as Sdlans, Au contact | T 42; 2; T
Ro/Rex andfiwgc/kT, wherewgc=1/(ReyC)- 520? 4 o ao ; 22 8T
—e BV o E Magnetic field : B[T] ~__ Magnetic field :B[T]
(V)= TeR, f dET_—gp=P(eV-E), (D) 80, Carbon contact] _ | Al contact
: g o300 E
1 (- s L, ol g
P(E)= _f dtedO+iEm ?) = 74 ed s
2mh J - = 72 {c) 581" (d)
“iw PN U WV IR SIS B
J(t)zzfx % R4 Zi(w)] e Ltﬁ , 3) 73.0 05 10 15 sg.o 05 10 15
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FIG. 3. (a) MagnetoresistancéMR) in the Coulomb blockade
temperature regime in the Gold contact sample. Magnetic field was
applied along the tube axis as shown in Figa)1(b) MR oscillation
in the Platinum contact sampléc) MR oscillation in the Carbon
contact sample.(d) MR oscillation in the Aluminum contact

where 8 is the 1kT and Z,(w)=1[iwC+Z(w) 1] is the

total EME impedance consisting of junction capacita@da

parallel with an external environment impedanZéw)

=R, in aRCcircuit model.J(t), P(E), andl (V) are phase

correlation functions, Fourier transform &ft), and the tun-  sample. Inset ofb): Observed MR oscillation perioéiB vs inverse

nel current, respectively. of square mean radiug (%) [10~3xnm 2] of MWNT obtained
These three equations well represent the general argumeindm HRTEM image in each sample. The dot line means a linear

of PC theory mentioned in the introduction part. Phase flucrelation, supporting AAS oscillation.

tuation of the junction surface charges caused by the tunnel-

ing electrons and its time evolution lead to E§) through  vs temperature characteristic is in nice agreement with the

the commutation relation between charge and phase. Tunndbllowing formula of two-dimensiona(2D) weak localiza-

ing current(probability) is obtained from Eq(1) by pertur-  tion of MWNT,° except for the Coulomb blockade tempera-

batively treating the tunneling Hamiltonian using Fermi’s ture region:

golden rule and®(E), which is interpreted as a probability e nmr T p
density for the tunneling electrons to transfer the energy by G(M)=G0)+ z—7 —In[1+|=—%—]| |, &
2wh L T(B,7s)

exciting the EME mode described Byt). If Re[Z(w) /Ry is

much smaller than one in E(g), P(E) becomes delta func- \yheren, d, L, and 7 are the number of shells, the diameter
tion 6(E) and, thus, Coulomb blockade disappears in®}.  of the inner shell of the MWNT, the length of the MWNT,
(i.e., the first interpretationin that case](t) and then phase anq the relaxation time of spin-flip scattering, respectively.
fluctuationg can also be neglected. Hence, charge fluctuaTnhe pest fitting gives1=18, p=2.1, andT,=10K. Here,
tion Q diverges due to[p,Q]=ie, smearing Coulomb the Coulomb blockade obstructs the observation of the tem-
blockade voltage/2C (i.e., the second interpretatipn perature dependence of the localization effect at the low tem-
As shown by the solid line in Fig.(B), the measurement peratures. It is, however, revealed by applying magnetic field
and calculation results are in excellent agreement in oualong the tube axis as shown in Fig. 3 and as explained in the
weak tunneling casé.e., R; of 300 K(1>Ry). The best fit-  Altshuler-Aronov-Spivak(AAS) effect the latter part. The
ting gives theR,,; of 450 K and R¢Z(w)] with the same positive magnetoresistancéMRs) around zero magnetic
order value aRq,;, Which implies the value larger thary, . field in Figs. 3a) and 3b) imply that this localization is an
This Rey; of 450 KQ should be due mainly to the resistance antilocalization effect, in which phases of electron waves are
of MWNT (Ry7) in our system, because only MWNT was locked in opposite to that of weak localizatiGre., with the
directly connected to the single junction and the resistance gfhase difference ofr). It has been already reported in a
the gold contact layer with the gold/MWNT interface was attwo-dimensional gold filtf and the AAS effect in magne-
most on the order of 10@. The low interface resistance sium tube!®with strong spin-orbit interaction. Since the gold
originates from the diffusion of gold particles deposited asparticles diffuse into the MWNT in our structure as shown in
the top contact layer into the MWNT by high-temperaturethe right inset of Fig. &), it can cause this antilocalization
annealing, as shown in the right inset of Figh)2 The value  qualitatively similar to Refs. 15 and 16. In contrast, the
of 450 K() as the resistance of MWNT is also in good agree-samples with the top contact layers of carbon and aluminum,
ment with that in a previous repdff.We, therefore, con- which have less spin-orbit interaction, exhibit negative MRs
clude that the MWNT acts as a high impedance EME for thisaroundB =0, which are consistent with weak localization, as
Coulomb blockade. shown in Fig. &) and 3d), respectively. This is strong evi-
The origin of this high impedance of MWNT is the key dence that the resistance of the MWNT is associated with a
point for this report. As we expected, it can be qualitativelylocalization effect.
understood as a result of a localization effect from the curve Consequently, these results and analyses, (1) the lin-
fitting shown in Fig. 2Zc). As shown by the solid line, th&,  ear Gy vs temperature dependence supporting the presence
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of the Coulomb blockade(2) Coulomb blockade is fit by MWNT. When we defined.=rxc (where r~h/eV, c is
Egs.(1)—(3) with about 450 K} of the EME impedance(3)  he velocity of light in vacuumas the geometry for an ef-
the EMEdlmpegan_ce can ems; onr:y in the N;WhNTh(,j'ﬁCﬂy fective C, based on the horizontal modeél and included the
connected to the junction, ard) the origin of the highly C, in the data fitting, it did not exhibit perfect agreemedf.

resistive MWNT is as_soc_lated with _antllocahzatmn e_fﬂect for better agreement should be smaller than that calculated
implies that the localization effect in the MWNT yields from L= rXc. To explain this difference, a smaller velocity

R Z(w)] higher thanRq by coupling a junction capacitance . .
; : instead of ‘t” may have to be employed, because our
C as theRC mode in PC theory and contributes to Coulomb MWNT has a very disordered surface, a@l LCR model:

bloé:(nacdee. however, antilocalization effect is basicall anWe also have employed tHRC mode as a lumped circuit
' ’ Y aNmodel in PC theory here. Since, however, MWT has distrib-

elastic process, the tunneling electrons cannot transfer an¥edl R andC including thisC, in the actual system, the

charging energy there as discussed in the intrqductior‘tCR t;an,smission line model v?/ill have to be introdtléed.

-lE—rl\]/lelge\f/Si;ﬁ,avxeiniozggjgfetnfnrzetrhteh enezgyngtazzl;egs'sna:ﬁ]e However, even if apart from these data fitting problems, the
P 9 &R Y linear Gy vs. temperature dependengbe high impedance

required and2) Coulomb blockade in single-junction sys- gy e hich exists only in the MWNT directly connected to
tems can be caused only by avoiding the phase fluctuation b[ '

connecting a highR_ (> Ro). Of course, tunneling of elec- ¥1_(ﬁ junction and its :jependence on the localization effect
trons must be suppressed by transferring the energy som\év-I support our conciusion. o
In order to reconfirm that the localization effect actually

where frqm.the. point Of. view of quantum mechanics .W'th contributes to Coulomb blockade, we modulate the phase of
energy dissipation, leading to Coulomb blockade. It will beelectron waves in the MWNT by applying a magnetic field in
performed in t_he qther part of the external environiest, . the Coulomb blockade temperature regime. Since the Cou-
metal reservairs in .Wh'Ch. Landauer theory assumes quic mb blockade is basically independent of the magnetic field
energy dISS'pat'ohW.'th an |m_pedan_ce sma_lller thay, . applied, this result will clarify it. As shown in Fig.(8), the

In accordance with this discussioR(E) in Egs. (1) and Ry vs. magnetic fieldB) relation exhibits oscillation. Such

(2) ShOUId. be reinterpreted ése other probabilit_y_which IS an oscillation in MWNT has been understood as the AAS
not associated with the energy transfer probability of the tun-

. . . effect in a graphite cylinde?1” which originates from
neling electrons to the EME. HerB(E) is the Fourier trans- : g )
form of J(T)=([%(t) —3(0)]&(1)), a time evolution of phase interference of the electron waves encircling the cyl

- - inder in opposite directions, and modulated by magnetic flux
phase fluctuatiofp in the EME, and the origin of the phase enclosed with an oscillation periocB= (h/2e)/(mr?),

was defined as o(t) =e/h [ .dtv(t), where V(1) \yherer is the radius of cylinder. The inset of Figt8 shows
=Q(1)/C; is the voltage across the tunnel junctiofhe  {ha AB vsr 2 relation using the radii measured by HRTEM.
phase interference effect in localization also originates fromy gypipits the linear relation and the order of the slope of
this definition. Hence,J(t) is a time evolution ofg but  14-16 coinciding with the order oh/2er. This is evidence
should be attached to the localization effect so as not Q¢ Aas oscillation and therefore strongly supports that this

destroy phase coherence in the MWNT. In the SeR%&)  coylomb blockade depends on the electron phase interfer-
may be reinterpreted as a transmission probability of elecance of the MWNT as the EME.

trons, associated with(t) in the localization regime, in the
MWNT. We sincerely thank M. Ueda, M. Buttiker, B. L. Altshuler,
Otherwise, we may have to perform more careful datay. Imry, X. H. Wang, and W. Oliver for very useful sugges-
fitting from the following points(1) Junction capacitancgé:  tions, the J. M. Xu group for sample preparation and the
We usedC obtained in Ref. 13. Since theé was estimated SEM image. This work was financially supported by the
from data fitting by Nazarov's theory, it is not yet experi- MST, and the scientific research project both on the basic
mentally confirmed,(2) Parasitic capacitanc€,: We did  study B and on the priority area of the Japanese Ministry of
not take into consideration the influence of tiy, of  Education, Science, Sports, and Culture.
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