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Coulomb blockade related to mutual Coulomb interaction in an external environment
in an array of single tunnel junctions connected to Ni nanowires
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The Coulomb blockadéCB), which depends on the mutual Coulomb interacibtCl) in external electro-
magnetic environmen{&ME’s), is reported in an array system of single tunnel junctions connected directly to
disordered Ni nanowire§.e., an array of a disordered Ni nanowireB%/Al system located in parallgl
fabricated using a nanoporous Al film template. The observed zero-bias conduc&y)canpmaly and its
linear G, versus temperature relation qualitatively agree with the CB observations of Zeller and Giaever and
of Cleland, Schmidt, and Clarke. The CB is also quantitatively confirmed from the extended Zeller-Giaever
model in a tunnel-junction array. In the high-voltage region, only one-dimensia@®aIMCI following the
Altshuler-Aronov formula in a disordered Ni wire dominates the conductance mechanism with the absence of
the CB. In contrast, in the lower-voltage region, the CB mentioned above emerges at temperatures below a
phase-transition temperaturé.f, accompanied by the 1D MCI in the Ni wire. The MCI plays the key roles
of high-impedance EME and transmission line following the phase correlation theory of the CB. It is found that
the CB is very sensitive to the diffusion coefficigit) of the MCI, resulting in the lineaF ;-vs-D*? relation.

For this relation, we propose as one possible model, that the charging energy of the CB competes with the
energy quantum of fluctuation of the Nyquist phase breaking caused by multiple Coulomb scattering in the Ni
nanowire. This lineaf.-vs-D¥? relation is reconfirmed by the Ni-wire diameter dependencd af The
magnetic field dependence of tlig-versus-temperature relation obviously supports the actual preseiige of

with different conductance mechanisms for the temperatures above and Below

. INTRODUCTION RgZ(w)] including the highR, region also must have
enough small parasitic capacitance to observe a cleal?CB.
The Coulomb blockadéCB) has been experimentally re- Cleland, Schmidt, and Clarke successfully reported on the
ported in a variety of nanotunnel junction systerigsg., G, anomaly and CB in one single-junction system, develop-
metal nanoparticle array systems, quantum dots, and th@g the PC theory.The first goal of this work is to report on
other nanojunction systems fabricated by semiconductoihe G, anomaly and its linea®,-versus-temperature relation
nanotechnologies and scanning probe microsgofteis also  in an array of single junctions located in parallel, which was
successfully understood by many theoretical wdekg., the  never fabricated in past work, and to identify it as the CB.
orthodox theory proposed by Averin and LikharéWlost  These findings are actually consistent with the reports by
experiments have been basically performed in multitunnefeller and Giaever and by Cleland, Schmidt, and Clarke in
junction (MTJ) systems. For instance, Zeller and Giaeversome respect, suggesting the presence of a CB.
first reported a zero-bias conductan€) anomaly and its Here, since the CB is very sensitive to the external envi-
linearG, versus temperature relation in the array of Sn nanoronment(EME) as mentioned above, correlation of CB with
partcles located in parallét. They explained th&, anomaly  the mesoscopic phenomena in the EME has recently at-
by introducing the charging effect of the nanopartifle.,  tracted much attentiohr® In multijunction systems, some
capacitance modelThe linearGy-versus-temperature rela- works successfully revealed the correlation of the CB with
tion was also interpreted by the contribution of many nanothe phase interference of electron waféise spin interaction
particles with distributed charging energli{). In contrast, of electrons, and the fluctuatiorfe.g., electron phase coher-
only a few have been reports successfully given on the CB iRnce, which is never destroyed even in a quantum dot in-
a single tunnel junctiodSTJ) system, because it is difficult serted in an Aharanov-Bohm ring except for the case of spin
to fabricate an external electromagnetic environm{&ME)  coherencé,and the many-body effect in an artificial athm
satisfying the phase correlatidRC) theory of the CB in a On the other hand, in the single-junction system, our past
single-junction system. In PC theory, unless the real part ovork has experimentally reported on the CB associated with
the total impedance of the EMERg Z(w)]) is larger than the the repulsive mutual Coulomb interactigdCl) in the EME
resistance quantuio~h/e?=25.8 K2, the tunneling elec- and with the extended PC theory proposed by NazatoV.
tron cannot transfer its energy to the external environmenthe second goal of this work is to clarify the detailed corre-
(EME). In addition, unless the high-impedance transmissioration of the CB with the MCI in an external environment,
line (RL>Rg) is closely connected to a single junction, based on the confirmation of the CB mentioned above.
zero-point oscillations caused by the EME fluctuation In our previous works, we briefly discussed the CB and its
modify the surface charges on the junction. They easilycorrelation with the MCI in the same system as that in this
smear out the CB? Furthermore, the geometry of the high work (i.e., an array of Al/A}JO5/Ni nanowire STJg*0~12
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from the following two viewpoints. is sensitive to a diffusion coefficieD) of the MCI, result-

(1) Nazarov's theory***In PC theory, the external envi- ing in the linearT,-vs-DY? relation. The origin of linear
ronment(EME) plays two key roles for the CB ina ST®  T_-vs-D? relation is interpreted as coming from the com-
the tunneling electron transfers its energy to the EME, leadparison ofE, with an energy quantum of phase fluctuation
ing to the CB, andb) EME phase fluctuationgp) causes a caysed by the MCI. In Sec. Il E, the line@g-vs-D? rela-
charge fluctuation@) on the junction surface by coupling tjon is reconfirmed by the linear wire diameter dependence
with zero-point oscillation(or by the commutation relation of T_. In Sec. Il F, the presence %, and different conduc-
[¢,Q]=ie), smearing out the CB. For the first process,tance mechanisms classifiedTatare obviously reconfirmed
R Z(w)] must be larger thaR, and to avoid the second py  the magnetic field dependence of the
process, highr, must be closely connected to a single junc- G .versus-temperature relation.
tion. Since this connection of higR, automatically results
in high R¢Z(w)], the first process can also occur for high
R, . Nazarov extended this PC theory to the CB, which de-
pends on the MCI in the external environméhtVe fitted
the second derivative of measured curredit (dV?) in our A. Sample structure and measurement method

samples with different wire diameters by his theory at a fixed Figure Xa) shows a schematic overview of the sample

temperatur? -(.: 1.5K) and |Qentlfled the tunnel structure structure fabricated by using a nanomatefia., a nanopo-
parameters! Since they were in good agreement and reason. < alumina film tem |ateNAT)].2-22The NAT with high
able values, we concluded that the results concur with a Cé . . piat = g
related to the MCI following Nazarov's theory. packing density of nanosized diameter pores was simply fab-

(2) Comparison with previous reports of the CB and thericat'EOI b_y anodizing apure Al substrate_iQSQ. Each pore .
theory for MCI in disordered conductot¥ The linear automatically has a single tunnel barrier layer between_ its
G,-versus-temperature relation observed was very roughlPOttom an_d the Al su_b_strat_e. Bec_ause_ of the self-organ_|zed
compared with two previous experimental restifsand growth, thIS NAT exh|b_|t_s high uniformity, high repeatabil-
identified as a CB? The presence of MCI in the Ni nanowire ity, and high controllability of the nanostructure parameters
was also identified from th&-vs-VY2 curve fitting by the (e.g., pore diameter and thickness of the tunnel barrier layer
Altshuler-Aronov theory. We pointed out a possibility that In this work, Ni was electrochemically deposited into the
the MCI plays the role of higi, for the CB. The Altshuler- nanopores. Thus, this system is an array of Ni nanowire/
Aronov theory basically employs a calculation of the densityAl O3/Al structure(single junctions connected directly to Ni
of states in which MCl was treated as its quantumnanowire$ located in parallel. The structure parameters of
correction** Hence, it is very different from Nazarov's the Ni wire and the tunnel junction were confirmed by
theory, because the charging eff&gt of the tunnel junction atomic force microscopyAFM), scanning electron micros-
capacitance was never considered. In this viewpoint, the CBopy (SEM), and high-resolution cross-sectional transmis-
and MCI were separately discussed. Also, other necessasjon electron microscopgTEM).10-12
conditions for a CB were discusséd.g., the influence of Figure Xb) shows a typical high-resolution cross-
many STJ’s located in parallel and the parasitic capacitanceectional TEM image of one Ni wire including the bottom
of the long resistive Ni wire on the QB° part. One can actually observe the tunnel barrier layer and Ni

Although they discussed the presence of the CB related tnanowire of the order of 10 nm in the thickness and the
the MCI, no detailed features of the CB, MCI, and their diameter, respectively. In addition, very small interference
correlation were clarified. In particular, the correlation of thepatterns on the order of subnanometer diameter are visible in
temperature dependence was never reported. In this work, vihe Ni wire. It suggests that the Ni wire is in a disordered
clarify these points focusing on the temperature dependencstructure. This, however, never points to the presence of
of resistancéconductanckg taking into account the Altshuler electrical discontinuity grains, because the thickness of a
and CB theories. In Sec. ll, experimental results are pregrain boundary is thin, in the subnanometer range, and any
sented. In Sec. IIlAG, anomaly and the lineaBy-versus insulator layers cannot be introduced in our electrochemical
temperature relation are discussed based on the CB obsendeposition process. It also never indicates subnanoparticle
tions of Zeller and Giaever and of Cleland, Schmidt, andarrays with a charging effect like the Zeller-Giaever system,
Clarke. Based on the extended Zeller-Giaever capacitandeecause such thin boundary layers in Ni cannot quantita-
model, it is quantitatively confirmed that th@, anomaly tively have a tunnel resistance larger tag. Furthermore,
originated from the CB in the array of junctions located in no Coulomb staircas@€onductance oscillations observable
parallel with distributedE-. The high-resistance Ni wire in any current-versus-voltag&onductance-versus-voltage
(>Rq) plays the role of the high RE(w)] andR, for the  curves unlike the many previous reports of a metal nanopar-
CB. In Sec. Il B, the one-dimensionglD) MCI following ticle array® as mentioned in the next section. These findings
Altshuler’s theory is discussed, based on the temperature dstrongly support that the Ni wire is electrically continuous in
pendence of the normalized resistance in the high-voltagepite of a disordered structure, and our system is then purely
region. In contrast, in Sec. Il C, the case at low voltages isa single junction/Ni nanowire array system. It is the founda-
discussed. The appearance of the CB at the temperaturéien for our argument.
below a phase-transition temperatufie.) is identified with All electrical measurements were carried out by applying
the 1D MCI at high temperatures>T.). The MCI is the a dc voltage between the Al substrate and the top of all Ni
origin of the high resistance of the Ni wire. In Sec. Ill D, wires, as shown in Fig.(&). The number of electrically ac-
correlation of the CB with the 1D MCI is discussed. The CBtive wire and junction systems is estimated from the ob-

Il. EXPERIMENTAL RESULTS
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FIG. 2. Temperature dependence of conductai@evs V2
features in the positive-voltage region, exhibiting thg anomaly.
The corner voltagesMcg andV,p) were interpreted as the transi-
tion voltages from the 1D MCI to the CB regimes and from the 3D
to the 1D MCI regimes, respectively. Inset: Temperature depen-
dence ofG,. The linearG,-vs-temperature relation as shown by
the dotted line is interpreted as evidence for the CB in the tunnel-
junction array.

(a)

served current order to be at most on the order &t The

magnetic field B) was applied perpendicularly to the axis of
the Ni wire.

B. Measurement results and analyses

Figure 2 shows the temperatuf€ dependence of con-
ductance(G)-versusvV'? curve in the positive-voltage re-
gion. They obviously exhibit th&, anomalies. One corner
voltage noted a¥, is observed around 0.3 V at each tem-
perature, whereas the other corner voltage noted/gs
emerges around 0.12 V only a=1.5K. No conductance
oscillation is observable in any curves as mentioned in Sec.
IIA. Although small conductance oscillations are observed

at some voltage points, they originate from the simple mea-
surement noise because they are independent of temperature.
The inset of Fig. 2 shows the temperat(ife¢ dependence of
Gy. The relation is mostly linear at the temperatures below
about 4 K, because this low-temperature region could not be
fitted by any functions related to the CB, electron transport in
disordered conductors, and hopping conductdeag., G vs
T2, GvsTY GvsIn(M), Rvs T~ Y4 (Refs. 1, 14, and 1§
and only the linear relation gave the best fit. The interpreta-
FIG. 1. (8) Schematic overview of a sample structure, an arraytion of this linearG,-vs-T relation as the CB is discussed in
system of Ni-nanowire/AD;/Al (single tunnel junctions directly Sec. IlIIA.
connected to Ni nanowirgdocated in parallel. It was fabricated Figure 3 shows the temperature dependence of the nor-
using a nanoporous alumina film template, which simply providesnalized resistance at each voltage point, which is below and
unique nanostructures by self-organized growtfl) High-  slightly aboveVcg, in Fig. 2. Data fitting by Eq(1), which
resolution cross-sectional TEM image of one Ni nanowire, includ-is Altshuler’s formula for the 1D MCI in disordered conduc-

ing the tunnel barrier layer at the bottom. One can actually see tors, basically gave the best fit to the linesR/R,-vs-T*?
tunnel barrier and nanowire on the order of 10 nm. parts:

AL O, Tunnel Barrier

(b)
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1+ ~f|“*”l"’ | | | | - is assumed(b) T, in Fig. 3 vs the square root of the thermal dif-

fusion coefficient DY?) of the MCI, obtained from. It implies a
02 03 04 05 06 07 08 09 mostly linear relation as shown by the dotted line.

-1/2 -1/2
T (K™) Figure 5 shows the dependence of the
FIG. 3. Temperature dependence of the normalized resistance %Owersus-temperature relation on the Ni-wire diaméc

each voltage in Fig. 2. The lower four and upper eight features were each fealure, the lineaB,-versus-temperature r.elatlon
measured at the voltage points above and bélgy, respectively. anch_can b_e clearly (_)bserved. They are more obvious than
The dotted line shows the best fitting by the Altshuler-Aronov for- N0S€ in the inset of Fig. 2. The inset shows the dependence
mula for the 1D MCI in disordered conductors. The arrows indicate®f Tc 0N ¢ with the T in the inset of Fig. 2. It exhibits a
phase-transition temperature$,] from the 1D MCI to the cB  Mostly linearT-vs-¢ relation, although the sample number

temperature regimes. is only 3. It is discussed in Sec. Ill E that this linear relation
is consistent with the lineaF.-vs-D'? relation.
SR(T)IR, = (pe?/8hA)(4+ 3\/2)(DAIT)Y2, (1) Figure @a) shows the magnetic fielB) dependence of

the Gy-versus-temperature relation of the sample wih
whereR,, p, A\, andD are the resistance at the highest = 32 nm in Fig. 5. The magnetic field dependence remark-
temperature, the resistivifpn the order of 107), the cross- ably changes aroundl,. G, is mostly independent of the
sectional aregon the order of 10%%), the effective constant magnetic field at temperatures beldw, whereas positive
for the MCI, respectively. In the data fittin@} was used as  This result strongly supports the actual presenc& ofith

only a free parameter, fixing tfe, at the one end. different mechanisms at the temperatures above and below
The temperature dependence can be classified into the fot  Figure gb) shows the magnetic field dependence of the
lowing two voltage regions{a) High-voltage regionthe |_v cyurves in each temperature region. The change of the

lower four featureg0.144—0.124 V oiV'?). The tempera-
ture dependence can be fitted by Et). at all temperatures
measured. This high-voltage region exists betweegn and
Veg. (b) Low-voltage regionupper eight feature0.114—
0.032 V). This low-voltage region is smaller thareg. The
temperature dependence can be classified into the following
two regimes by th& ., defined as the temperature at which
the deviation starts to emerge from the linear fitting by Eq.
(1): (i) High-temperature regionT>T), which can be well
fitted by Eq.(1). (ii) Low-temperature regionT<T), in
which the deviations appear from Ed.).

In the high-temperature region, it should be noted that the
slope valueg, of the linear part increases with a decrease of
voltage as shown in Fig. 3. Figuréal shows the inverse of
the slope valued ) versusvV*? obtained from Fig. 3. The
interpretation assuming the linearity shown by the dotted line T
will be discussed in Sec. Il C. In additiof,, interestingly 5 10 15 20
shifts to the lower-temperature region in this increase of
Fig. 3. Figure 4b) shows theT.-vs-D? relation. D was Temperature (K)
determined from the parameter fitting dcby Eq.(1) at each FIG. 5. Dependence dB,-vs-temperature features on the Ni-
voltage in Fig. 3. TheT -vs-D? relation is mostly linear. ire diameters(¢). Only ¢ was varied, while keeping the tunnel
Since it is the manifestation of the correlation of the CB Withjunction parameters constant. Inset: Dependenc&.abn ¢ with
the MCI in the Ni wire, the interpretation is discussed in Sec.theT, of the inset in Fig. 2. It supports the linegg-vs-D? relation
ID. in Fig. 4(b).
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@ 0.40c was presented in arbitrary units in Ref. 15. They theoretically
2 .- 15T B=15T .* . . -
- 0.35F 1.95T o explained theG, anomaly by the capacitance modgk.,
e 0.30> 1.0T e charging effect of one Sn nanopatrticle. It has basically the
g 3 0.5T i same meaning as the orthodox theory of the CB. The linear
*§ 0255 oT L I Go-versus-temperature relation was also explained by the
T 0.20F LI contribution of many particles, located in parallel, with dis-
g F et B=0T . . B
O 0.15F it tributed charging energgi.e., V.) as follows:
(7] E .!‘
@ 0.10F % .
§ 005 . NTc GO(T):L n(Veyexp —eV./kT)dV,, 2

O-A.H\H‘luuul.uw‘u.!.u'

0 5 10 15 20 25 30

wheren(V,) is the area of all particles with activation en-
ergye?/2C+eVp=eV,. This equation can result in the lin-
ear Gy-versus-temperature relation by assuminyy ;) as a

Temperature [K]

O

0.15 60 constant and taking it out of the integral. It is, however, not
FT=1.5Kpg_ot ~T=15K B=1.5T relevant to directly employ Eq2) for an explanation of our
— 0.10F &J 40 K ; .
< E z O y result, because E@2) does not include consideration of the
o 005F . g 20 tunnel probability based on Fermi's golden rule. Only
g oF '\ ’ T or Maxwell-Boltzmann statistics are introduced as the number
(‘::; 0.05 ‘_ B=1.5T | £ L of particles withV in it. . '
£ © k Here, extending this model, we try to simply explain our
0.10¢ L 40 linear Gy-versus-temperature relation by using the orthodox
o 0z 01 00 00 02 O 0|2 0[1 | 0|00|00|2 theory of the CB. The tunneling probability’) for one STJ
Voltage [V] Voltage [V] is simply given by the following equation including Fermi’s
(®) golden rule, when the tunnel transition probability is as-

2y -1 ; i

FIG. 6. (a) Magnetic field(B) dependence dB, vs temperature Sumeq to beg R‘)_ and the influence of external environ-
in the sample with¢p=32 nm shown in Fig. 5G,-vs-temperature ment is neglected:
relation is mostly independent & at temperatures beloW,.(CB) -
regimeg, whereas a positive magnetoconductance appears at tem- F(V,T)z(l/eZRt)f dE f(E)[1—f(E+ 6E)]
perature abovel, (1D MCI regime. (b) B dependence of-V —o
curves at the temperatures above and bélQw

V e/2C B
—— I 1-exd —(SE/KT]L, (3

[-V curve is quite asymmetric &t=1.5K (<T,). The cur-
rent is reduced in the positive-voltage region, whereas i{yhere SE is the resultant energy change of a system by a
mostly does not change in the negative-voltage region. Thegingle electron tunneling(SET) event (i.e., SE=eV
currents lead to mostl§s, independent of the magnetic field. —e2/2C) C; andR, are the junction capacitance and the
On the other hand, the change bV is symmetric atT  tunnel resistance of the single junction, respectively. Equa-
=15K (>T¢). Absolute values of the current are greatly tion (3) can be rewritten by placiny=0 and taking into
increased in the entire voltage regions, leading to the positivgccount thee?/2C: {(=Eo)>KT as follows:
magnetocoductance. The possible mechanisms are specu-
lated upon in Sec. Il F.
——exfd — (E./kT)]. 4)

1
romn= 2CR,

IIl. INTERPRETATION AND DISCUSSION . . . .
This equation gives the temperature dependence of zero-bias
A. Coulomb blockade in an array of single junctions located tunnel probability for one single junction. In this process, a

in parallel thermally excited electron occasionally causes the SET

The G, anomaly with the lineaG,-versus-temperature event. More detailed calculations for the tunnel transition
relation shown in Fig. 2 can be interpreted as a result of cE2roPability lead to the temperature dependenc&gin the

from the following two viewpoints orthodox theory. Here, the contribution of many single junc-
' tions located in parallel with the distributéf] can be intro-
1. Zeller-Giaever report of the CB duced by integrating.. in Eqg. (4) as follows:

Zeller and Giaeveér experimentally reported on the ob- 1
servation of the G, anomaly and its linear I'iof(0,T) = WJ exd — (E./KT)]dE.
Gy-versus-temperature relation. The system was an array of ttot)
Sn nanoparticles with the surface oxide layers located in par- k
allel (i.e., double nano-tunnel-junction array sysjenihe =5cm | ()

linear Gy-versus-temperature relation, which was observed 2CiReon

at temperatures below about 4 K in the Sn array with a meawhereR; ) is the totalR; . Equation(5) actually implies the
radius of 15 nm, is qualitatively similar to our observation, linear Gy-versus-temperature relation that is qualitatively
although the quantitative discussion is difficult becaGse  consistent with our observation.
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The coefficient of Eq(5) also quantitatively agrees with least must satisfy the following four necessary condititths:
the experimental resulthe slope value of the linear part of (1) R>Rq, (2) E.>KT, (3) RZ(w)]>Ry, and the(4)
the inset of Fig. 2as follows. Since we used a simple tunnel half-width of distributed tunnel junction parameters is less
transition probability in Eq(3), R, in Eq. (4) should be re- than 25%. The first and second conditions must be satisfied
placed by the totaR, in Eq. (5). In contrastC; should not be In any tun'neI—Junctlo_n system. The fourth condition, based
replaced by the totaC;, because the coupling among the N Mullen’s calculatiort? is required only for the parallel

neighboring junctions is weak in our system owing to thelunction array system. The third condition is of. core i_mpor-
sufficiently large junction spacing~30 nm. Here, Ry tance only for STJ systems. It was already confirmed in Refs.

can be estimated to be on the order of @from the R, of ;Onandxll t{];’;\tr%{:r fs-:—l\]v% sterp Sf“iﬁfﬁha" ?f tirt1iese conic_ii-
10° Q and the number of junctions on the order 01‘10j is ons, except for the foflowing proble parasitic capac

. - tance C,a). When we definedl = ¢ (wherer~h/eV andc
also estimated to be on the order of 10F from Refs. 10 . pav: . S
and 11. Thus coefficient of temperature in E) can be is the velocity of light in vacuumas the geometry for an

effective C,, as in the horizontal model, th€,,, in the L
. : - par ) par
estimated to be on the order of 10 This value is in good a6 mych larger than that estimated from the observed

agreemen_t with .the slopg value of the linear parder of cBloisTq explain this difference, we may have to select a
10"®/1K) in the inset of Fig. 2. Therefore, one can concludesmaller velocity instead ot in our very disordered Ni
that the linearGo-versus-temperature relation can provide nanowire. This problem is not yet clarified even in this work.
qualitatively and quantitatively strong evidence for the CBin  Here, the third condition is the key factor for this work.
the array of junctions that are located in parallel form. The measurement of the resistand®) of the single Ni

Although our system is a STJ array biased by voltage, thisvire by STM revealed thaR,; was near 120K, which was
calculation is relevant, because of the presence of higharger thanRq. The Ni wire is also directly connected to the
RdZ(w)] with high R, and the zero-bias tunneling probabil- single junction. Therefore, one can infer that the Ni wire
ity. For more accurate discussion, both the phase correlatioautomatically act as the role of high Rw)] andR, in our
function[ P(E)] and the actual distribution function of the system. TheRy; of 120 K is, however, three orders higher
junction parameters have to be at least introduced into Edghan that in bulk Ni. It is discussed in the next section that
). the origin for this anomalous higRy; lies in the mutual

Coulomb interaction caused by disorder.
2. Cleland-Schmidt-Clarke report

d%. Mutual Coulomb interaction in disordered Ni nanowire at

There is one large difference between our observation an ;
high voltages

the Zeller-Giaever observation. The extrapolation of the lin-
earG,-versus-temperatur@) relation toT=0 K leads to no The linear G-vs-V*"? relation at voltages abov¥,p, in

G, in that of Zeller and Giaver, whereas a nonvanist®yg ~ Fig. 2 quantitatively indicated the presence of a three-
exists even al =0 K in our case. From this viewpoint, the dimensional(3D) MCI, in the disordered Ni-nanowire, fol-
Cleland-Schmidt-Clarke report is comparable with our ob-owing the Altshuler-Aronov formuld®'* In contrast, the
servation, which discusses ti&, anomaly, which strongly (€mperature dependence in the first high-voltage region
depends on the transmission line resistaRge and the nor-  (Vce<V<Vip) of Fig. 3 was successfully fitted by E(L)
malized zero-bias resistancRg/R,)-vs-1T relation. The re- in the entire temperature region. It qualitatively implies the

. - . . presence of a 1D MCI following the Altshuler-Aronov
lation exhibited a saturatiofflattening at low temperatures theory. One can confirm its relevance by comparing the ther-

nearT=0K and alllnearlty at high Femperatures. Since themal diffusion lengthl with the localization lengtht..
Ro/Ri-vs-1T relation can be basically replaced by the tpey can he estimated as follows, by usiBgwhich gives
Go-vs-T relation, both the saturation and the linear e pest fit to the linear slope of the high voltages of Fig. 3,
Ro/R-vs-1IT relation can qualitatively correspond to our ob- gng theRy,; of 120 k2 for conductivity o, respectively:
servationgi.e., nonvanishings, and linearG, vs T, respec-
tively). ly=(AD/kT)*>~10"8, (6)
Their system was similar to ours, because the single junc- _
tion was directly connected to the@n-wide Ni transmis- Eioc=(2h/€%)Ac~10"". @
sion line. Since they explained th8, anomaly as a CB Sinceé is actually one order larger thép and wire length,
following a part of the PC theory and successfully turned ouft is reconfirmed that the Ni wire is in the weak localization
environmental effect on the CB.e., influence of the high regime.
R.), our results can be also qualitatively called a CB. The In addition, since thi$y is larger thang and smaller than
saturation at low temperatures was also explained by enwire length, it quantitatively supports the presence of one
ploying a fluctuation charge, caused by Nyquist voltage dimension of the MCI. Thus, it is concluded that the 1D MCI
noise in the transmission line and obtained from quantunis the dominant conductance mechanism in the high-voltage
Langevin equation, in Eq4). This is consistent with our region and thaV, p is the transition voltage from the 3D to
result, because there is a possibility of the presence of the 1D MCI regimes with decreasing voltage. Singebe-
Nyquist phase-breaking process also in our Ni nanowire asomes larger thaw at V, p with decreasing voltage in this
discussed in Sec. IlID later. The only main difference be-transition, the MCI loses two dimensions\4 p at the same
tween our observation and the observation of Ref. 3 is thatime, because the cross section of Ni wire has two dimen-
Ref. 3 also indicates that even one single junction can exhibiions. It results in the direct transition from the 3D to 1D
a linearGgy-vs-T relation based ouq. MCI regimes, which is consistent with our observation of the
When it is concluded that th8, anomaly in Fig. 2a)isa  absence of the 2D MCI regime. Since this 1D MCI can lead
CB from the discussion above, our single-junction system ato an impedance higher than that of the 3D MCI because of
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the stronger scattering rate, it can play the role of the highemperaturg In this case, linearity cannot be assumed and
RgZ(w)] andR, for the CB. However, note that any CB- hence novel explanations for this increasenofvill have to
related characteristics are not observed in the voltage regidme introduced. We conclude that the high-temperature re-
higher thanVg in spite of this high-impedance EME. The gime (T>T,) is also the 1D MCI regime as well as that in
reason is discussed in Sec. Il D. the first voltage region\(>Vg), based on only the pres-
Why |1 increases with decreasing voltage can be qualitaence of the lineaBR/R,-vs-T~ 2 relation and the assump-
tively interpreted as follows. In the formula of, only the tion of linearity in Fig. 4a).
diffusion constanD has a voltage dependence because of the Consequently, one can conclude that is the phase-
following equation: transition temperature from the 1D MCI to the CB tempera-
5 ture regimes with decreasing temperature. This means that
D=vg7ec/d, (8 theG, anomalies, which are observed at temperatures above

wherevg, 7., andd are the Fermi velocity, the relaxation / K (>T¢) in Fig. 2, are simply due to the MCI following
(collision) time for electron-electron scattering, and theth€ Altshuler-Aronov theory. In contrast, anomalies Tat
sample dimension, respectivefy.Although U|2: decreases = 1.5 K.(<T.C) _onglnate from the CB. This is conl%stent with
with decreasing voltager... can increase with decreasing _VCE_be'anbd'Stht only asz T'S Ié_m_thgg-ﬁs-v hcurveg
the electron-electron scattering raiee., 1/.). If the in- " FI9. 2, because even the largdgtis 3.2 K as shown in

crease ofr... quantitatively exceeds the decreasa;éf D Fig. 4(%).' However, note.th?rt].theCéLDt MCI mt the Ni mre
can increase with decreasing voltage. never disappears even in this emperature regihe (

<T.). It plays the key role in yielding the CB as the high
RgZ(w)] and R_ in the CB temperature regime. As men-
tioned in the next section, this is supported by the fact that
this CB temperature regime is very sensitive to the diffusion
In the low-voltage regionT. separates the temperature constant(D) of the MCI. Here, MCI is basically an elastic
dependence into two regions. At low temperaturés ( process. Since, however, the origin of this MCI is the
<T,), conductancéG)-versus-temperature features show aelectron-phonon scattering by a disordered potential, the tun-
mostly linear relation. In particular, it can be well repre- neling electron may at least transfer tagto there, although
sented by the lineaB,-versus-temperature reginjeelow 4 it is a small energy transfer.
K) shown in the inset of Fig. 2. This is a straightforward

C. CB and 1D MCI temperature regimes distinguished atT
at low voltages

indication that the temperature region beldwy is_ the CB D. Correlation of CB with 1D MCI in Ni wire
temperature regime. This CB temperature regime emerges ) ) )
only at voltages below/cg at T=1.5K. In this senseVcg For the correlation between the CB and 1D MCI in the Ni

can be the transition voltage from the 1D MCI to the CBWire, we can find the most important and interesting feature
voltage regimes. In contrast, the linearity at high temperain this work. T shifts to the lower-temperature region with
tures (T>T.) indicates the possible presence of theincreasinga (i.e., D)lltzhrough decreasing voltage as shown in
Altshuler-Aronov 1D MCI as well as that of the high-voltage Fig- 3. TheT.-vs-D™ curve exhibits a mostly linear relation
region mentioned in the preceding section. as shown in Fig. @t_)). SinceD is assumed to be proportional

There is, however, one large difference in that the slopd® Te-e @ shown in Eq(9), this linearity indicates thal
value « of the linear part drastically increases with reducingStrongly depends om.. in the Ni wire. Although there may
voltage, as shown in Fig.(d). If one possibly assumes that be some differing interpretations for this line@g-vs-D'?
this relation is mostly linear except for the saturation aroundelation, we propose one possible explanation as follows.
0 V as shown by the dotted line in Fig(al, the increase of Any MCI process yields some kind of fluctuations. In par-
a can be also qualitatively interpreted by the Altshuler-ticular, Altshuler, Aronov, and Khmelnitsky pointed out that
Aronov formula for the voltage dependencengf, (i.e., lin- ~ Multiple quasielastic MCI processes dominate the phase-
ear T;éIZ vs V¥?) in the 1D MCI as follows* From Eq.(1) breaking process in 1D and ZD dlsordered'conductors in the
and the discussion in the preceding sectiorgan have the ~aPsence of other phase-breaking mechanisms, the so-called
following relation withDY2 and 7. : Nyquist phase breaklﬁj.Acgordlng to Ref. 17, an energy

quantum Ey) of fluctuating field can be given by
aocDYoc 712 9

_ . 112 213
Thus, if the lineara ™! vs V2 relation is assumed, one can En=fon~A[T/DN(E)]™ (11)

attain the following relation: where i, wy, and N(E) are the Dirac constant, the fre-

o Yoo 7= U2o\j12 (10) guency of the fluctuating field, and the density of states in a
ee 1D conductor, respectively. Sincécg is in the 1D MCI

This qualitatively agrees with the Iinearg_é’z-vs-vl’2 rela-  voltage regime, Eq.11) can be applied for this discussion. If
tion proposed by Altshuler and Aronov mentioned abovethe charging energyH.) of the CB is smaller thaty, the
This relation implies that the scattering rate of MGk., CB will be smeared out by the fluctuation even if the tem-
7..) decreases with a decrease of the applied voltage in 1perature satisfies the thermal conditidghe., Ec>kT).
disorder systems. The reason for the saturation around 0 \Hence, wherEy is equal toEc, Eq. (12) is given by Eq.
however, is not revealed here. It indicates thaf does not ~ (11):
become zero even &t=0. There may exist other interesting
mechanismsge.g., the influence of thermal diffusion at finite T~[(E./R)¥N(E)~1]DY2, (12)
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When it is assumed that bofh, andN(E) are basically coefficient of Eq.(12) is required. However, since the coef-
constants, this equation immediately indicates the lineaficient has not been exactly determined in any past works, it
Tc-vs-D? relation. HereE¢ is actually a constant for the will be difficult at this stage. In the preceding section, a
same sample. In contrast, sint€E) in a 1D conductor is decrease of the applied voltage varied the diffusion constant
generally proportional to inverse & and applied voltage, it D. In contrast, sinceD also strongly depends o, it is
is not constantN(E) here, however, can be almost a con-expected that differen$ also shiftT,. The result exhibits
stant, because this voltage regig®., V<Vg) is around 0 mostly linearV-vs-¢ relation as shown in the inset of Fig. 5.
V. In Fig. 4(b), the extrapolation td¥?=0 leads toT,  Here,D has the following relation with the electron density
=2.3K. This may mean that the CB temperature regimeand the cross-sectional area of Ni wite
survives up to 2.3 K, even if the Ni nanowire is in the strong-
localization regime. D= 1inxA= m($/2)>2. (13)

This explanation implies the and theEy compete at
T., which is characterized by a diffusion consténtlepend-
ing on thergj3 as shown in Eqgs(9) and (12). As applied
voltage is decreased) becomes larger, because of the de-
crease ofr, . It can reduceEy, in Eq.(11). As a result, since 1o 1o
Ec exceed€y, T, increases in Eq12). In the other words, Texp=2(Alm)" D™ (14)
the CB temperature regime can be smeared out by the fluc-
tuation energy quanturiy of the Nyquist phase-breaking Therefore, the lineal .-vs-¢ relation in Fig. 5 qualitatively
process in the EME. Of course, since the CB requires essesupports the presence of the lineBy-vs-D? relation. In
tially no phase coherence, the phase-breaking process itsélfg. 5, the extrapolation t@.=2 K results in¢ of about 5
does not directly affect the CB except for the case of spimm. It may mean that aroung, the Ni nanowire may enter a
coherence. This result, however, directly indicates that thé&trong-localization regime as discussed above.
field fluctuation caused by phase breaking in the EME can The Gy-vs-T relations in Fig. 5 have the following two
affect the CB in single-junction systems. Here, as discusseslight differences from that in the inset of Fig@a2 (1) Go
in Sec. Il A, our observation qualitatively agreed with the saturates aroun@i=1.5K with a value of about 1% S. (2)
Cleland-Schmidt-Clarke observatidn?*® which was ex- The data fittings by Eq(1) at temperature abovE, become
plained by introducing the fluctuation chargecaused by a rougher, although they are still fitted with different slopes.
Nyquist voltage noise in the external transmission fifidis ~ Although these may originate from large wire diameters, the
is consistent with the presence of the Nyquist phase-breakingrigins are not clear.
process in the Ni nanowire in our system.

This discussion is also consistent with PC theo®ne
can simply replace the excitation energy of an environmental
mode i wg) in PC theory to the fluctuation energy quantum
#h wy and compare withE . In this sense, the tunneling elec-  The  magnetic  field (B) dependence of the
tron can transfer it& . by excitingz wy in our system. Here, Gg-vs-temperaturdT) relation is drastically varied around
this MCI in the Ni wire also plays the role of higR, to T as shown in Fig. @. This result obviously supports the
avoid the external environmental fluctuation in our systempresence of &, with a physical meaning, although, was
leading to the CB. However, when too largeBgcaused by  not distinct in the inset of Fig.(@ and Fig. 3. It also implies
the high r_ . exists in our Ni wire, it can excite too large the presence of quite differe®, mechanisms between the
foy(fws). In such a case, the Ni wire can no longer act ageémperature regions below and abole In fact, the sym-
high R, , because the Ni wire becomes only a large Nyquisthetry of thel-V curves on the applieB was quite different
noise source. This is also consistent with PC theory, becaudetween the two temperature regions, as shown in Klp. 6
if Ec is much smaller than the excited energy of environ- Here, applying a positive voltage corresponds to the in-
mental modei ws, the phase correlation functigd(t)] and jection of an electron from the Al substrate side, whereas a
phase fluctuatiorp of the external environment approach to negative voltage corresponds to the injection from the Ni-
zero and hence the charge fluctuatiron the junction sur- Wire side. The origin of Fig. @) may be speculated based on

. : ~ . the following, although it is not the aim of this work.
face diverges through the commutation relatjgnQl=ie ' . . .
in PC theory. It easily smears out the CB voltage. Here, sinc%\S Tr?]?ng'g;ngii Otfhg]e;:vB CL:Q:E Zila:BrGe a‘:g“ﬁ%.'f fg't;
the highr_; (i.e., a decrease af) is caused by the increase y P 9 o

e . . (<T¢)]. The most asymmetric part in our structure is the
of voltage in Figs. 2 and 3, it is suggested that the smearing. __° . .
out of the CB temperature regime in the>Veg is due to ingle tunnel barrier layer that exists between one end of the

. "1 - . . Ni nanowire and the Al substrate. When the CB is the domi-
,th's gxtremely 'afg%—e atls K.|n.F|g.12. This explanatllon nant mechanism for electron transport in the system, the
implies the necessity of the optimized. when the MCIis  change in the-V curve withB will easily reflect this asym-
the origin of the highR,_ for the CB in the single-junction ety from the following speculation. There may exist three
system. effects related to the applieglin the Al/Al,O3/Ni wire (i.e.,
in Al and Ni) system:(a) differences in spin-flip scattering,
(b) different Zeeman energi€spin magnetic momenjtsand

In order to reconfirm this discussion, a quantitative com-(c) differences in the spin-orbit interaction. In the first case,
parison of the slope of the value shown in Figbywith the  the electrons in thel orbit of the Ni nanowire are strongly

Thus, T, can have the following relation witD, when the
linear T;-vs-¢ relation actually exists:

F. Magnetic field dependence of thé5y-vs-temperature
relation and |-V curves

E. Wire-diameter dependence ofT
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spin-polarized by the applie®, whereas there is no spin temperature relation qualitatively agreed with the Zeller-
polarization in the Al substrate. Thus, only when the elec-Giaever and Cleland-Schmidt-Clarke reports of the CB. It
trons tunnel through from the Al to the Ni wire is a large was also quantitatively verified from the extended model in
spin-flip scattering caused at the entrance of the Ni wireRef. 15 of the tunnel-junction array. M>Vg, only the 1D
Consequently, the CB is enhanced in this process, because BICI following the Altshuler-Aronov formula in the disor-
electron needs more energy to overcome the spin-flip scattered Ni wire governs the conductance mechanism. In con-
tering in addition to thée. . In contrast, when the electrons trast, atV<V.g, the CB emerged accompanied with 1D
tunnel into the Al, there is basically no influence of the spinMCI, also following the Altshuler-Aronov formula. The 1D
polarization. Thus, thé-V curve is mostly independent &f MCI in the Ni wire played the key roles of high R&(w)]
These may lead to the asymmettid/ curves with the ap- andR, in phase-correlation theory for our CB in the single-
plied B. junction system. It was supported by the fact that the CB was
Also, in the second case, when electrons tunnel into theery sensitive to the diffusion constabtof the MCI, yield-
Ni wire, additional energy for electrons is required in addi-ing the linearT -vs-D? relation. This relation was inter-
tion to Ec, because of the Zeeman energy in the Ni. Inpreted as a result of the correlation between the charging
contrast, this means that electrons can tunnel into the Al witlenergy Ec of the CB and the energy quantuEy of the
smaller energies because of the Zeeman energy of Ni. Ther@uctuating field in the Ni wire. Tunneling electrons could
fore |-V curves should strongly depend 8nin all the volt-  transferE. to the EME by exciting this energy quantusy,
age regions in this process. Hence, this case does not seem(tefiwy), although it is a small energy transfer, consistent
explain theB-independent feature in the negative-voltage re-with PC theory. In contrast, MCI also acted as high. Too
gion in Fig. &b). The third case may be less possible becauséarge a mutual Coulomb scattering rate, however, yielded
Ni has a very small spin-orbit interaction. large Ey, smearing the CB by the commutation relation
On the other hand, the change of th&/ curve with ap- [,Q]=ie. This linearT -vs-D? relation was reconfirmed
plied B is quite symmetric in the 1D MCI regim@=15K by the linear wire-diameter dependencelgf The presence
(>T¢)]. When the CB has vanished in this high-temperatureof T, and different conductance mechanisms classifiel, at
region, the tunnel barrier becomes a simple tunneling resiswvere also obviously reconfirmed by the magnetic field de-
tance withoutEc. Thus, the electron transport is dominated pendence of th&,-versus-temperature relation.
by the Ni nanowire, which has a symmetric structure. It is This work reported on the correlation of the CB with the
consistent with the symmetricV change with the applied 1D MCI in the external environment in a single-junction
B. As a typical example, positive magnetoconductancesystem. In contrast, when phase coherence of electron waves
(MC) have been-observed in weak localization as a result o conserved in disordered materials, a variety of mesoscopic
the phase-interference effect of electron wayesy., G phenomena emergds.g., AB effect, UCF, weak localiza-
«log(B) in 2D weak localizatioh Our case, however, may tion). These phenomena will bring us novel mesoscopic phe-
not correspond to it, because the Altshuler-Aronov formulanomena associated with single-electron tunneling. We plan
for the MCI, which exists in our Ni wire, took into account to report on it by utilizing our porous alumina filfe.g., by
only charge of electrons for quantum correction. In addition,depositing multiwalled carbon nanotube into the
the B dependence of the 1D MCI is not clearly reported,nanopores®®
especially in ferromagnetic nanowires. Thus it is difficult to
identify the origin of positive MC and also its correlation ACKNOWLEDGMENTS
with T. from this B dependence. In order to reveal the
mechanisms for magnetoconductance, detailed measurg-
ments and analyses are indispensable taking into account t ?l
physics ferromagnetic nanowire.
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