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Localization and capacitance fluctuations in disordered Au nanojunctions
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Nanojunctions, containing atomic-scale gold contacts between strongly disordered leads, exhibit different
transport properties at room temperature and at low temperature. At room temperature, the nanojunctions
exhibit conductance quantization effects. At low temperatures, the contacts exhibit Coulomb blockade. We
show that the differences between the room-temperature and low-temperature properties arise from the local-
ization of electronic states in the leads. The charging energy and capacitance of the nanojunctions exhibit
strong fluctuations, with applied magnetic field at low temperature, as predicted theoretically.
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[. INTRODUCTION tions formed by an electric-field-induced migration
process* At room temperature, as the conductance of the
The prospect of molecular electronics as a potential alterjunctions increased from a value below the conductance
native to conventional silicon-based electronics has lead tquantum to above the conductance quantum, the conduc-
an increased interest in fabrication of atomic-scale gaps ani@nce displayed discrete steps in conductance, of dgger
atomic-scale contacts between metallic electrodes. Examplés addition, the room temperatuteV curves of the samples
include atomic-scale gaps formed by mechanically conwere linear(Ohmic).
trolled break junctions;® electrodepositiod;** and At low temperatures, we found strong ZBAs in samples
electromigratiot?™'* In these fabrication techniques, one with G(300 K)~Gg, similar to the ZBA's in electroplated
can determine whether a junction has atomic-scale dimerAu nanojunctions. However, samples wig(300 K)<Gq
sions by changing the conductance of the junction around thevere found to exhibit Coulomb blockade, proved by the qua-
conductance quantunﬁQ=e2/h. Discrete steps in conduc- siperiodic gate-voltage dependence of the conductande at
tance of orderGq indicate that the contacts have atomic- =0.015 K. Coulomb blockade was attributed to single-
scale dimensions. This scheme works remarkably well irelectron charging effects on one or a few grains in the leads.
cases where the gaps and the contacts are formed iFhe data fit exceptionally well the theories of Coulomb
ultrahigh-vacuum(UHV) conditions, such as mechanically blockade in the wedR'’and the strong-coupling regimé&s.
controlled break junctions at cryogenic temperatdres. In this paper, we first show that Coulomb blockade in Au
Some schemes for generating atomic-scale gaps involveanojunctions is not restricted to single-electron charging on
exposure of these gaps to non-UHV environment, such asne or few metallic grains. In fact, Coulomb blockade is
air>** or ionic solutions’™** In this case, intermixing be- observed when the resistance of the leads is comparable with
tween atoms in the leads and impurity moleculssch as the resistance of the contacts, even if there are no apparent
H,0) can degrade the quality of the gaps. Understanding ofrains in the leads. We propose a general model of a disor-
electrical conduction in such disordered atomic-scale gapdered Au nanojunction containing atomic-scale contacts,
and atomic-scale contacts is still lacking. which is sketched in Fig. 1. Reservoig andR, are bulk
Recently, Yu and Natelson have studied Au nanojunctiong\u films, which are good metal§€:; andC, are atomic-scale
formed by electroplating from an aqueous solutidftt  metallic contacts that are responsible for conductance quan-
Transport measurements were carried out at both room tentization at room temperaturd., and L, are highly disor-
perature and cryogenic temperatures. The authors found diflered leads, with room-temperature resistances smaller than
ferent transport properties at room and low temperatures. At
room temperature, as the gap size between two Au leads is
reduced by electroplating, conductance increased in discrete
steps of ordeGq, suggesting that the contacts were atomic
scale, consistent with the prior wofk® In addition, the
nanojunctions were Ohmic at room temperature.
At T=1.8K, however, Au junctions with room-
temperature conductancg(300 K)~Gg, the conductance
at zero-bias voltage and=1.8 K was suppressed by
~100%, which was referred to as the zero-bias anomaly “
(ZBA). They argued that ZBAs displayed a suppression of R
the density of states in the leads at the Fermi level, as a result
of disorder introduced by the electroplating process. The dis- FIG. 1. (a) Disordered Au nanojunctiorib) Sequential electron
order was attributed to the grain boundaries and adsorptiofunneling through the nanojunction, via a symmetric localized
of impurities from the solution. puddle of electrons(c) Sequential electron tunneling through the
We have reported similar observations in Au nanojunc-nanojunction, via an asymmetric localized puddle of electrons.

(B)

(C)
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or comparable to the resistance of atomic-scale contacts.

The model reconciles the difference between room- and
low-temperature transport properties of Au nanojunctions, as
follows. The resistivity of the leads is assumed high enough
to cause strong localization. However, the characteristic tem-
perature at which localization suppresses conductivity in the
leads is assumed to be smaller than 300 K. In this case, th
resistance of the contacts dominates at room temperature
explaining conductance quantization and Ohmic properties
At low temperatures, however, the resistance of the lead:s
becomes much larger than the resistance of the atomic-scal
contacts, explaining Coulomb blockade and ZBA's. This in-
terpretation of ZBAs in terms of localization is different
from the alternative interpretation in terms of suppression o
the density of states in the leatfs:* In Sec. V we explain the
difference in more detalil.

After our model is presented, we discuss capacitance flu
tuations of the nanojunctions with applied magnetic field.
The capacitance fluctuations in coherent conductors in theonnect when the thickness of the film reaches about 70 nm.
charging regime have been predicted theoreti¢dlbyt have  Figure 2b) shows the shape of the gap between two Au films
not yet been demonstrated experimentally. The strong disonf thickness 70 nm grown d=0.1V. The films are not
der combined with the small size of our nanojunctions makegonnected in this sample. The edge of the film is quite rough
it possible to study charging effects in the phase-cohereniecause of grains sticking to the edge of the gap. At 70 nm
regime, permitting us to demonstrate and explore capacthickness, there is a50% chance that there is a pair of
tance fluctuations. grains attached on the opposite sides of the gap and that are

The paper is organized as follows. In Sec. Il we give ajn electric contact. By stoping the deposition at the moment

detailed summary of the nanojunction fabrication procesgyhen the desired current is detected, we create an atomic-
and arrive at the nanojunction model shown in FigR)lin  g.gje gap or an atomic-scale contact.

Sec. Il we present Coulomb-blockade measurements and
discuss electron localization in the leads. In Sec. IV we dis-

f FIG. 2. (a) Deposition of Au over a 70 nm wide slitb) Image

of the gap between two 70 nm thick Au films grown at low bias
voltage.(c) Image of the gap between two 70 nm thick Au films
Cg_rown at high bias voltage.

cuss capacitance fluctuations. In Sec. V we explain the dif- A. Electric-field-induced surface diffusion
ferences between our samples and electroplated nanojunc- ) .
tions. The bias voltage has a strong influence on the shape and

electric properties of the nanojunctions. In general, polariza-
tion effects from the applied electric field can induce atom
Il. FABRICATION OF GOLD NANOJUNCTIONS migration processes with a “hierarchy of activation

The fabrication of Au nanojunctions used in this paper hasenergies.’_’zl These processes include electric-field induced
been described in Refs. 14 and 20. In this section we sunsurface diffusion, migration due to localized heating, elastic
marize the fabrication process. We present data and imagé)@d plastic deformation, and field desorption. The activ_atiqn
of the nanojunctions, which have improved our understandenergy of these processes depends on both the electric field
ing of nanojunction properties since prior publications. and the electric-field gradient. It has been demonstrated that

To create a nanojunction between two Au films, we de-surface atom diffusion caused by the field gradient has the
posit Au atoms over a 70 nm wide slit, as shown in Fig)2 lowest activation energh:

The slit is created in §N, using electron-beam lithography In our samples, if the voltage applied between the films is
and etchind? The large undercut serves to prevent the condarge (~10 V), a strong electric field inside the gap can pull
nection between two Au films. The exposed length of the slita pair of protrusions from the opposing sides of the gap.
is 0.1 mm. The current between the films is monitored Figure Zc) shows the shape of the gap between two Au films
situ. The current limiting resistoRg is added in series with grown at 20 V. The edges of the films are much smoother
the sample. than those in Fig. @). In addition, the film, in the vicinity of

Gold deposition is done by thermal evaporation and thehe gap in Fig. &), is also much smoother than the film in
deposition rate is 2.5 A/s. The background pressure of th€ig. 2b).
deposition chamber measured near the gate valve of the These differences can be explained by field induced sur-
pump is~10 7 Torr. Because water molecules outgas fromface diffusion. At large bias voltage, roughness along the film
the mask and other nearby surfaces, the sample pressureeidges/Fig. 2(b)] induces field gradients, decreasing the ac-
higher. The pressure measured with a gauge placed near thieation energy for surface diffusion. In response, surface Au
sample is in the 10° Torr range. atoms diffuse where the electric-field gradient is the stron-

During the deposition, the gap between two gold films isgest, thereby reducing surface roughness.
reduced in proportion to the film thickness. If the bias volt- In the sample in Fig. @), there is neither mechanical nor
age is weak(<0.1 V), then the two gold films electrically electric contact between the two films. This shows that the
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FIG. 3. (a) and(b) Two tunneling junctions formed at 10 V bias
voltage. (c) and (d) The same contacts, after the conductance is F|G. 4. (g) Circles:|1-V curve of a Au nanojunction. Line: fit to
increased aboveeZ/h. the field-emission model. Inset: Schematic of the field-emission
model.W is the tunneling barrier height artds the barrier thick-

protrusion stopped growing on its own, before a contacness. The best-fit paramete=>5.8 eV andt=10.1 A-_ (b) Dis-
could have been established. The two protrusions are almo8tete steps in conductance of orde®sh in a current limited Au
mirror images of each other. nanojunction.

Processes such as elastic and plastic deformation and field
desorption are driven by the magnitude of the electric fieldjng junction would yield a barrier height which would be

not the field gradient, and therefore cannot be responsible fdwice the work function of Au. The fact that the best-fit pa-
protrusion growth. The electric field in Fig(@ is strongest rameter for the barrier height is only slightly larger than the
where the gap is smallest, which would increase the speed @fork function of Au indicates that the lead resistance is
the protrusion growth due to elastic or plastic deformationmuch smaller than the resistan¢d of the junction at 10 V
On the other hand, the electric-field gradient is weak insidébias voltage, €.gRe24<250 K or G| 0.1e%/h.
this region, thereby decreasing the speed of protrusion It is striking that tunneling contacts survive at 10 V bias
growth due to surface diffusion. voltage, since a conventional tunneling junction with a simi-
lar barrier thickness would typically suffer an electric break
, down at 10 V. We explain the stability of our atomic-scale
B. Tunneling contacts gaps at 10 V with a dynamical equilibrium between two

For most of our samples, the electric-field induced surfac®pposing atom migration process8sAt 10 V, the surface
diffusion leads to a contact between the two protrusions. Figdiffusion is opposed by electromigratiduvhich increases
ures 3a) and 3b) show two such contacts, formed during the gap between the two films
growth at 10 V. Deposition of Au was stopped as soon as the
slightest electric contact was detected. The electric contact .

C. Atomic-scale contacts

was exposed to 10 V forl s, and then the bias voltage was
quickly reduced to zerdat a rate of 1 V in 10 ms |-V After reducing the bias voltage quickly to zero as de-

curves were obtained by measuring current while bias voltscribed above, we introduce a serial resiftgr= 20 k() and

age was reduced to zero. The samples were subsequengtart increasindg) at a rate of 1 V/s. The serial resistor limits
transferred to the scanning electron microsc¢®EM) and  the current flowing through the junction, thereby limiting
images were taken. electromigration. Consequently, the conductance can exceed

The resistance of the junctions is large compared to the?/h.
resistance quantum. THeV curves fit quite well the model At a bias voltage olU~4V, conductance of the device

of field emission through a tunneling barrier with a barrierbegins to increase in discrete steps as a functiod.8fAn
height close to the work function of A(b.1 e\) and the example is shown in Fig.(#). The step size is of order

barrier thickness of about 10 A, as shown in Fige)4The  (0.2—2)?/h, suggesting that the junction contains atomic-
fitting is described in Ref. 20. scale contacts. We have recently, confirmed these discrete

The key point that we want to make here is that the volt-conductance steps at series resistdRge 100 K2, showing
age drop of 10 V is not distributed uniformly through the that the conductance steps are intrinsic to the junction and
leads. It is localized within a single tunneling junction. If it not biased by our choice d&g.
were otherwise, thé-V curve would exhibit less barrier In addition to these discrete steps, the conductance
bending than that in Fig. (4). For example, assume that changes continuously as a function Of suggesting that
there are two tunneling junctions with the same resistancthere is a distributed contribution to the resistance of the
and barrier height, connected in series. In this case, the voljunction, from the leads. In Figs(® and 3d) we show the
age drop across each of the junctions would be one-half gfinctions from Figs. @) and 3d), respectively, while inside
the applied voltage, thus fitting to theV curve of a tunnel- the SEM, after the conductance was increased-2e?/h
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and~6e?/h, respectively. One notices that the length of thecomes much larger than the resistance of the atomic-scale
junctions increases with conductance. We observe that theontacts. The temperature dependence of the resistance be-
conductance is roughly proportional to the length. The concomes significant at temperatures well below 300 K, whereas
ductance per unit length i6/L~600 S/m. Among different conductance quantization in Au is easily observed at room
samplesG/L fluctuates by about a factor of 2. temperature. This explains the difference between room-
Thus, the increase i@ arises from the addition of Au into temperature and low-temperature properties of nanojunc-
the nanojunction. Notice that the gap in the junction in Fig.tions.
3(d) remains well defined. We thus arrive at a model for the
nanojunction sketched in Fig(d). Reservoir®k; andR, are
bulk Au films, which are good conductors with sheet resis-
tance of=5 (). C; andC, are atomic-scale contacts respon-

sible for conductance quantization. Finally, andL , are the Electron-transport measurements at low temperatures
disordered leads generated by the atom migration processegere carried out using a dilution refrigerator with a base
From the images in Fig. 3, we obtain that the size of theiemperature of 0.015 K. The bias voltage, applied to the

Ill. ZERO-BIAS ANOMALIES AND COULOMB
BLOCKADE

leads[D in Fig’. 1(@)] is ~50 nm. o sample, was the sum of a dc voltageand an ac voltage
_Usmg Ohm’s laws, the conductance of the junction can be&yjth peak-to-peak amplitude:10 Vv and frequency<100
written as Hz. A current amplifier measured the current, while lock-in
L detection from the amplifier output obtained the differential
conductance.
G=2, 1)

¥ 1/G'+ 1/G'L1jL 1/G'Ll’ The devices were shielded by a Faraday cage which was
mounted at the end of the tailpiece of the mixing chamber.

whereG!' refers to the conductance of an atomic-scale conThe leads were filtered by homemade radiation filters, which

tact in the gap, ane| , are the conductances between theWere mounted on top of the mixing chamber. The conduc-

contacts and the reservoirs. As the junction dimensions inance of our devices varies significantly when the tempera-

i . i . & ture of the mixing chamber is reduced from 0.2 K to 0.1 K,
creaseG, , changes continuously an@' changes in dis see Fig. 8. This dependence weakébst does not disap-

crete steps of ordes’/h. o _ pea) when the temperature is reduced below 0.05 K, sug-
Because the continuous changedrin Fig. 4b) is com-  gesting that the base electronic temperature is about 0.05 K.
parable to the discrete steps @ it follows that the lead ~ Transport properties of our junctions changed dramati-

resistance is comparable with the resistance of the atomiq;a”y when the temperature was reduced from 300 K to 0.015

scale contacts. To obtain the resistivity of the leads, we neeg At 300 K, the junctions were Ohmic and displayed con-

to know the cross section of these protrusions. Unfortunatelyctance quantization effects. At low temperatures, however,

we cannot obtain this information through SEM imaging. If the junctions showed significant suppression near zero-bias

we assume that the cross section of the protrusion has t%“age_

thickness of 50 nm, which is comparable to the film thick-  peyices withG (300 K)< e?/h display Coulomb blockade

ness, we obtaip~1.7x10° nQ cm. . ~ atT=0.015 K. The Coulomb blockade has been attributed to
The resistivity is much larger than the maximum metallic single-electron charging effects in the grains inside the

resistivity of ~200 Q) cm 22 which shows that the leads are leads

highly disordered. The disorder is explained by the intermix-  pevyices withG (300 K)>2e%/h do not display Coulomb

ing of the impurities into the leads and grain boundatfds.  pjockade at 0.015 K. Instead, the conductance versus voltage

the device in Fig. &) (and many other devicgsthe leads 5t T—0.015 K displays a ZBA. The ZBAs were interpreted

appear compl_etely uniform down to the imaging resolutiongs the Coulomb-blockade effect in the strong tunneling
(3 nm). We still expect the leads to be granular, with grai”regime.“

diameterd smaller than 3 nm, because Au does not form
alloys with water(or other impurities such as,Cand CQ
that are present at IG Torr background press@[e A. MinOSCOpiC origin of the Charging effects and ZBA's

In three-dimensionaBD) granular systems, the resistance  \we have found that the Coulomb blockade in our Au
between the grainsR;) and the resistivity are related @s  junctions is not restricted to single-electron charging effects
~Ryd and it is known that granular systems in 3D exhibit ajn the grains in the leads. In fact, the necessary condition to
metal-insulator transition as a function 8% .?* Theoreti-  observe Coulomb blockade in our devices is that the leads be
cally, it has been predicted that the transition occur®at highly resistive, regardless of whether the disorder in the
=Rgc~19RQ/|n(Ec/é), whereEc is the charging energy of |eads is granular or homogeneous. For example, if we com-
the grain ands is the level spacing inside the gr&h?In  pare Figs. &) and 3d), we observe that the leads of the
our case, the grain diameter is less than 3 nm @nd nanojunction in Fig. &) have well distinguished grains,
~10° uQcm, and we estimateR,> 12h/e? and RS  whereas the leads of the nanojunction in Fid)3are com-
~5h/e?. Thus, we expect that the electronic states in thepletely uniform. Despite these differences, th¥ curves of
leads are strongly localized. these samples dt=0.015 K are very similar.

If the localization length is smaller than the dimensions of We are led to the conclusion that the Coulomb blockade
the leads, then the lead resistance at low temperature band ZBA's at low temperature arise from localization of elec-
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0.3bo0 ' A ' ' ' ' o] corresponding bare charging energy &/2(C,+C,)
"é%%ﬁﬁé%o W s <%Z> =3.8 meV. The best fit is shown by the dotted line in Fig.
G e ¢ 5(a).
&%‘% dg‘f%’ Note that the best-fit resistanc&® and R, are rather
30'2 i ? & ] asymmetric. We have observed the asymmetry in most of the
5 Lo A & WA samples that were studied. In our nanojunctions, the tunnel-
a e ] g - °'15% iﬁ" barriers form by localizatiofias in Ref. 26 and one possible
Ooqb =0 " 1 W™y & 7 1 explanation of the asymmetry would be that the puddle of
s ] 0 0% g ] electrons forms on one side of the contact, which is sketched
40107 00 10 noot—ced s in Fig. 1(c). In this case, the tunnel coupling between the
ook O ey, puddle and the reservoir on the right would be weakened by
' 15 10 -5 0 5 10 15x10° the atomic contact, explaining the asymmetry.
V (volt) The conductance in Fig(& approaches zero at a nonzero

zero-bias voltage. Figure(® zooms in to Fig. &) around

FIG. 5. (a) Differential conductance vs bias voltage of a Au zero-bias voltage. The corresponding/ curve is shown in
nanojunction aff =0.015 K. (b) Current vs voltage af =0.015 K Fig. 5b). The gap in thel-V curve represents Coulomb

of the nanojunction in a narrow voltage range. Differential con-  p|gckade. By fitting the low bias voltageV curves to the

ductance vs voltage of the nanojunctionTat 0.015 K in a narrow  orthodox theory of single-electron tunnelitfyt’ we estimate

voltage range. C,+C,=442 aF,R,=34 k), andR,=65 k() for the ca-

) . ) ) pacitances and the resistances between the puddle and the
tronic states in the |eadS, which could either be due to |Ocalreservoirs_ The fit is shown by the line in F|g(b5 The
ization of electrons within one or a few graifisig. 3(c)], or corresponding charging energy i€c=e2/2(C,+Cy)

due to localization over a region containing a large number .
. =0.18 meV, af r of 21 smaller than th re chargin
of grains that are too small to observe by the SENQ. 0.18 meV, a factor o smaller than the bare charging

; . energy estimated above.
3(d)]. In the Coulomb-blockade regime, electron transport is Theoretically, it has been predicted that Coulomb block-

sequentia_l ar_1d takes p"”!ce _via a puddle of electrons in thgde persists in any diffusive conductor, even if the resis-
leads, which is sketched in Figsth] and Xc). In Sec. IV, we tances between the conductor and the reservoirs is much

?rglr:/s?iéoctjhrﬁ (;:)rggllléstlgntrfgzﬁirg]]:nzlizisoglfr:ﬁeplléiﬂ: of elec'larger than the resistance quanttitd’ The persistence of
Coulomb Elockade in distributed svstems has béen sty harging effects in a single-electron transistor in strong cou-
y cfaling to the leads has been demonstrated experimeRtafly.

ied in disordered InQmesoscopic wire& Transport prop- . : . .
erties of these wires exhibited single-electron charging ef!t has been predicted that the effective charging energy is

9. A given as

fects at low temperature, very similar to those in single-
electron transistor{SET). However, these wires had no E . —E.e 2G/Go 2

. . . . c=Ece ) 2
apparent tunneling barriers. The single-electron charging ef-
fects were observed if the localization length had beerwhereG=G;+G, is the sum of the conductances between
smaller than the sample size. It was suggested that the size tife conductor and the reservoifsy=2e?/ h, and, finally,a
the puddles was comparable to the localization length, but its a constant of order #:27
remained unclear what the junctions were and what formed |5 gyr sampleskE. andE are interpreted as the bare and

the puddles of electrons. effective charging energy, respectively. With=0.6, they
are in rough agreement with E@®).

B. Effective charging energy

. . . IV. CAPACITANCE FLUCTUATIONS
Among devices, the charging energy rapidly decreases as

a function ofG(300 K). Figure %a) shows the conductance In conventional single-electron transistors, the charging
versus bias voltage aff=0.015K in a device with energy is independent of the applied magnetic field. In con-
G(300 K)=0.7e?/h. This device belongs to a group of bor- trast, we find that the effective charging energy of our nano-
derline devices in which the Coulomb blockade is just re-junctions exhibits strong magnetic-field dependence.
solved atT=0.015 K. Figure 6 displays a gray-scale image of the conductance
The borderline devices are characterized by two voltageersus bias voltage and the applied magnetic field in the
scales. If the voltage range is large, e[g:20 mV, 20 mV]  sample with thd-V curves shown in Fig. 5. The magnetic
in Fig. 5@a), the curve resembles ZBA's of high conductancefield is parallel to the slit. The threshold voltage for Coulomb
devices. Thus, in this voltage range we fit the curve to théblockade (the gap exhibits a strong nonmonotonic
model of electron-tunneling through a single-electron tran-dependence—fluctuations—with the magnetic field. Around
sistor in the strong tunneling regim®This leads to the pa- the field of 2 T, the gap approaches zero, and around the field
rameter estimate€;+C,=20.8aF, R;=2.7 k), and R, of 11 T, the gap is at maximum. The dependence is repro-
=34.3 K2, whereC,; andC, are the bare capacitances be- ducible when the measurements are repeated. The amplitude
tween the puddle and the reservoirs, ddandR, are the of the gap fluctuations is comparable to the average gap.
bare resistances between the puddle and the reservoirs. TheThe characteristic magnetic-field scale of the gap fluctua-
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FIG. 6. Conductancégray) vs magnetic field and bias voltage T (mK)

of the nanojunction at =0.015 K.
FIG. 8. Temperature dependence of the peak and the valley

. L . . . conductance. The line displays the best fit of the valley conductance
tions (Bc) is given by the typical period of the fluctuations. to the quadratic temperature dependence.

We resolve less than a full period in our magnetic-field range
of 12 T, thusB->12 T. We have confirmed the gap fluctua-
tions in four additional samples with similar effective charg-
ing energies.

We now show that the fluctuations in the gap represen

7 is not periodic. We examined the gate voltage dependence
in the range of gate voltages from2 V to 2, and found that

r[he structure in Fig. ® remained over the extended voltage

i . . ! range. The structure in Fig(&® is quasiperiodic, in that the
charging energy fluctuatiorisr capacitance fluctuationslo hséopes of the diamond’s edges, near the points where dia-

this end, we examine the gate voltage dependence of t . : .
conductance, as a function of the applied magnetic field. Fig':nonds close, are the saie., the lines in the black and the

ure 7 displays conductance versus gate voltage and bias vo\‘c\’-hlte groups in Fig. &) have the same slops

age at magnetic fields of 0T, 4 T,8T,and 12T, ina differenta eD'i(;%gt;n?h'ge:b'ge%%r;dgftagr?gc’jiiﬁ ai;ugié;)?v\%gstﬁ]go“-
sample(the previous sample did not have a gaféhe fabri- 9¢, P y :

cation of the gate has been described in Ref. 4 gate voltage sweeps are repeated, conductance discontinui-
Figure '(a)gresembles “diamond diagrams-” (')f conduc- ties are reproducible, and can be attributed to the shifts in the

; background charge induced by the changes in gate voltage.
tance versus gate voltage and bias voltage of quantun??:iotsg{le leads are highly disordered, thus they may contain a

The strong dependence of the gap on gate voltage proves t ; o
the gap is caused by the Coulomb blockade. In particular, D\flrge number of charge traps in the vicinity of the puddie

ceran gat votages, dated by the groups of four Ined-=PnS0ie 1 Couony heckede: The gue voiage fan,
that cross at a point along thé=0 axis, the gap approaches ge 9 P,
ous shift in the background charge.

zero. These points will be referred to as points where the . .
diamonds close, and the conductance at these points will The second difference between Coulomb blockade in our

nanojunctions and that of conventional SET’s is found in the
refer to the peak conductanGg,eq. The valley conductance conductance peak’s temperature dependence. Figure 8 shows
Galley is defined as the conductance\at 0 and at a gate P P P -9

; : Gpeak @nd G, ,j1ey VErsus temperaturés ., decreases sig-
voltage where the gap is at maximum P y P

There are significant differences between the diamonds ifiificantly with temperature even whegT<Ec. In con-
Fig. 7 and the diamonds of conventional single-electron trantrast, with conventional SET'SG .oy has a weak tempera-

sistors. First, the gate voltage dependence of the gap in Figire dependence whégT is much smaller than the charging
energy. It appears thab ..« approaches a nonzero value

whenT—0.

At low temperature Kz T<Ec), the valley conductance
goes to zero a&,qie,~ T2, as shown in Fig. 8. The qua-
dratic temperature dependence in the valleys demonstrates
that electron transport in the valleys occurs through inelastic
cotunneling® which is possible only if the spacing between
energy levelss in the puddle of electrons is much smaller
than kgT. Assuming that the level spacing is given By
~1[N(0)V], where N(0) is the density of states at the
Fermi level of Au, andV is the volume of the puddle, we
obtain thatvV> (10 nmy’. This suggests that the localization

03 0 03, — 0 63 lengthLs is larger than 10 nm.

At low magnetic fieldg<8 T), we can trace the evolution
FIG. 7. (a—d Conductance of a Au nanojunctidgray) vs gate  of the diamonds with the magnetic field quite well, despite
voltage and bias voltage at four magnetic field§ at0.015 K. the discontinuities in the background charge. The points

205405-6



LOCALIZATION AND CAPACITANCE FLUCTUATIONS. . .. PHYSICAL REVIEW B 69, 205405 (2004

where diamonds close do not shift with magnetic field in thisframework. The scaling suggested that the ZBA's displayed a

range. This implies that the capacitance between the puddiuppression in the density of states in the leads.

and the gat€ does not vary. Therefore, the geometry of the  Note that only if the resistance of atomic-scale contacts is

puddle does not change with magnetic field. much larger than the lead resistance can the conductance of
The key effect in Figs. (8)—(c) is that it is the puddle’s the contact be proportional to the density of states in the

effective charging energy that changes strongly with magileads, as would be the case in conventional tunneling

netic field. From the orthodox theory of Coulomb junctions® Thus, a~100% suppression of the density of

blockade!’ the slopes of the lines in Fig. 7aﬂeecg/(2”(;1) states in electroplated nanojunctions must be very local
and +eC /(262) wheref:l and 62 are the effective ca- around the atomic-scale contact. If it were otherwise, the
*eCy ,

pacitances between the puddle and the reservoirs. It foIIow‘;‘on.dlmt'vIty of the leads would bel_OO% reduced in a .
~ ~ e . . region much larger than the contact size, and the lead resis-
thatC, andC, fluctuate with field. In particular, from Fig. 7,

= " - . tance would not be much smaller than the resistance of the
we obtain C4(4 T)=1.8C4(0), C4(8T)=2.3C4(0), and contact.
C1(12 T)=2.4C4(0). In our devices, the localization length is comparable to the
Nazarov had predicted fluctuations of effective capaci-dimensions of the leads and the conductance is not propor-
tance in coherent conductors in the regime of strong couplingional to the density of states. The ZBAs in our nanojunc-
to the reservoir$® With strong coupling, the Coulomb block- tions are caused by the Coulomb blockade on localized
ade survives in any coherent disordered conductor. In thipuddles of electrons inside the leads, analogous to Coulomb
regime, effective capacitance exhibits mesoscopic fluctuablockade in disordered InQires?® The ZBA's are manifes-
tions as a function of the applied magnetic field. These fluctations of Coulomb blockade on these puddles in the regime
tuations are analogous to universal conductancef strong coupling to the reservoirs.
fluctuations>?
One way to understand capacitance fluctuations is to ob- VI. CONCLUDING REMARKS

serve that the effective charging energ§/2(C,+C,), ex-
ponentially depends on the conductance between the condug

tor and the reservoirs, see E®@. The_n, the unlvqrsal room-temperature and the low-temperature properties. At
conductance fluctuations induce fluctuation$Sint G, with — 45m temperature the contacts exhibit conductance quantiza-
field, which leads to the fluctuations in the effective charging;; and are Ohmic. at low temperatures the contacts exhibit
energy. Since the amplitude of conductance fluctuations i, iomiy blockade or zero-bias anomalies. The differences
the diffusive regime is-Gg, it follows that the amplitude of  poyveen the room-temperature and the low-temperature
the charging energy fluctuations is comparable to the averagg o nerties arise from the localization of electronic states in
charging energy, consistent with our data. ‘the leads. The temperature at which the resistance of the
_ We expect that the characteristic magnetic-field scale iga4s hecomes significantly larger than the resistance of the
given by the flux quantumd,=h/2e) over the directed area cqntacts is much lower than the room temperature.
of the puddIeBC~<P0/_L§, whereL s is roughly the diameter At low temperature, Coulomb blockade arises from
of the puddle(localization length FromBc>12T, we ob-  pyddles of electrons in the leads that form as a result of
tain Ls<130 nm. Recall that we obtaindds>10 nm from |gcalization. One can distinguish between the bare charging
the temperature dependence of the valley conductance. Thl@qergy and the effective charging energy of the puddles. The
10 nm<L <130 nm and we conclude thit is comparable, |atter is found to be much smaller than the former, and it
within a factor of order 1, to the dimensions of the leadsexhibits strong fluctuations with an applied magnetic field.
(D~50 nm). The gate voltage effects of a magnetic field demonstrate that
If the magnetic field approaches 12 T, it becomes hard tghe effective capacitance between the puddle and the reser-

trace the diamonds. In fact, at the field of 17Rig. 7d)],  voirs fluctuates with the magnetic field, in agreement with
the structure is no longer quasiperiodic. The strong-field retheoretical predictions.

gime is the subject of current research.

Atomic-scale point contacts of Au between strongly dis-
rdered leads can have striking differences between their
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