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We presentlow-temperature(0.2< T< 10 K) transportmeasurementson semicontinuousfilms of bismuthwhichform a net-
work ofcoupledBi grains.By sequentiallyoxidizing suchfilms wehaveobserveda changein thecharacterof transportthat may
beassociatedwith theemergenceof afinite chargingenergyandCoulombblockadefor single-electrontunnelingbetweengrains.
Thistransitionis manifestedmostdramaticallyasa divergenceofthethermoelectricpowerwith decreasingtemperature.Magne-
toresistancemeasurementsindicatethatthecrossoverin thethermopoweroccursabruptlywhentheaverageoxidebarrierresis-
tanceexceedsa fundamentalvaluenearh/e

2.

Granularmetal films havebeenthe focusof con- quentiallyoxidizingindividual films. Our focusis on
siderableattentionfor the pastdecadein the study the crossoverregime wherewe observea new and
of themetal—insulatortransition [1]. Thesesystems strikingbehaviorof the thermopower.We proposea
generallyconsistof metallic grainsseparatedby in- possibleexplanationbasedon the Coulomb block-
sulating barriers, the electronic coupling through adein small-capacitancetunnel junctions. Magne-
which governsthe characterof the low-temperature toresistancedatasuggestthat a sharpchargingen-
resistance[2]. The limits of strongandweak cou- ergyonsetoccurswhenthe averageintergraintunnel
pling are well documented.In the former casethe resistanceexceeds—~h/e2.
barriershavenegligibleactivationenergyandthelow- Sampleswere preparedby vapor depositionof
temperatureresistanceexhibitssmall quantumcor- 99.9999%purity Bi onto room temperatureglass
rectionsdue to weaklocalization[31andCoulomb substratesin anoxygenatmosphereof 50 mTorr. The
interaction [4] effects. In the weak-couplinglimit films weredepositedin a four-probebridgepattern
electronsare localizedto individual grainsandthe (0.8x 10 mm2) with nominalthickness55—70A as
resistancedependsexponentiallyon temperature determinedby aquartzcrystalmonitor.A 300 A SiO
[5,61. Not understoodas well is the physicsat the layerwas then depositedover the conductionchan-
crossoverbetweentheseregimes,whereneitherweak nel,allowing for slower, controllableoxidation.Films
nor strong localizationtheoriesare appropriateand preparedin this fashionhadpost-deposition(dc)
wheretransportpropertiesotherthan the tempera- sheetresistances,RE,of <1 k~.Transmissionelec-
turedependenceof resistance[71haverarely been tron andscanningtunnelingmicroscopiesindicate
addressed. [8,91 that the films arecomposedof closely packed

In this Letterwe reportlow-temperaturemeasure- crystalline Bi grains which form a multiply con-
ments of resistance,magnetoresistanceand ther- nected,filamentarystructure.The grains are irreg-
moelectricpowerin semicontinuousbismuthfilms. ularly shapedwith diametersrangingfrom 200 to
The coupling betweengrains is controlled by Se- 1000 A. Exposingthe films to air at room temper-

aturepromotesthegrowth of insulatingBi
203 at the
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tergraincoupling andthe developmentof a perco-
lative structure,asdiscussedin detailelsewhere[8]. I I
Experimentswereperformedin a dilution refriger- 100 ~ -

ator with a superconductingsolenoid providing 20.5 ~ 113

magnetic fields perpendicularto the substrates. * ~ ~ • .... -

Steady-statethermopowermeasurementsemployed 10 ~ S~ ~••

two germaniumresistancesensorsthermally an- ~- \ ~ 62.6

choredto thebackof thesubstrates.Seebeckprobes 3 1 - 18.0 ~. oo\~•35~ ~ -

weresuperconductingNbTi wire, solderedto thefilm ~\ \- ~
with indium. Thermoelectricvoltageswere moni- 0 1 - RO(~:~)kO•~~O~ -

toredon a nanovoltmeterwith analogoutputto a
chartrecorder. 2.21 - ~

Fig. 1 shows the typical low-temperatureresis- 0.01 - ~ -

tance behaviorfor one of our films. For R0(4.2 0 1 1 10
K) ~ 8 k~1the resistanceincreasesas ln T, with a
slopethatagreeswithweak disordertheoriesfor two- T(K)
dimensionalsystems[3,4,10] andis consistentwith Fig. 2. Thermoelectricpowerversustemperaturefor the same

previousstudiesof thin, homogeneousBi films [11]. film for whichresistancedatais shownin fig. 1. Dashedlinesare

ThetemperaturedependenceforR0(4.2 K)> 8 kLl guidesto theeye.

is fasterthan ln T (approximatelyT — 1/2), butnot
yet exponential.For example,forcing a fit to the oxidizedin stepsto spantherange1 <R~< 100 kL~.
stronglocalizationform [5,6], Rcs.exp[ (T0/T)”

2 For disorderedthin films, phonondrag effectsare
yields T

0<20 mK. Such a low valuefor T0 is not renderednegligible andwe interpretthe dataas re-
consistentwith the conditionT>> T0 for which this flecting thecarrierdiffusion thermopower.Theneg-
expressionapplies. ative sign indicatesa dominantcontributionfrom

The thermoelectricpower, S. for the samefilm electrons.The thermopowerof metals [12] is ex-
from fig. 1 is shownin fig. 2. Similar thermopower pectedto decreaselinearlywith temperature,andthis
datahavebeenobservedin threeseparatefilms, each behavioris observeddown to the lowest tempera-

turesfor RD(
4.2 K)4z8 k~.ForR

0(4.2K)>8 k~)
this T-linear dependencegives way to a dramatic

transitionwhereSdivergeswith decreasingtemper-
s 1 6.3 0.15 atureto valuesthatare severalordersof magnitude

30 R~(4.’2K)= ‘ larger thanthose for sampleshaving low RD. Note

20 113 kO that the temperatureat which the thermopowerdi-
38.1 verges increaseswith increasingoxidationandthe

10 20.5 divergencebecomesless rapid, tendingtoward an

0 I I Sccl/T dependence.The latterbehavioris charac-
0.5 1 1.5 2 2.5 teristicof a thermallyactivatedprocess,as in semi-

T — “
2(K — 1/2) conductors[131 wherethe energygap,E

5, givesrise
to a low-temperature (k~T.<E8) thermopower,
.. p836 Sci.Eg/2kBT.Burnset al. [14] observeda similar

~ crossoverfrom metallic to activated (1 / T) ther-

~ mopowerin thin, disorderedAu andAu—Pd films.1 Thesurprisingfeatureinourdatais themorerapidly

T(K) divergingthermopowerthatcharacterizesfilms with

Fig. 1. Relative resistanceincrease,[R(T)—R(4.2 K)l/R(4.2 intermediateoxidation.
K), versustemperaturefor asingleBi film oxidizedin steps.Each Developments[15,16] in the physicsof small-ca-
curveis labelledby thevalueofR0 (4.2K). pacitancetunneljunctionsmayoffer insight into the
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thermopowerbehaviorof our films. Central to a electrontunnels.Undercertainconditions~2we find
semiclassicaldescription [151 of the current and a thermopowerthat crossesover, with decreasing
voltageresponsefor a singlejunctionof capacitance temperature,from a metallic (T-linear)to activated
C, is therelationshipbetweenthe chargingenergyor (crcEc/kBT) form. A faster than 1 / T divergenceis
Coulombblockade,E~= e2/ 2C, andthe tunnel re- not predictedby thesecalculations.
sistance,R,. This is most clearly illustrated for a It is possiblethat the sharpupturn in the ther-
weaklycoupledjunction,characterizedby R

1>> h/e
2 mopowerfor intermediateoxidation is associated

(~4.12kIfl. Thisresistancecriterion [171 isequiv- with thefact that thefilms form anarrayof coupled
alent to havinglocalizedelectronicstateson either junctionsratherthana singlejunction. During the
side of the barrier. In this case the chargeon the time betweentunnelingeventsacrossan intergrain
junctionmaybe treatedclassicallysuchthat the Ca- junction, therecanbea redistributionof the charge
pacitance,andhenceE~,havetheir usualgeometric ontoneighboringgrains.Suchchargefluctuationswill
meaning.A fundamentalissueis how this descrip- tend to increasethe observedcapacitancebecause

theareaprobedby the electronisgreater[22] 1E~Thetion shouldbe modified when the weak coupling
net result will be a decreasein the chargingenergy,

conditionis relaxed.A theoreticaltreatmentof this
problem [181 for a singlejunctionpredictsthat, as yieldingan effectivevalue,~ Thisprocesswill be

determinedby the mobility of electronson the net-thetemperatureandcapacitancetendto zero,an ab-
work andthusshouldbemorepronouncedwhenthe

rupt breakdownof the Coulombbarrier is possible
whenR, h/e2. This issue is addressedin a recent intergrain tunnel resistance(R,) is low. A similar

picturemight also be relevantfor a singlejunction.
experimental study [19] of lithographically pat- As suggestedin ref. [191, for low R, the tunneling
terned single junctions and arrays,where experi- ratemaybesufficientlyhighforanelectrontotunnelmentssuggestthat the relevantchargingenergyfor backandforth severaltimesduringthe interval in

transportmaydecreasebelowits geometricvaluefor which it contributesto transport.It is possiblethat
R

1 lower thanabout 10 kLi the mobility which determinesthe chargeredistri-
Forthe arrangementof grainsin our films we es- butionin our films is temperaturedependent.This

timate~an averagegeometriccapacitanceon the would imply a T-dependent~ which maybeper-
order of C= 5 x 1016 F, which correspondsto a tinentto thethermopowerdata.Theseideasrequire
chargingenergy Ec/kB 2 K. From the slopeof the furthertheoreticalsupport.We now discussmagne-
datafor thehighestlevel of oxidationin fig. 2 we find toresistancemeasurementswhich suggeststhat the
an activationenergyof ‘~ 1 K, which comparesfa- averageintergraintunnel resistancein our films in-
vorably with our estimateof E~.This suggeststhat creases with oxidation and with decreasing
in thelimit of highoxidationthe chargingenergyis temperature.
closeto its geometricvaluewith the thermopower ForRD (4.2K) <8 kfl thesefilms exhibit thesame
takingon a simpleactivatedform,SccEc/kBT.This weak localization magnetoresistance(MR) that is
1 /T behavioris expectedfor discontinuousmetal predicted[23] andmeasured[11,9,241 for homo-
films [201 whentransportis by thermallyactivated geneousBi films. Thephasebreakinglengthat T= 1
tunnelingbetweenislands.We haverecentlycalcu- K is L~i1000 A. For H>Hp~Øo/4itL~(øo is the
lated [21] thethermopowerfora singletunneljunc- flux quantum)andin the presenceof strongspin—
tion, using a semiclassicalapproach[15]. In this
model the chargingenergyis includedas a shift in S2 The temperaturedependenceofthethermopowerdependson

thechemicalpotentialofthe electrodeinto which an the relationshipbetweenthetime of tunnelingandthe char-
acteristicrelaxationtimeoftheelectronswithin a grain.This
issuewill bediscussedin moredetail in ref. [21].

SI We estimateanaveragecapacitanceusingtheexpression(see, I~ The authorsof ref. [22] find, in a theoreticalstudy,that the

e.g. ref. [2]) C= sr(1 +r/2t), wherer is theaveragegrainra- effectivechargingenergyof a coupledone-dimensionalarray
dius, t is theaveragebarrierthickness,ands is thedielectric ofjunctions is reducedbelowthatofa singlejunction if dcc-
constantof thebarriermaterial. Herewe user~250 A, t 20 tronsonneighboringjunctionscanredistributeduringthetime
A, and~(Bi2O3)a25. oftunneling.
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orbit scattering(antiocalization)we have “trajectories” [25] (and their time-reversedcon-

AR R(H)—R(0) — 2 tours),eachofwhichbeginandendat thatpointand
r0 ln H, (1) havelengthslessthanLH. Forthepointat thecenter

R R(0) 4~2~
of the grain all relevanttrajectoriesare within the

where r0 is the sheetresistanceof a homogeneous grainandhencethe MR is thesameasthat fora ho-
film. The MR for R~(4.2 K) = 38.1 k~,shownat mogeneousfilm with a sheetresistanceequalto that
severaltemperaturesin fig. 3, hasadependencethat of the weakly disorderedgrains (i.e. <1 k~1).For
is qualitatively similar to weak localization,behav- thepoint nearthejunctionwemustconsidertrajec-
ing asinH at high fields andH

2 at low fields. How- tories which crossthe junctionandreturn.As long
ever,fitting to eq. (1) yieldsr

0 ~<R0. Thisis tobe asthesetrajectoriesare statisticallyindependentthe
expectedsinceR0 reflectspercolationeffectswhereas contributionto the MR will havethe sameform as
r0 is a measureof the sheetresistanceon the scale for the centerof the grain, but will be weightedby
of the Landauorbit radius,LH. This is the charac- the intergraintunnelingresistanceR1. Whenthe lat-
teristic diffusion length which Cuts off the coherent ter is much larger than the intragrainsheet resis-
backscatteringresponsiblefor weaklocalizationin a tance,asinourhighlyoxidizedfilms, theoverallpre-
field H> H,. In the logarithmic field regime this factorof thetotal MR is predominantlydetermined
lengthis smallerthanthe averagegraindiameterfor by R,.
our films. The following argumentsleadus to con- Theinsetin fig. 3 showsr0 ( T), asdeterminedus-
dudethat r0 measurestheaverageintergraintunnel ing eq. (1), for differentlevels of oxidation.A most
resistancefor highly oxidized films. Considertwo remarkableobservationis that, for eachlevel of ox-
pointswithin a grain,oneat thecenterandtheother idation, r0 crosses~/e

2 at approximatelythe same
nearthejunctionwith a neighboringgrain.Thecon- temperaturebelowwhich the thermopowerdatade-
tribution at eachsuchpoint to the ln H magnetore- viatefrom metallic (T-linear)behavior.Thisis con-
sistanceis determinedby summingthe backscatter- sistentwith oursuggestionthatECCff dependson tern-
ing amplitudes associatedwith elastic scattering peraturethroughR

1(T). Extendingthisideafurther,
in fig. 4 we relatethe magnetoresistanceandther-
mopowerdataby plotting E~versusr~.We first ex-

I tract the dependenceofE~on temperatureby as-

~ 44K sumingthat the thermopoweris given by SccE~/
9P~. = - kBT. Wedraw 1 / T curvesthrougheachof the S(T)

12 datapointsat temperaturesbelowthecrossoverand
9 -~3r

-~ 1 __________ EeCff is thenobtainedfrom the slope.We nextdeter-
0 1 2 3 4 5 I 1.03K mine Ec(r

0) by interpolatingfrom the r0(T) data
6 T(K) /- (fig. 3, inset).The universalsharptransitionin E~

Co // ,2.22K versusr~for bothdifferent oxidationandtemper-

3.20K aturesmay reflect a fundamentalinterplaybetween
- ~ Coulombinteractioneffectsandlocalizationin gran-

ular metals. This posesa stimulating theoretical

0 - ~ • R0(4.2K)=38.1k~ - problemfor future investigation.I I Weconcludewith somegeneralcomments.Weex-
0. 1 1 pectEeCff to saturateat itsgeometricvalue(E~)when

H (Tesla) R5> 10 k~1,andpresumablythis occursat temper-
aturessomewhatlower than0.2K for the interme-

Fig. 3. Magnetoresistanceat severaltemperaturesfor the oxi- diatelevels of oxidation.Thus in the T—~0 limit we
dizedfilm with R0(4.2K) = 38.1 k12.Theinsetshowsr0 versus
Tfor differentoxidation levelsasdeterminedfrom the magne- expectthethermopowerfor all levelsof oxidationto
toresistancedata(seetext). ValuesofR0(4.2K) are,from bot- behaveas SccEc/k~T;the curvesshouldnot cross.
tornto top (in kQ): 1.47, 8.36, 18.0, 38.1,62.6.Thedashedline Thetendencyof the curvesto mergeat the lowest
is r0 =he

2 4.12k~. temperaturessuggeststhat the averagegeometricca-
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